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Magnetic field effects on the finite-frequency noise and ac conductance
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We present analytic results for the finite-frequency current noise and the nonequilibrium ac conductance for
a Kondo quantum dot in presence of a magnetic field. Using the real-time renormalization group method, we
determine the line shape close to resonances and show that while all resonances in the ac conductance are
broadened by the transverse spin relaxation rate, the noise at finite field additionally involves the longitudinal rate
as well as sharp kinks resulting in singular derivatives. Our results provide a consistent theoretical description
of recent experimental data for the emission noise at zero magnetic field, and we propose the extension to finite

field for which we present a detailed prediction.
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I. INTRODUCTION

The understanding of quantum many-body effects and their
characteristic signatures in transport properties represents a
fundamental topic in mesoscopic physics. Beside the average
current, its fluctuations described by the current noise contain
additional information on the interplay of strong correlations
and quantum fluctuations. In particular, the finite-frequency
noise reveals the characteristic time scales of the system and
provides information about the dynamics of excitations. The
developments in the nanoscale device fabrication technology
led to the experimental analysis of the noise in various
systems ranging from Josephson junctions to single-electron
transistors. !

It is by now well established that strong correlations
play a crucial role for the transport properties of quantum
dots. For example, for quantum dots in the so-called Kondo
regime, the transport is dominated by spin fluctuations leading,
at sufficiently low energies, to a universal conductance of
G = 2¢?/ h due to resonant tunneling processes.” Recently, it
has also become possible to measure the current noise in such
Kondo quantum dots realized in carbon-nanotube devices.**
In particular, Basset et al.* measured the finite-frequency
emission noise and observed resonances when the external
frequency equaled the applied bias voltage.

The nonequilibrium finite-frequency noise in quantum
dots has theoretically been studied for the Anderson model,
resonant level models, and spin valve systems.’> For quantum
dots in the Kondo regime, previous studies focused either on
the shot noise (zero frequency)® or on the exactly solvable
Toulouse limit,” while the finite-frequency noise has only
very recently started to attract attention.*3"1* Of particular
interest in this context is the nontrivial interplay of the different
energy scales, which manifests itself in the appearance of char-
acteristic resonances whose line shapes contain information
about the underlying microscopic relaxation mechanisms. For
quantum dots in the Kondo regime, these are the transverse
and longitudinal relaxation of the dot spin, which are identical
at zero magnetic field, but acquire different values when the
rotational symmetry is broken.
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In this work, we provide an analytic analysis of the
finite-frequency current noise and the ac conductance in
the nonequilibrium Kondo model. We apply the real-time
renormalization group (RTRG) method,'""'? which is based
on a systematic expansion in the reservoir-system coupling.
Using the solution of the two-loop RG equations, we derive
analytic results for the noise and ac conductance in the weak-
coupling regime max{|2|,|V|,|ho|} > Tk, where Tx denotes
the Kondo scale at which the system enters the strong-coupling
regime. We analyze the characteristic features in the noise and
conductance in detail. We particularly focus on the effects of a
finite magnetic field and show that it leads to (i) characteristic
resonances as a function of the frequency and bias voltage
and (ii) the appearance of both the longitudinal and transverse
spin relaxation rates in the broadening of these resonances as
well as sharp kinks in the noise. We find excellent agreement
with existing experimental data* for the emission noise at zero
magnetic field, and propose the measurement at finite field for
which we present a detailed analysis.

The paper is organized as follows. In the next section, we
define the symmetric and antisymmetric current noise as well
as their relation to the ac conductance. After introducing the
Kondo model, we describe the calculation of the dynamical
current-current correlation function with the RTRG method in
Sec. III, the technical details are reported in the Appendix.
In Secs. IV and V, we present the analytic results for the
finite-frequency current noise obtained from the solution of
the flow equations and discuss their experimental observation
in connection with recent data.* We finally determine the real
and imaginary parts of the nonequilibrium ac conductance and
conclude with a summary.

II. CURRENT-CURRENT CORRELATIONS
AND AC CONDUCTANCE

The nonequilibrium dc current through Kondo quantum
dots has been intensively studied'>!> in the past. Here, we
investigate the zero-temperature fluctuations of the current in
the stationary state, which are captured by the symmetric and

©2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.87.245115

MULLER, PLETYUKHOV, SCHURICHT, AND ANDERGASSEN

antisymmetric current noise,
SE() = H( ) — (1), 1(0) — (I)]+), (1)

where I = —N; = —i[H,N,]_ denotes the current operator
in the left lead with the corresponding particle number
Ny, and (I) is the stationary current. Due to the fixed
number of electrons on the dot, other lead components of
the noise are given by Sfﬂ(ﬂ) = afST(Q) with o, = = for
left/right leads. The finite-frequency noise refers to the Fourier
transform

[o.¢]

SE(Q) = / dre’¥ SE(r), 2)
—00

with $T(Q) = £5*(—Q). The symmetric and antisymmetric

noise determine the absorption and emission noise induced by

photon absorption and emission, '®

$U4(Q) = ST(Q) + S7(), 3

related by S4(—Q) = S¢(€2). Positive (negative) frequencies
correspond to photon emission (absorption). In equilibrium,
SH(Q) and S™() are related by the fluctuation dissipation
theorem!” (FDT), which at T = 0 reads

57(Q) = sgn(Q)SH(Q). @)

As a consequence, the emission (absorption) noise in equilib-
rium vanishes for positive (negative) frequencies.

In order to calculate S*(), it is useful to introduce the
auxiliary current-current correlation function

0
CE(Q) = / dte” " ([1(0),1(1)]4), ®)

—00
which is related to the symmetric and antisymmetric noise
by12
SHQ) = Re CT(Q) — 27 (1)?8(R), (6a)
ST(R) =ReC™(Q). (6b)
The calculation of C*(2) will be addressed in the next section.
In addition to the finite-frequency noise, we study the

nonequilibrium ac conductance G(€2) induced by a small
ac voltage modulation of the dc bias V(1) = V + §Ve ¥,

The real part is determined by the antisymmetric noise'*!?
ST(R
ReG@ = >0, )

and the imaginary part can be obtained by the Kramers-
Kronig relations, with Re G(2) = Re G(—) and Im G(R2) =
—Im G(—2). Alternatively, generalizing the Kubo formula to
nonequilibrium distributions allows to derive both the real and
imaggigary part of G(2) from the auxiliary function C~(2)
byl ,1

1
G(Q) = SIC7 () - C7 O], ®)

without resorting to the Kramers-Kronig relations. A detailed

derivation of this extension is provided in Appendix A.
Combining Egs. (3) and (7), the absorption noise is

determined by the emission noise and the real part of the

PHYSICAL REVIEW B 87, 245115 (2013)

ac conductance:
SUR) = SQL) +2Q Re G(RQ). 9

Alternatively, measuring the emission and the absorption noise
allows to extract the ac conductance, which may represent an
advantage with respect to a direct ac detection. We note that
the real part of the ac conductance relates the symmetric noise
to the emission noise by

54Q) = ST(Q) — QRe G(Q). (10)

Hence the emission excess noise AS¢(S2), defined as the
difference between the emission noise at finite Vand V = 0, is
given by AS¢(Q) = ASHT(Q) — QRe [AG(R)]. In the linear
voltage regime, the ac conductance is approximately constant
in V, implying Re[AG (2)] = 0; therefore the emission
excess noise coincides with the symmetric excess noise and is
thus an even function of frequency. In the nonlinear regime, the
V dependence of Re [AG(§2)] leads to an asymmetric emission
excess noise.

III. MODEL AND RTRG METHOD
A. Model

We consider a Kondo quantum dot consisting of a spin-1,/2
S subject to a local magnetic field ko, which is coupled to
two noninteracting electronic leads via an isotropic exchange
interaction (see Fig. 1),

1
H = Hies + oS+ - Y Jawly S Oowtng.  (11)
ao'kk'oo’

Here, aik(, and ay, create and annihilate electrons with
momentum k and spin ¢ = 4,] in lead o« = L,R, and o
are the Pauli matrices. The leads are described by Hies =
> ko ekalkgaaka, with a flat density of states in a band
of width 2D, and chemical potentials p;,r = £V /2. The
exchange interaction is assumed to be derived from an Ander-
son impurity model via the Schrieffer-Wolff transformation
and thus satisfies and = Jp Jg, where Jq = Jrr = Jr and
Jo = Jouo. We use the parameterization Jy ;g = 2x7,r Jo with
xp + xg = 1. The system is at zero temperature and we use
units such thate =h = kg = 2up = 1.

B. RTRG method

We calculate the current noise using the RTRG
approach.'"'> Here, we present the essentials, for a detailed
derivation including technical details we refer to Appendix B.
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FIG. 1. (Color online) Sketch of the considered quantum dot in
the Kondo regime.
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The dynamics of the reduced density matrix of the dot
pop(t) = Treesp(2), obtained by tracing out the lead degrees of
freedom from the full density matrix of the system, is described
by the von Neumann equation

pp(t) = —iLppp(t) — i / dr's(t —t")pp(t), (12)

to

for an initially decoupled system p(ty)) = pp(to)poLpr With
an arbitrary dot density matrix pp(fy) and the left and right
reservoirs given by grand-canonical distribution functions.
The first term describes the dynamics of the isolated dot,
and the dissipative kernel (¢ — t) contains the information
about the effects on the local spin due to the coupling to the
reservoirs. Introducing a Laplace variable z, the effective dot
Liouvillian L& (z) = Lp + X(2),

pp(z) = / dte'™ = pp(1) = po(to),  (13)

i

o 72— Ly'(2)

governs the time evolution of the reduced density matrix of

the dot. The stationary reduced density matrix is obtained by

carrying out the limit #t, — —oo, or equivalently in Laplace
space,

st

z
ol = lim ——————
P07 — LE(z)

pp(10)- (14)
The effective dot Liouvillian Lefo(z) incorporates all infor-
mation about the relaxation dynamics of the spin on the
dot encoded in the renormalized magnetic field 4 and the
longitudinal and transverse spin relaxation rates I'; and I';.

In general, the noise (2) is determined by the real part of
the auxiliary function (5), which can be expressed12 as

C*(Q) = —iTm [2,(9) Ef(Q,iO+)p§i|

Q- LI(Q)
— iTrp |:E,i;(§2,i0+)p§]. (15)

The kernels ¥;(), 7(2,i07), and £7:(2,i0") obey RG
equations similar to that of the Liouvillian (see appendices for
further details).

The RTRG weak-coupling analysis is based on a systematic
expansion in the renormalized exchange couplings around
the poor man’s scaling solution J(A) given by J(A) =
[2In(A/Tk)]~!. Here, A denotes the flow parameter, and the
Kondo temperature is defined by Tx = De~!/>%_ Before A
reaches Tk in the flow from high- to low-energy scales, which
isin the range A > A, > Tk, where A, = v/Q2 + V2 + h2,
we can carry out an expansion of the noise in a power
series of J(A). In doing so, we are able to identify which
resonant features in the noise get broadened by relaxation
rates and which remain sharp. The latter effect, in particular,
occurs in the nonequilibrium setup at finite magnetic field and
Q = £V. Technically, this is seen in the RTRG equations as
the influence of the resolvent projection PO#D“(Q) onto the

zero-eigenvalue subspace of the Liouvillian. This represents a
nontrivial feature of the two-point functions (2), in contrast to
one-point functions, which receive no contribution from the
zero-eigenvalue subspace.!!
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IV. FINITE-FREQUENCY NOISE

We have analytically derived S*(£2) up to second order in
the poor man’s scaling solution J = J(A.). In the scaling limit
(D — 00,Jy — 0 at fixed Tk) and for 2 > Tk, they read

ST(Q) = T Mh + %and Y 1Q+aV +ohl

a,0==+

T
+ Ejnzd > |:M2|Q +aV|
a==%

—(M2—1>|Q+a\/| }
4 1]

3 T
S7(Q) = TdeQ+ZJ§dM > ol +aV +ohl.

a,0==+

(16a)

(16b)

where |x|; = (2x/m)arctan(x/ ;) is the absolute value
function smeared on the scale I';. The longitudinal and
transverse relaxation rates are given by 'y =n(J Lz +
IDIR) /2 + w2 max{|V|],|h|} and Ty = nJ%4|V|/2+ /2,
respectively.!* The dot magnetization is M = —(1 +
r)?h/[2(1 4 r?)|h| + 4r max{|V],|k|}], with the renormalized
magnetic field h = (1 — J)ho and the asymmetry r = x; /xg.

We stress that the RTRG method provides a consistent
derivation of the relaxation rates appearing in Egs. (16) via the
smeared absolute value function. In particular, these are absent
in bare second-order perturbation theory, which is obtained by
replacing the renormalized exchange coupling J with the bare
one Jy and taking the limit I'; — 0. We note that in this limit,
the contribution proportional to M? in St vanishes, which
within the RTRG analysis introduces new effects discussed in
the following.

A. Symmetric noise

We plot the symmetric noise and its derivative?® in Fig. 2.
We consider r = 1, the asymmetry effects are discussed below.

X
K
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— ‘ w w w h,=100T, A

% : f e hy=150T,
\
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0.006

/dQ

FIG. 2. (Color online) (Top) Symmetric noise S*T(2) for V =
100 T, r = 1, and different magnetic fields. (Bottom) Derivative
dS*/d showing a discontinuous jump at = V for finite magnetic
fields (zoom in the inset), see Ref. 20.
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For vanishing magnetic field, Eq. (16a) simplifies to

3
S+(Q)=?and2|9+av|r, (17)
a==

where |x|r = 2x/m)arctan(x/T") with I'=T1 =1, =
mwJ2V for hg = 0. The pronounced feature at @ = V (blue
curve) leads to a characteristic resonance in the derivative.
For finite magnetic fields additional features at Q2 = |V + h|
arise, which yield enhancements in the derivative broadened
by the transverse spin relaxation rate I';. Furthermore, due to
the terms proportional to M? in Eq. (16a) at @ = £V we find a
contribution to S*, which is not broadened by any microscopic
decay rate. As shown in Fig. 2, the sharp kink at V = Q yields
a discontinuity in the derivative with the jump given by

A =mJiM. (18)

For h <V the contribution proportional to (M? — 1/4)
provides a superposition with a continuous enhancement at
Q = V broadened by I';. This dependence on the magnetic
field is shown in the inset of Fig. 2. We note that the singular
behavior can already be observed in equilibrium (see Fig. 3).
For zero voltage and finite magnetic field, Eq. (16a) reads

T
SHQ) = ijd[|sz| —2h+ Y |S2~|—oh|2] (19)
o=+

with I',(V =0) =2n JL.2|h|. The absolute value at 2 = 0 is
shifted to 2 = £V for finite voltages.

In contrast to ST(2), the antisymmetric noise S~ ()
contains only terms with resonances broadened by I';. This
behavior is reflected in the ac conductance and will be
discussed below.

In Fig. 4, we consider asymmetry effects, which involve a
rescaling of the exchange couplings J2, by 4r/(1 + r). The
magnetization depends only weakly on r. As a consequence,
the reduced relaxation rates lead to a sharpening of the features
close to the resonances.

ds’/dv

200 100 0 100 200
V/IT,

FIG. 3. (Color online) Symmetric noise S*(2) as a function of

bias voltage V for magnetic field o = 100 Tk leading to h = 89 Tk,

r = 1, and different frequencies (top), and derivative dS*T(V)/dV
(bottom), see Ref. 20.
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FIG. 4. (Color  online) Normalized symmetric  noise

ST(R)/8(0) for V = 100 Tk, hg = 0, and different asymmetries r
(top), and derivative ﬁS T(£2)/57(0) (bottom), see Ref. 20.

For Q > Tk, the irreducible contribution to C*(2) (given
by its first term) is dominant, while the reducible one (the
second term) is subleading ~ O (J*). However, for Q « Tk the
reducible term contributes in order J? supplementing Eq. (16a)
in the limit Q — 0 by
Sl

[ZVM + <M2 + i) m(V,h):|m(V,h), (20)
1
with m(V,h) = |V + k|, — |V — h|,. In total, this result gen-
eralizes the nonequilibrium shot noise® of a Kondo quantum
dot to the case of finite magnetic fields.

We finally consider the noise to current'* ratio S*(0)/1.
For V < h, we obtain

ST0) V—=2h+3 _ |V+oh)h

I 3V-=-Y_ _.olV4+ohl

In equilibrium S*(0)/I = 1/3 for h > Tx. The noise to
current ratio increases with bias voltage, reaching the Poisson

limit $T(0)/I = 1 for V > h. Similar results are obtained in
the Toulouse limit.”

@D

B. Fluctuation-dissipation ratio

In equilibrium, the symmetric and antisymmetric noise
S*(Q) satisfy the FDT. For vanishing magnetic field, the limit
2 — ooreads

3
STQ) = =T34,

: (22a)
3
S7(Q) = T”desz, (22b)

that is, Eq. (4) is obviously satisfied.
To investigate the violation of the FDT out of equilibrium,
we introduce the fluctuation-dissipation ratio

()
@ =g

which in equilibrium is given by f(€2) = sgn(£2) at zero
temperature. Using the results (16), we obtain

[ p—
R YR

(23)

(24)
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FIG. 5. (Color online) Fluctuation-dissipation ratio f(€2)for V =
100 Tk, r = 1, and different magnetic fields.

We find f(Q2 > V) =1, i.e., the equilibrium result holds,
whereas for small frequencies, we obtain the linear behavior
fQ<KV)=Q/|V|r.

At either large magnetic fields or strong asymmetries r, the
voltage effects are suppressed, see Fig. 5. In particular, we note
that f(Q)=1forQ >V 4+ h.

C. Emission noise

From the expressions (16), we determine the emission
noise S%(2) = ST(R) — S (R) describing the noise induced
by photon emission:

3

e JLQ

T o) 2 ) 1
+5Jnd£[M |Q+aV|—<M —Z>|sz+avh}

T 1
JFZJ;l > <§—0M>|Q+aV+Uh|2. (25)

a,0=+

S4Q) = JEMh —

It inherits the features of the symmetric noise discussed above,
which can be probed in the measurements of d.S¢(€2)/d<2 or
dse(2)/dV.

From Egq. (25), the voltage and frequency dependence of
S¢(Q2) appear to be very similar except for the additional
features at V = h due to the voltage dependence of the mag-
netization. As the voltage dependence is experimentally more
easily accessible, we focus on the voltage dependence shown
in Fig. 6. For zero magnetic field, the emission noise reduces to

$Q) = %”and< dIQ+aVir— 29), (26)
a=%

leading to a suppression for V < . At finite magnetic fields,
we distinguish two regimes. For & < V, the photon emission
is suppressed for V < |Q2 — h|. For larger magnetic fields
h > V,the feature at V = |2 — h| disappears for M = —1/2.

The emergence of the singular behavior in the emission
noise at 2 = £V can be attributed to the fact that at large
fields, & > V, the spin on the dot is fixed to its ground state
(see Fig. 7). Processes at external frequencies 2 = V probe
the charge transfer between the leads, which are not broadened
due to the sharpness of the Fermi edges at zero temperature. At
smaller fields, 0 < & < V, the spin becomes dynamical, and
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K

FIG. 6. (Color online) Emission noise S¢(V) (top) and deriva-
tive dS°(V)/dV (bottom), see Ref. 20, for Q =100Tx, r =1,
and different magnetic fields. In the inset, the dependence of the
discontinuity A on the magnetic field is shown for V = 100 Tx and
different asymmetries r.

virtual processes involving longitudinal spin fluctuations give
an additional, continuous, contribution broadened by I';. In
turn, processes involving a spin flip on the dot, which appear at
Q = |V =£ h|, are broadened by I';. The latter behavior is also
found for all resonances appearing in the current.'* Thus the
noise offers a way to study richer relaxation phenomena than
those present in the current. We note that a discontinuity in the
derivative of the noise was also found’ in the strong-coupling
regime of the Kondo model at the Toulouse point; we therefore
expect it to be a generic feature of the finite-frequency noise
in Kondo quantum dots.

The inset of Fig. 6 displays the jump A as a function of
the magnetic field for different asymmetries. For & < V, the
increase of M? leads to amaximumat h = V, while forh > V
the decrease of J2 dominates. The most pronounced jump is
obtained for the symmetric case with = 1. The reduction with
increasing asymmetry is inferred by the r dependence of and, in
addition to the r dependence of the magnetization for 1 < V.

V. EXPERIMENTAL OBSERVATION

The emission noise describing the noise induced by photon
emission'® can be probed in the measurements of d S¢(2)/d 2
or dS°(2)/dV. In particular, at finite magnetic field, a very
sharp feature is expected at &2 = £V, which in experiments
will only be broadened by finite temperatures, instrumental
resolution, or charge fluctuations not captured in the Kondo
model (11). We compare our results for the emission noise
to the experimental data by Basset et al.* at zero field and
find very good agreement without adjustable parameters. We
moreover discuss the predictions for a measurement at finite
magnetic fields.

A. Comparison to zero-field data

We first consider vanishing magnetic field as in the recent
experiments by Basset et al.* on the emission noise of a carbon
nanotube quantum dot in the Kondo regime. For this case,
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FIG. 7. (Color online) Visualization of the origin and behavior of the discontinuity in dS¢(V)/dV at V = Q for different magnetic fields.

Eq. (26) yields

ase() 3, Q+V
v ZJ“d arctan

— arctan

-V
>, 27)

where J2, = x;(1 — x1)/ In*(v/Q? + V2/ Tk). We emphasize
that Eq. (27) contains only two unknown parameters, namely,
the Kondo temperature Tx and the asymmetry x;, which
are extracted from the differential conductance (see below).
The previous theoretical analysis of the data in Ref. 4 used a
frequency-dependent RG analysis, which required, however,
the fitting of the line shape close to the resonances with
phenomenological relaxation rates. Here, in contrast, the rate
I' was derived consistently and does not contain free fit
parameters.

In order to determine Tx and x;, we fit the measured
differential conductance” to the theory'> (see inset of Fig. 8).
The asymmetry is extracted®' from G(V = 0) = 1.194¢%/h
and amounts to x; &~ 0.82 (or 0.18), while the Kondo temper-
ature is obtained from G(V = T¢) = %G(V =0)and Ty =
10.57 Tx > and equals Tx ~ 110mK ~ 0.01 mV. Using these
parameters, we plot Eq. (27) against the experimental results*
inFig. 8. Intherange |V| < 1 mV, we find excellent agreement
for both frequencies; for larger voltages charge fluctuations
set in, and the Kondo model (11) is no longer adequate.
For this reason, our analysis of the features at V = £Q is
limited to € < ImV. On the other hand, it is restricted by
the weak-coupling condition 2 > Tx ~ 0.01mV, leaving two
orders of magnitude in the window of admissible frequencies.

3
| [— Q=2rx29.5GHz=0.12mV

— 271 |= = Q=2nx78GHz=0.32mV
'T> 1
N
NI
<& 0
~
S -
%A
el

-2

-3 -1 0 1

¥ [mV]

FIG. 8. (Color online) Comparison of Eq. (27) to the experimental
data of Ref. 4 for the derivative of the emission noise dS¢/dV at
ho = 0. We stress that Eq. (27) does not contain any free parameter.
Inset: Fit of G(V) to the theoretical result."

B. Predictions for finite field

We propose to measure the emission noise of a quantum dot
in the Kondo regime at finite magnetic field (see Fig. 9). As
can be easily inferred from Eq. (25), the energy scale 4 has two
effects on dS§¢(2)/dV . (i) It introduces additional features at
V =4|Q+h|,V = £|Q2 — h|,and V = £h, which originate
from the onset of additional transport processes as well as
from the voltage dependence of the dot magnetization M.
(i1) At large magnetic fields & > €2, the resonances at V =
4 turn into discontinuous jumps. At smaller fields, these
jumps are superimposed with a contribution broadened by the
longitudinal spin relaxation rate I"|, while all other resonances
are broadened by the transverse rate I';. For illustration, we
show dS¢(2)/dV for the parameters of Ref. 4 but finite
magnetic fields in Fig. 9. In experiments, the jumps at V = £Q
will be broadened by finite temperature 7'. This broadening is
linear in T, in contrast to the other resonances, which are
broadened by I'; + O(T). For this reason, the features at
V = £Q stay much sharper than all other ones as long as
T «<TI'y~ Tk.

VI. AC CONDUCTANCE

Finally, we discuss the nonequilibrium ac conductance.
We consider a setup®® at finite dc bias V modulated by
a small ac voltage 8§V, V(1) =V + 8V e~**_ This induces

2 z
_ | —i 0.2 = |
— 1- e B
e S 1
N g R I R R
jan) %2 4 Te s J
”g o wyhleV i
3 | = ’
% - —_ h0=0.14mV _|
< — h,=0.52mV
2 . ! . ! i ! .
-1 -0.5 -Q 0 Q 05 1

V[mV]

FIG. 9. (Color online) Voltage derivative of the emission noise
for the experimental parameters of Ref. 4 with Q/27 = 78 GHz
(blue line). For comparison, we show the result for small (red line)
and large (green line) magnetic fields. For finite fields, we observe
discontinuous jumps at V = £Q. The relation between /, and the
applied field is given by hg = g*h.,/2 with the material specific
effective g factor g*. (Inset) Magnetic-field dependence of the jump
height.
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a frequency-dependent current /(V,6V,Q2) from which the
nonequilibrium ac conductance can be extracted via G(2) =
limgy 0 ﬁ[[(V,BV,Q) — I(V)] with I(V) denoting the sta-
tionary dc current. We stress that G(£2) is the ac conductance
in a nonequilibrium stationary state, i.e., in the presence of the
finite dc bias V.

Using Eq. (8), the real and imaginary parts of G(S2) are
determined by C ~(£2). As aconsequence, the singular behavior
in ST(€2) due to the terms characterized by the absence of any
decay rate is not reflected in the ac conductance. To second
order in the renormalized exchange coupling, we find

3n M
Re G(Q) = TdeJrEde > olQ+aV +ohl,

o,0=%
(28a)
M 2
Im G() = —7 =/ > ol +aV +oh)
o, 0=+
— L@V +ah)l, (28b)

where Ly(x) = x In(A./,/x? + F%) gives rise to logarith-
mic behavior at the resonances, which is a characteristic
feature of Kondo systems. Similarly to S*(€2), for small
frequencies, Re G(2) is supplemented by the contribu-
tion %andm(V,h)(BM/aV) for V > h, where oM /0V =
—MFfl(aFl /dV), originating from the reducible part of
C~(R2). We note that for the conductance this contribution
is more pronounced due to the additional factor of 1/€2,
in Eq. (8). Thus, in the limit 2 — 0, one recovers the
nonequilibrium dc conductance!*, while for V — 0 one
obtains the equilibrium ac conductance,”*

M

37 ,
Re G4(2) = Tjnd + )

IZY olQ+ohl,  (29)
o=%

M
Im Geg(R) = =5 Ty ) olLa(R+ oh) = La@h)],
o=%

(29b)

with features at 2 = +h. We observe that in contrast to the
symmetric noise, Eq. (28) presents no feature at Q = V for
finite magnetic fields. Moreover, all resonances are broadened
by the transverse rate I',, thus the finite-frequency noise
contains more information on the relaxation processes than
the conductance.

For zero magnetic field, Eq. (28a) simplifies to Re G(2) =
37 J2,/4, the imaginary part vanishes. The frequency and volt-
age dependence of the real part originates in the A . dependence
of the renormalized exchange coupling J,4. This behavior is
displayed in Fig. 10 (blue curve), where we show results for the
frequency dependence of G(£2) at finite bias voltage. At finite
magnetic field, additional features appear close to the reso-
nances at 2 = |V = k| in both the real and imaginary parts.

The voltage dependence of G(S2) at fixed frequency is
shown in Fig. 11 and exhibits a qualitatively similar behavior.
The real part exhibits a characteristic enhancement at V = h
due to the onset of inelastic cotunneling processes. For finite
frequencies, this step-like enhancement is replaced by a contin-
uous increase in the range V = |h £+ Q| with reduced height.
The effect of the additional contribution for 2 — 0 is clearly
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\ ‘ T
0 0.02} \
[}
z | .
0.01F — ot |
— hy=30T, H
0.002- — h,=s07,
I — h,=100T, ||
5 P— h,=130T,
g 0
-0.0021 l i l l ]
0 50 100 150 200 250
T,

FIG. 10. (Color online) Real and imaginary parts of the ac
conductance G(2) (Ref. 25) for V = 100 Tk, r = 1, and different
magnetic fields hy. We observe no feature at 2 = V.

visible. The slight change in the slope at V = h is due to the
voltage dependence of the dot magnetization. The imaginary
part, shown in the lower panel, vanishes for €2 = 0. For small
frequencies 2 < h, the line shape is approximately antisym-
metric around V = h except for the offset at zero voltage.

VII. CONCLUSION

We have studied the effects of a finite magnetic field
on the finite-frequency current noise and nonequilibrium
ac conductance of a Kondo quantum dot. Using the RTRG,
we present analytic solutions of the flow equations in the
weak-coupling regime. These exhibit a novel contribution in
the symmetric noise S, characterized by the absence of any
decay rate as a microscopic cutoff scale. Due to the interplay
of the different energy scales, both observables exhibit various
resonances, close to which the line shapes are governed by
self-consistently derived decay rates. In particular, at finite
magnetic field the symmetric noise possesses a sharp feature
at Q = %V resulting in discontinuous derivatives with respect

v=i A
002} ‘ :
&) Y J— Q=0TK 1
— Q=5T,
0.0] e — Q=25T, |
QZGOTK
0.005 Q=100T, ]
[ — Q=140T, ||
\. L K
. S
<) v
£ _\ 1
-0.005} ]
0 50 100 150 200 250
VT,

FIG. 11. (Color online) Nonequilibrium ac conductance G(£2)
(Ref. 25) for hy = 100 Tk, r = 1, and different frequencies 2.

245115-7



MULLER, PLETYUKHOV, SCHURICHT, AND ANDERGASSEN

to frequency or bias voltage. We propose to measure the
emission noise of a Kondo quantum dot at finite magnetic
field for which we have derived the full line shape including
the characteristic resonances and a discontinuous jump in its
derivative. The extension of the present results to the regime of
strong coupling'’ represents an interesting question to address
in future investigations.
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APPENDIX A:GENERALIZATION OF THE KUBO
FORMULA TO NONEQUILIBRIUM DISTRIBUTIONS

We provide here the derivation of Eq. (8), for a setup with a
small ac voltage §V modulating the dc bias V by V() = V +
8V e~ We split the Hamiltonian in its time-independent
part Hy and the perturbation

Hi(t) = h §Ve ¥ (A1)

withh = % Za o N,. To calculate the average current induced
by H, to linear order in §V, we determine the density matrix
to the same order. Expanding p(t) = p©@ () + pV(t) + - - -
in power series of §V, we obtain the set of von Neumann
equations for contributions of every order:

d
E”(O)(” = —i[Ho,p (1)1,

d
E"m(’) = —i[Ho,p"()]- — i[H1(t),p(1)] .

(A2a)
(A2b)

The first equation is solved by the density matrix of the
unperturbed system in Heisenberg representation:

pO(1) = Ug)poUl(), Up(t) = e~ ™', (A3)

where py is the initial density matrix. To solve the equation for
(1), we introduce a correction U (¢) to the unperturbed time
evolution operator Uy(t), which includes the linear effects of
the perturbation:

Ui(1) = —iUp(1) / dt'e UL U().  (Ad)
0

Assuming that the initial density matrix pg is independent of
8V, we express
p(1) = Ui()poUy (1) + UspoU | (). (AS)

The average current induced by the perturbation to linear order
in §V is then given by

(1)) = Te{ 1oV (1)}, (A6)
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as 10([1) = —i[H;(1),Ny]- = 0. Using Eq. (A5) and the relation
ID(@) = G(Q,1)e ¥ 8V, we obtain the ac conductance

1
G(Q,1) = —ie'™ f dt' e ¥ Te] [10(t),h1 ()] _po)
0

1
= ST Om®] e}
eiQt
=~ T @] _po}

l t . ’ d
—— | dt' e OTe | 100, —hy (¢ ,
Q[o e r{[“()dt’ 1()7,00
(A7)

where we performed an integration by parts. The second term
vanishes as the system is initially decoupled and [/, 09]— = 0.
By virtue of

d

S = ilHo )] = =17,
G(£2,t) can be expressed as a commutator of the current
operators at different times:

(A8)

1 [ ; ,
GQ.n =5 / dr'[e0 = Te{[ 17 @), 1V@)] _po}).
0
(A9)
In the stationary limit + — oo, the ac conductance is de-
termined by the antisymmetric current-current correlation
function C~(Q2):

0
G(Q) = é / de(e™™ — 1)([19€0),19()]-)

oo

1
= E[C_(Q)—C_(O)], (A10)
where G(2) is the ac conductance in a nonequilibrium
stationary state, i.e., in the presence of the finite dc bias V.

APPENDIX B: RTRG ANALYSIS OF THE
CURRENT-CURRENT CORRELATION FUNCTION

In this appendix, we set up generic RG equations for the
calculation of the current-current correlation function for a
model of a quantum dot coupled to electronic leads with
spin and/or orbital fluctuations. We extend the calculations for
dynamical correlation functions of Ref. 12 to current-current
correlations. For completeness, we will report the basic ideas
of the RTRG, with the definitions and notations of Refs. 11
and 14 in the first section. Afterwards, we will present
the calculation of the irreducible part of the current-current
correlation function C*(L2) (15) in detail. The reducible part
of Eq. (15) will be discussed in Appendix B 3, as it contributes
only in the zero-frequency limit.

1. Basic definitions

We consider the reduced density matrix pp(¢), which is
obtained from the full density matrix p(¢) by tracing out
the reservoir degrees of freedom pp(t) = Treso(f). The full
density matrix is given by the solution of the von Neumann
equation,

p(t) = e M p(0)e' ' = e p(0), (B1)
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where L = [H, .]_ is the Liouvillian acting on the operators in
Hilbert space. Similarly to the Hamiltonian H = Hp + Hes +
V, the Liouvillian contains corresponding contributions for the
dot, the reservoirs, and the coupling of the dot to the reservoirs.
For an initially decoupled system p(0) = pp(0)prpor with
an arbitrary dot density matrix pp(0) and the left and right
reservoirs described by grand-canonical distribution functions,
the dynamics of the reduced dot density matrix pp(#) can be
obtained from the quantum kinetic equation

t
pp(t) = —iLppp(t) — i/ dt'S(t — 1) pp(t). (B2)
0
Here, the first term describes the dynamics of the isolated dot
and the kernel X (¢ — t') contains all information about the
dissipation due to the coupling to the reservoirs. In Laplace

space, this equation is solved to

po(2) = / dt ¢ pp(t) = o). (B3
0

i
7 — LSfi(2)
where LH(z) = Lp + 2(z) is the effective dot Liouvillian
consisting of the bare dot Liouvillian Lp and the dissipative
kernel X(z) encoding the relaxation and decoherence pro-
cesses of the dot. The stationary state is obtained by

rp(0) (B4)

oS = lim T
D= Lot 7 — L%ff(z)
in Laplace space. The kernel X(z) is determined by a
diagrammatic expansion in the interaction between the dot
and the reservoirs.

In the following, we report the definitions of Refs. 11 and
14. The interaction vertex G, is defined via the interaction
part of the Liouvillian

Ly =Lp Gl . grall ., (B5)

where we implicitly sum over the indices 1 = naw and the
Keldysh indices p,p’ = %. J/ is a quantum field superopera-
tor in Liouville space of the reservoirs,

a,C for p=+

JP = B6
! {Cal for p = —, (B6)

where C is an arbitrary reservoir operator, a; is a cre-

ation/annihilation operator for n =+/—, and G} is a
superoperator acting on the states of a quantum dot, defined
by

gm = [gvC forp=- (B7)
1 —Cg”/ for p=—.
The contractions are represented by
vy =PI, = 8ip@)p fulap'w). (B8)

with p(w) being the density of states and f;,(x) being the Fermi
function of reservoir «. The free propagation of the system
between two interaction vertices is described by resolvents of
the form

Mz) = ————. (B9)
z— LY(2)

An exact derivation of the diagrammatic rules can be found in
Ref. 11.
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The stationary current

(I)se = —i lim TrpX;(2)pp(2) (B10)
z—0t

and the current-current correlation function (5) can be

expressed in terms of corresponding current kernels after

integrating out the reservoir degrees of freedom.'? Here, % ;(2)

is the current kernel corresponding to the current operator

I, 2F(R,6) to t/he current vertex (I%)/7, and 275(2,£) to
the vertex (/I%)f, with both current operators. The current

operators are defined in the same way as the Liouvillian,
via the commutator and anticommutator L; = 15[1 ,-]+ and

L+ = i[l,-]+, related to the interaction vertex G/ f by

I = k.8, pGPP, (B1la)

(I = 2ck,8,, pGP?, (B11b)

(I =2ck,8,,G", (Bllc)

where clLl, = —%(U%L + 1’841 ) accounts for the antisymme-

try in the lead indices. In the diagrammatic expansion, it is
important to distinguish between these current vertices, since
the first one, Eq. (B11a), has to be at the leftmost position of
a diagram, while the other two can be at arbitrary positions.
Furthermore, the current vertex I acts as a separator between
the two frequencies 2 and & occurring in Eq. (15); in
front of I+, the variable Q of the Fourier transform of the
current-current correlation function occurs in the respective
resolvents, and after /%, it is replaced by the Laplace
variable &, which is later sent to zero for the stationary state.
Equation (15) consists of two different terms C* = C=, +
Cit. The first one is reducible with respect to the current
vertices, and it is composed of two individual current kernels
each containing only one current vertex. The second one
is irreducible and given by the current-current kernel E,il
containing all irreducible diagrams incorporating both current
vertices. For the calculation of the current noise up to second
order in the interaction between the quantum dot and the
leads, we introduce a dimensionless coupling constant J,

which fulfills G o J. Since all kernels contain at least
two vertices, all are of order J2. Thus the irreducible term
proportional to E,il always contributes, while in general, the
reducible one is of higher order. Only in the limit & — O it
might be possible that the resolvent [$2 — Lgf(Q)]’1 becomes
of the order J~2 and thus reduces the order of this term. For
the Kondo model, which will be discussed in Appendix B2b,
this is indeed the case. However, since the reducible term
only contributes in the low-frequency limit, we will focus
on the determination of the current-current kernel X7 in the
next section, while the additional 2 — 0 contribution will be
discussed in Appendix B 3.

= =$ = -
Lo I I» o
FIG. 12. (Color online) Diagrams for the integration of the sym-
metric part for the current-current kernel X3 The two adjacent dots
symbolize the two reservoir field operators belonging to one vertex.
s(a) denotes the symmetric (antisymmetric) contraction y°*(y¢).
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2. Finite-frequency current-current correlation function

In this section, we first set up the RG equations for the
current-current kernel Eﬁ(Q,E) and the required vertices
for an arbitrary model with spin/orbital fluctuations. These
equations are solved explicitly for the isotropic Kondo model.
We finally derive the ac conductance from the finite-frequency
current-current correlation function.

a. Generic RG equations of the current-current kernel

The RG procedure presents two steps. In the first step, the
symmetric part of the reservoir contractions y{ is integrated
|

PHYSICAL REVIEW B 87, 245115 (2013)

outin adiscrete step. In the second one, a cutoff A is introduced
in the contractions via the Fermi function.

Discrete step. For the discrete step, we split the reservoir
contraction into a symmetric and an antisymmetric part

it =8P’y + vt (B12)
where y} = 3p(@) and y{' = p(&)[ fo(®) — 3] With @ = no.
In Fig. 12, we show the lowest order diagrams for the discrete
RG step for the kernel £7. Using the diagrammatic rules'!
and the decomposition (B12) yields

o 1 1
2@ = / da I* G / da,p'y; GTP 57 — (1< 1),
1 . 0)2p ( )12E Yor+an—Lp 51 + (UZP 12E o+ @ — ( )2]/ (1<1)
(B13a)
1
+a pp \P /
1] = Iy —————(1 ,—1<—>1, B13b
11 py2 12 E +w12 _LD( )21 ( ) ( )
1
yia _/ a’a)1/ dw), ( y,—i—p/)/‘l,)y I (IHer (B13c)
1 1 1 1 1 Env + 1+ — L(S()) '
Performing the frequency integrations'' and neglecting terms of order 1/ D, we obtain
I =1 - l—(l 3Gy — 115Gy + Gl — Ginl3), (Bl4a)
~+ . -~
iy = —15(112121 — Iinl3), (B14b)
+a T g T (ONES ©)
E” =_ZRD111,IT'1 _lzlll'(Ell/_LS )If’i+ 321111(E11/—L ) fI_ZDIII/Ill’ (B14C)
where we used the averaged vertices Gy = Z Gf{’ and G”r = Z pGH, (analog for the current vertices). These results

represent the initial condition for the RG equations set up in the followmg
Continuous step. In the continuous RG step, the kernel Zﬁ(Q,w,S,S) and the vertices Iﬁ,(Q,w,é,é/,wl,a)y) and

II Tl,(Q,a),E ,&,w1,wy’) acquire an additional dependence on the Laplace variables Q +iw and & + i&’,

as well as on the

Matsubara frequencies w; and wy . In Fig. 13, the diagrams for the current kernel E,il are shown. According to the diagrammatic
rules developed in Ref. 11, we determine the RG equations for the kernel and the vertices

_diﬁ,(sz,w,s,s’;wl,w,,)
dA

= —il5(2,0,&,E 01, DT1(E,E + o) + A)Gay (E12,E + o1 + A,

—iGn(Q.0; 01, A(Qp.0 + o1 + A (Quo.o + o) + AEE;

- A,(Ul’)

—A,or)

+ I5(Q,0,E,& s 01, N1(E12,E" + 01 + A)G13(E12,6 + 01 + A,or,03)

x (&1123.6" + w1 + o1 + A + 03)G3(E1123,6 + 01 + 01 + A + 03, — ws

s —A)

+ G 12(R,0,01, MT1(12,0 + 01 + M 5(E,0 + o1 + A,0p,03)
x (E1123,0 + o1 + or + A + 03)G33(Ej103,0 + 01 + oy + A + 03, — w3, — A)
+ G (0,01, NI(Qp,0 + o + A)G13(Q0,0 + 01 + Ao ,w3)

x TI(Q123,0 + w1 + w1 + A + ws)l--(Qu/zs,w +w; +op+ A+ w3,EE 5 —
— L5(Q2,0,6,&; A, w)T(E,& + A + 03)G31 (623,68 + A + w3,

5 — A)

— w3,w1)

x (€12, + w1 + MG 351,68 + 01 + Aoy, — A)

— G3(Q,0, A, 0)1(Q3.0 + A + 03) (3,0 + A + 03.6,6;

—w3,w1)

x (&12,6" + w1 + NG 13(E12.6" + w1 + Aoy, — A)

— G3(Q,0, A, @3) (23,0 + A + 03)G5(Qa3,0 + A + w3,

— w3,w1)

x Q2.0 + o1 + MI5(Q.0 + o1 + AEE 0, — A+ (1o 1)
— 5(Q,0,6,&; A, w)(623,8' + A + 03)G11(623.6" + A + w3;01,01)
x (&30, + 01 + o1 + w3 + A)G33(E1123.6 + o1 + o1 + 03 + A —w3, — A)
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Lo T% Lo T; Ggi Iis G I;I
I, Gay oy, G Gy

FIG. 13. (Color online) RG diagrams for the renormalization of the current-current kernel Eﬁ.

— G23(R2,0, A, 03) (3,0 + A + 03)[[1(Q3,0 + A + 03,68 01,01)
x (3.6 + o1 + o1 + 03 + A)G3351123.8" + 01 + 01 + 03 + A —w3, — A)
— G(Q,0,A,0) (23,0 + A + ©3)G11(23,0 + A + w3,01,01)
X TH(Q1132,0 + 01 + 01 + 03 + M5 (Q1123,0 + 01 + 01 + 03 + AEE —ws, — A),
(B15)
=+ ’
_dIT(Q0.6.8 wr,01)
dA

= —ilp(Q.0,01, M0 + o + NG (Qp.0 + o + A§8 —A o)

— 15,06, 01, NTIER,E + 0 + A)Gap (. + w1 + A, — Awr)

+ 112(Q,0,01, MT(Q,0 + o + M5(Qi2,0 + o1 + AEE 0r,03)

x (23,6 + o1 + o1 + A + 03)G33(51123.8" + 01 + o1 + A + w3, — w3, — A)

+ 12(Q,0,0;, NTI(Q2,0 + o + A)G13(22,0 + 01 + A,wp,03)

X TH(Q1123.0 + 01 + 0y + A + 03)5(Q1123.0 + 0 + 01 + A + 03.6.8's —w3, — A)
+ 52,0685 01, MATERE + o1 + MG raEng + o1 + Aor.os)

x (123,68 + o1 + o1 + A + 03)G33(51123.8" + 01 + o1 + A + w3, — w3, — A)

— I3(2,0,A,0)1(Q3,0 + A + 03) 15 (3,0 + A + 03,6,&; —w3,01)

x (E.E" + w + MG 36,8 + o1 + Ao, — A)

— In(Q,0,A,03)T1(Q3,0 + A + 03)G3, (3,0 + A + w3, — w3,07)

x Q2.0+ o1 + A [H(Qp.0 + o) + AEE 0r, — A)

— T5(R,0,6,6"; A, w)1(Ex,E + A + 03)G31 (23,8 + A + w3, — w3,01)

x (E.E + o + MG 36,8 + w1+ Aor, — A)+ (1 < 1)

— D3(Q,0,A,03)1(Qo3,0 + A + 03)I5,(Q3,0 + A + 03,6,E " 01,01)

x (3.6 + o1 + o1 + 03 + A)G33(51123.8 + 01 + oy + 03+ A, — w3, — A)

— D3(Q2,0,A,03) 13,0 + A + 03)G11/(Q23,0 + A + w3,01,01)

X TH(Q1132,0 + 01 + 01 + 03 + A)I5(Q1123,0 + 01 + 01 + 03 + AEE; —ws, — A)

- 1_1;(9,60,5,5/; A,w3) (€38 + A+ 03)G (63,6 + A + w3,01,01)

x M(&1132,6" + 01 + o1 + w3 + A)G33(51123.8 + 01 + 01 + w3 + A, — w3, — A), (B16)
dXE(Q, w68 - _
% = +12(Q.0; A, 0)I(Qp,0 + 02 + N5:(Q2.0 + A + 02,6.E's —wn, — A)

+ IT7(Q,0,6,8; Ao)TI(ER,E + ) + N)G51(E1n.E + A + @y, — ), — A)

— i12(Q,0,A,0)1(Q2,0 + @3 + M) 55(Q2,0 + 02 + AE,E; —0),03)

x (€13, + w3 + A)G31(613.6 + w3 + A, — w3, — A)

—il1(Q,0,A,0)1(Q2,0 + 0 + A)G3(Q2,0 + 02 + A, — w2,03)

X TH(Qu3,0 + w3 + M5 (Q3.0 + w3 + AEE —ws, — A)

- iilliz(Q,w,g,é/; A o)1(En.E + @ + NG5 (512,68 + 0o + A, — w3,03)

x (€13, + w3 + A)G31(513.6 + 03 + A, — w3, — D), (B17)
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where the resolvent is given by
1

IN(E,w) = .
(E.0) E+io— LY(E,0)

(B18)

Furthermore, on the right-hand side, we implicitly sum over repeated indices not occurring on the left-hand side, and integrate

fOA dw, and fOA dws. Since except for Q all frequencies are bound by A and A — 0 during the RG flow, we expand around

zero Matsubara frequency?® [ ﬁ,(Q & =1 ﬁ,(Q,O,é ,0;0,0) and analogously for IT * The frequency dependence of the vertices

in lowest order is taken into account by setting all Matsubara frequencies on the right-hand side of Egs. (B15) and (B16) to zero
and neglecting higher-order contributions:

d - -
7N ——[5/(Q,0.6 & 01,01) = I7(2,6)] = i[5(Q.6)NE 0.6 + 1 + A) — 1, MG (612)
+iGnIM(Q,0 + o + A) — TR, M5, (Q2,6) — (1 < 1), (B19)

d -+ , -k = .
—A[U”/(Q,w,éf so,o1) = I17(R,8)] = iln(@QIM(Q,0 + o1 + A) — TI(Q12, A5, (R12,€)

il (QE)M(ERE + o + A) — TER MGy () — (1< 1), (B20)
Introducing the function F($2,w) defined by

iT(Q,w) = iF(sz w), (B21)

we can integrate these differential equations to

I5(Q,0,01,01) = llﬁ/(Q) + I5(Q) [F(Ri2,0 + o1 + A) — F(Q12,A)] G31(R12)

+ G () [F(Qp,0 + o) + A) — F(2,M)] 21,(912) (1< 1), (B22)
111]/(52 w; w,wy) = ‘II”,(Q)+ 1112(52)[F(912,w+w1 + A) — F(Q12,M)] G51(R12)
+ 12(Q) [F(Q12,0 + @1 + A) — F(Q12,A)] 21/(5212) -1« 1) (B23)
Here we used
d
iQ,w+ A~ HF(Q,a)—i—A), (B24)

neglecting the implicit A dependence due to LS in the resolvents. The analog expressions for the expanded vertex G(£2) and
1(£2) can be found in Ref. 26. The RG equations (B15)—(B17) thus reduce to

dli(Q.8) .-,
—dr - i15(Q,6)T1(E12, M) Gy (E12) — i 115(R,6) (12, A) G731 (612)
+iG (T2, M) (Q12,8) — iG1a(TH( Q2. A) I (R12.6)
+ L3(2,6)(E3, A + 03)G11(E3)E 3,03 + A)G33(E1123)
+ G (DTN(Q3. A + w3)117/(R3,63) T E 132,03 + A)G3(E1123)
+ Go3(DM(Q203, A + @3)G11/(23)1(R21132,03 + A)I 5(S21123), (B25)

diTT,(Q.8) -
— 2 = (TR0, AT (R12.8) — i Tn(QTH( Q2. M) I (Ry2.€)

dA

+ i I112(2,6)1(512, M) G5y (E12) — i 1112(Q,6)TT(E12, A) G5 (E12)

+ Da()T(Q3, A + @3)155.(Q03,E)1(E 132,03 + A)G33(E1123)

+ La(Q)TT(223,A 4+ 03)G11/(Q3) (2 132,03 + A)I--(Qn 23,8)

+ I153(2,6) (623, A + 03)G11(623)1(E 1132, 03 + A)G33(61123), (B26)
d%;;(Q.8) i 1(QK(Q 1 Q I11,(Q,6)K G 2i[1,(QK(Q Q K G
—an - [2(QK (1) 15:(R12,8) — i 1112(R,6) K (£12)G31(612) — 2i [12(QDK (Q2) 15 ( 12,6)K (633)G31(633)

- ZiIlz(Q)K(le)G23(Q12)K(913)I--(913,5) — 2011 15(R,6)K (£12)G33(£12) K (613)G31(613), (B27)

where we used
A
K(Q):i/ doTI(Q,0 + A). (B28)
0
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Weak-coupling analysis above A.. As discussed in detail in Refs. 11 and 14 for A > A, = max{|2|,|V|,|h|}, the
cutoff scales in the resolvents can be neglected. This leads to a reference solution GV oc J, which can be used as a starting point
for a systematic expansion of the RG equations in orders of the coupling constant J at scale A.

For the solution of the flow equations, it is important to note that terms proportional to J” /A on the right-hand side lead to
contributions J"~!. Furthermore, by expanding the resolvent it can be shown'!!>!# that the vertices and the corresponding RG
equations can be split in a frequency-dependent and a frequency-independent part:

TE(Q,8) = TF0 4 [2Qa) | J£Ca) | FCh(q £, (B29)
Here, the superscripts (1) and (2) indicate the order of the vertex in J. For the frequency-independent part of the RG equations,
we consider a differential equation for the imaginary part (2a;) and one for the real part containing the sum of /=1 and 7+
of the vertices:

dIy ™ 1 O] O] M () (Qa2) Qar) (2a2) (2a2)
18 7 A 7t ~ ~ e ~ e 7+ ~Qa 7+ ~QCa ~Q2ay) 7+ ~2ay) 7+
T K[I”Gzl’ — 10,65, + G Iy, — G s, + 15657 — 150,657 + GV Ly, — Gipt s,

7 (1) A A1) Z() g1 D) (1) &) A~ (1) 71
5V Z0GS) - GzZOE"Y + IV Z20GY) + 64z VI

Loy~ L mz+mm 1m0 =)
—SHVGNGY - SGREGY - SGRGNT"|. (B30a)
AIEP" 1T o ~an | rCan () 7D ACa)  7Can ~(1)
11 — | r ~(2ay rr(2ar) ~ T ~ay) _ y=(aar) ~
—dA = A|:I12 Gil’ + 1, Gil’ I, Gil I, Gil
FGUER 4 GEVED - GULE - 63 R (B30)
A 1Ty oay | q e | D@ FD Q) Lt A + (1)
1 = = = - = = = = = = — =
R X|:112 LV —INEY + IVED — INE® + 15,6 — 117,68,
) () 7D | 7D o) 7D FED SO AD L 7D 1) A1)
—1,)ZO5 + [ zVEY — 11, ZVGS) + 1Ty 2V G
1oy i) e = o
M) 7= AN, 7 AD 7O, D A0 A
_5(123 171Gy + 0G5 + 1 G”,Gﬁ)], (B30c)
= +2ay)
dll;, ) B _ _ 1 - _ _
w0 peean | pean g o pea) _ ean px)
dA A 21 21 21 21
VG TG - VG - ey w00

where Z() parameterizes the frequency dependence of the Liouvillian in first order'® by LY(Q) = LY — QZ®. The initial

conditions of the RG equations are given by the discrete RG step (B14a) and (B14b). We note that only the imaginary parts of

7+ and [T are generated during the discrete step. Thus the real part of 7* is given by the bare vertex; 7™ is initially zero.
The frequency-dependent parts 7= and /7~ can be integrated to

A —ifn +iLly o A—iQp+ilp aa)

e =1"m ~ ¢+ G S -1 e 1), (B31)
_ _ A—i LY _ 1y A —iQp il .
Q.6 = 12" 1n %G;{ + 101 l++”31;$” — 1) (B32)
In order to distinguish between the different orders in J, we expand K (z) as
2A —iz iz
K =Ih=——= = = + KA. B33
AR =In T = S+ KA (B33)

The terms proportional to J"/A on the right-hand side lead to contributions J "=1 after the integration over A, while those
proportional to K 4 (z) remain of the same order.

Similarly to the vertices, the RG equation of the kernel Eﬁ can be split in one for the real and one for the imaginary part.
Since for the derivation of the noise only the imaginary part of Zﬁ is needed, we will restrict our analysis to Im Zﬁ here. The
real part will be considered in Appendix B 2c, for the calculation of the imaginary part of the ac conductance. In analogy to the

. sy -~ + . . L. .
equations for /= and /1™, the imaginary part of X}; is given by

dlmzi 1 7 7E£Qa; 7(2a; 7 =1 ~Qa = +Qa =
= s [ = LG + I — L + 1173 6 — LGS + 1737 61 — LGy
= ~ = P4 - =
—Im KA @)Y — 1175 Im Ky (612G, (B34)
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with initial condition given by Eq. (Bl4c). In order
to distinguish between contributions involving K 4 (z) and the
ones proportional to 1/A it is useful to split the RG equation
for E,i, in

dIm 549 i} - i}
d—A” = —IYIm KA (@) 5"
~ 15 Im KRGS, (B3S)
+(2b)
dIdeA” _ 2{/\ [1(1)(52 L](;)))I—_:lE(Zal)
(2a1)(9 L(O))Ii(l)
+ Ili(zal)(%- L(O))G(l)] (B36)
Using K5 (z) = dF(z)/d A, with
- 2A —iz iz [, QA —iZ)A
Fa(z) = Al — """ 41, (B37
A@) = Aln—=m—r 2[“2(1\—:‘z)2Jr (B37)

Eq. (B35) can be integrated to

Im 5,% = —IYIm Fy (i) L") — 117 'Im Fy, (612)GY

(B38)

where we used Fa(z) > Aln2+ AO(z/A)? for A > [z].
Thus the contribution at Ag is canceled by the first term of
the initial condition (B14c) for'*

7.[2

= D
161n2

Weak-coupling analysis below A.. As explained in Ref. 14,
up to A, we resummed all leading and subleading logarithmic
contributions in In(D/A.) for the renormalized vertex. Thus
at A = A, the bare coupling constant is replaced by

1

Jo=—F, B40
21n £ (B40)
K

(B39)

providing the starting point for an expansion in J. < 1 for
A. > Tg. At the same time, the Liouvillian in the resolvents
is replaced by the full effective one L& (z).

Since we stop the flow of the coupling J at A, also the
RG flow of all vertices is stopped at this scale. The current-
current kernel Zﬁ at A =0 is calculated perturbatively in
J. by replacing all vertices by their values at A = A, in the
following indicated by the index c [e.g., G°]. Carrying out
this replacement in Eq. (B27), we find for the RG equation of
the imaginary part of the current-current kernel up to second
order in J:

dIm 2#2) =c(1) ze(1) c:l:(l) (1)
— = ImK @) — 15" Im K (612G,

(B41)

which can be easily integrated from A, to 0 by using K(z) =
dFx(z)/d A with

FAz) = FA(z) + - (ln — + 1) (B42)
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The contribution proportional to F A.(z) is canceled by the
corresponding term from above A, and hence we find

Qi — LE(Q)
2

iAc —e+(1)
X | In——+1] I
[ 2(Qn — LE(Q) } 2

1o — L&)
2

w e g
2(&12 — L& (®)) A

where F/\:o =0.

In order to obtain analytic solutions for the RG equations,
we decompose the effective Liouvillian into eigenvalues and
projectors L&' (z) = Y, 4:(z)Pi(z) and expand around the
poles given by the self-consistency equations z; = A;(z;). With
this approximation, Im E,i; at A = 01is given by

Qi —Rez; Q Rez
Im Z,ﬁ; = — Z oz T e 5 L arctan —lzlmz IIC(I)P, I;li(l)

i

Im=} = —1;3"Im

Ilc:i:(l)l

(B43)

—Rez; —Rez ~c
- Z Si2 ~ Rez; arctan Sz —Rez; 15" p G,
. > Imgz; 21

(B44)

As explained in detail in Ref. 11, the eigenvalue z; =0
characterizing the stationary state, could, in principle, lead to
divergencies. Performing the discrete RG step, its contribution
vanishes if the vertex G stands right of the projector Py
since PyG = 0. This is the case for the second contribution
of Eq. (B44), but not for the first one. From the definitions
(B11), we obtain the relations 111' = 2G11 and 111' =2G,y.
Since I~ is proportional to G, also the contribution of Py in the
first term of Eq. (B44) is zero. For I, this does not hold and
the zero eigenvalue will lead to a contribution characterized by
the absence of any finite relaxation rate leading to a sharp kink
in the symmetric noise and a discontinuity in its derivative.
Howeyver, there are no contributions of the zero eigenvalueZ7
in order J? In(A./|x + iT'|) and thus no divergent logarithmic
contributions emerge in Im E;}.

b. Application to the isotropic Kondo model

In the following, we solve the RG equations set up in the
previous section explicitly for the isotropic Kondo model. The
interaction part of the Hamiltonian (11) is given by

V=lgn:aan (B45)

where we used the notation 1 = naow and sum (integrate)
implicitly over all indices (frequencies). Here, g;;» is the
coupling vertex acting on the dot states only and :.: denotes
normal-ordering of the reservoir field operators, meaning
that no contractions within the normal-ordered product are
allowed. A contraction is defined by

= 817p(®) fu(Nw),

aiay = (a1ar)p,, (B46)
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with f,(nw) = (/T + 1)™! = 1 — f,(—w) the Fermi distri-
bution function at the corresponding temperature 7, of the
reservoir and 811 = 8,y S 806'8(w — ') is the § distribution
in compact notation. Furthermore, we introduce the cutoff
band width D via the density of states

2
D? + w?’

For the isotropic Kondo model, we consider [see Fig. 1 and
Eq. (11)] the coupling vertex

plw) = (B47)

1 Jotot’ SiOJ , for = —n = —+
i = L US55 = (B48)
2 | =(Jwa)oS'o,, for n=—n"=—.
In Liouville space, it reads
1 J(xct’ Lpigi , for = —n = +
A = (B49)
2 _(Ja’a)OLpl(T;ra for n= —)7/ = —

with the spin superoperators L? = (LP*,L?>,L?*) defined by
their action on an arbitrary operator A in the dot Hilbert space

L*A=SA, L A=-—AS. (B50)

The explicit matrix structure of these spin matrices can be
found in Ref. 12. For the solution of the RG equations, these
matrices will always occur in the combinations

L'=3L"-L)—iL" xL", (B51a)
L*=-3(L"+ L"), (B51b)
L’=YL"—L)+iL" xL", (B51c)
L*=31+L" L, (B51d)
LP=41-L1L"-L", (B5le)
c 1 —z
L¢ =31+ 2L7L7F, (B51f)
L= 4 L7F=-2L%, (B51g)

With these spin superoperators the Liouvillian in zeroth order
is given by
LY = [Hp,-]_ = hoL". (B52)

The results for the coupling vertex, the Liouvillian and

the current vertex I for n = —n’ = + determined in Refs. 11
and 14 read
G = —JuwL?0 40, (BS3a)
G0 = L@ 4 B53b
11 — 5 cta’( + )G(r(f’» ( )
- T
Gy = > Jop T L3050, (B53c)
1
LY = EtrJhoLh, (B53d)
. 1
1Y) = EJaLa,Llawr, (B53e)
- 3n
5 = —?(J;,Jﬁa/ — Jopdfy) L2800, (B53M)
where o is a vector consisting of the Pauli matrices and
JLy =ck, Juo. The vertex for n = —' = — is obtained by
using G = —Gy/1, which also holds for the current vertices.

PHYSICAL REVIEW B 87, 245115 (2013)

Furthermore, the coupling constant J,y = 2,/x X, J fulfills
the poor man’s scaling equation

Y~ 2y,
dA A

(B54)
which is solved by

J(A) = Tx = Age™ /30, (B55)

2In 7
where Jy = J(Ay) is the initial value of the coupling constant
at A().

_ According to Egs. (B11b) and (B11c¢), the initial values for
I* and I* are given by

=26 = JE (L' + L¥)o,,,  (B56a)
I =26\) = —2JL L%, (B56b)
IV =26\ = 245 L%, (B56¢)
I,V =2G") = JE(L'+ L*)6,s.  (B56d)

Inserting these initial vertices in Egs. (B30) and using the
poor man’s scaling equation (B54), the vertices 1, ﬁ as well
as I1 ﬁ can be determined up to second order in J. Since
for the derivation of the imaginary part of the current-current
kernel the real part of the vertices is needed only in first order,
we skip the second order of the real part here. In first order,
I* is given by its initial value with A-dependent coupling J.
The imaginary part of the second order is given by its initial
condition (B14a) with the initial couplings Jy replaced by the
A-dependent ones:

_ 3
e = —ZT(JQLﬁJﬂar — Jup o) LP 850
T
—i—lZ(JaLﬂ Jpar = Japd gy ) L85
— i (I Tpe + Jup o)L 0}, (B57a)
2 = i (Jop Ty + Jpar J ) LY 0!, (BSTD)

The generated vertex IT *is initially given by Eq. (B14b),

iy =itk LYo, (B58)
i, =0, (B59)

with no contribution in first order. Solving Egs. (B30c) and
(B30d), we find that 77" remains zero in first order, while 77~
is given by

Y =attLVs! (B60)
with
1/ 12 1 1 1J2 1
LL X
= —J)]l —(J—————J .
o 4< 27, T2ty 27 2(’)0
(B61)

We note that the contribution of (B60) to the antisymmetric
noise as well as to the ac conductance vx_/ill turn out to vani_sh.
For the contributions in second order, II is zero, while I1 +
is given by
FQa) oo oL L 7L\7!1
0" = = (Jas T + gy Jap) L' 0 6.

> (Va (B62)

245115-15



MULLER, PLETYUKHOV, SCHURICHT, AND ANDERGASSEN

The RG equation (B36) for the contribution from A > A, of
E;‘}(Q,E ) can be solved by inserting these vertices and using
the poor man’s scaling equation (B54).

Using for the poles z; and projectors P; (see Ref. 14)

20 =0, Py=1L"+ 2ML3Z (B63)
71 = —ily, P=L%—L°—2ML%*, (B64)
ze =+h—ily, Pi=3(L°+ Lh), (B65)

with the renormalized magnetic field /4, relaxation rates I'y 2,
and the magnetization M, Eq. (B44) gives for the current-
current kernel in the limit £ — 0%,

Imx) = dhle—}— 8de > IQ+aV +ohhL’
a,0=%
de2[|sz+a\/| IQ —aV|IML"
a=%
+ 2de2|9+ch|1Lb (B66)
ImZ, = 34 JEQLY + Sde Zio|52+ozv+ah| LY.
v (B67)

The symmetric and the antisymmetric noise (16) are obtained
by multiplying with the stationary density matrix'# pq = %Jl +
2M S* from the right, and performing the trace over the dot
degrees of freedom, with TrpL? pst = 1 and TrDle,oS[ =2M.

c¢. AC conductance

The real part of the ac conductance is given by Eq. (7) and
thus can directly be calculated from the antisymmetric current
noise (16b). According to Eq. (8), the imaginary part of the ac
conductance is given by

ImG(Q) = é[lm C~(Q) —ImC~(0)], (B68)
with
Im C~(Q2) = —Trp[Re £,(2,i07)pp]. (B69)

Starting from Eq. (B27) and following the calculation of
Im X, we obtain the flow equation for the real part:

dRe ¥,
dA
1 1 )
_ 71 (U] (2a2) 7(2az) ) 7—(D)
ﬁ’ Qi — LI 2+2 I59(Qu — LI
1 2 o _
1“>Re KAl Z)IJU - 1“)Re KAGE)GS.  (B70)

As a consequence of Eq. (B68), all Q-independent terms will
not contribute. In addition, the current vertices 2% and 7 ~(®)
determined by the RG equation (B30a) do not contribute due
to the matrix structure as /%% oc L' and I~-?®) ¢ L!. Using
Egs. (B53e) and (B56¢) for IV and 7=V, we thus obtain

1
Re ¥, = 7 JL Z oLy(Q+aV +oh)L'",

a,0=%

(B71)
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which yields

1
——Jd Y 0LyQ+aV +oh)M. (B72)

a,0=%

ImC™(Q) =

For the imaginary part of the ac conductance (B68), we finally
obtain

ImG(Q) = — QJH%,Z o[Ly(Q24aV +ah)

a,0=%

2

— L@V +oh)]. (B73)

The real part of the ac conductance (28a) and its imaginary
part can be combined to a single complex function. Introducing
Ho(x) = Lo(x) 4+ im|x|2/2, the ac conductance is given by

3n

M
G(Q) = and '29 Y olHAQ+aV +oh)

a,0=%

— Hao(aV + oh)]. (B74)

3. Low-frequency limit

In this appendix, we discuss the additional contributions
to the current noise and the ac conductance arising from the
reducible part of the current-current correlation function (15),

Crea(Q) = —iTrp [21(9) 2}(&:’0*);)3] :

B75)

Q- LI(Q)

in the low-frequency limit. For Q2 — 0, the contribution of the
eigenvalue z; appears to be of order J2. In addition, the zero
eigenvalue leads to a singularity. In the following, we analyze
these contributions.

First, we compute the current kernels ¥; and Ef. The
kernel of the normal current operator ¥; derived in Ref. 14 for
zero frequency is obtained by replacing the Laplace variable
by the frequency :

() 37
=]—
! 8

1
8 and Z acH(Q+aV +oh)L'%.

VJLLY

(B76)

a,0=%

For the derivation of the kernel Ef(Q ,€), we have to take into
account all diagrams with the current vertex on an arbitrary
position. In particular, we have to distinguish between the two
frequencies, £ occurring to the left of 7%, and & — 0% to the
right. Furthermore, since X;(£2) is on the leftmost position in
Eq. (B75), we can neglect all contributions vanishing under
the trace. Differently, for E,i(Q,S ), all terms have to be taken
into account. This yields the RG equation

d¥7(Q, & _

A —iT5(2,6)K (612)G31(€12)

- i(_;n(Q)K(le)[--(lesé)
—2iG (K (Q12) [55(R12.6)K (£33)G51(E33)
—21G12(Q)K(912)G23(912)K(Q13)1 (213,

—2iT5(2,6)K (£12)G33(E12) K (613)G31(€13).
B77)
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Solving this equation in an analog way as the one for E;‘;, we
obtain

£H(R,07) = —51 0 D aocHy(Q+aV +oh)L*

a,0=%

—l—i%andVGLb — LY

+z—JdZo|v+oh|2Llf (B78a)
T(Q.0%) =273 > " LoV + oh)L”
o=%
— Ty Y aHa(Q+aV +oh)L".
o (B78b)

Now we discuss the contribution of the eigenvalue z;. With
Egs. (B76) and (B78a), the reducible contribution at 2 = 0 to
the symmetric current-current correlation function is given by

CLO);, = TrDz,<0)—Plz+<o i0%)03

= —2nJ;‘dF—1VM > olV+ohl
o=%

2
1 1
— <2M2 2) J;‘dr <Za|V+ah|2> .
o=+
(B79)

Since C;,(0)],, is real and ReC™ = ST, it represents
the reducible contribution to the symmetric noise. Since
E;(0,0*) =0, there is no additional contribution to the
antisymmetric noise at Q2 = 0.

In the limit Q2 — 0, Eq. (8) for the ac conductance reads

dC~
aQ

Using Eq. (B75), the reducible part of the conductance can be
expressed directly by the current kernels X; and X, :

GQ—0)= (B80)

1 ds;
Gred(Q - O)|z1 = _F_lTrD 2:I(O)Pl 45

pD} (B81)
Q=0
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where we used that P; and I'; are independent of the external
frequency €2 and %, (0,0) = 0. With

dx; dry
— =-2i—1L°, (B82)
d2 |q_ dv
we obtain
» M dF]
Grea(2 = 0)|z1 = 2 JndF dV o|lV +ohl,. (B83)

We finally note that this term is real and thus does not affect
the imaginary part of the ac conductance.
The reducible contribution of Eq. (B75) of the zero
eigenvalue is given by
1
=i 21(Q) 5 P27 (2,005,

Craa(lz, = (B84)

which leads to a singularity in the limit & — 0. To study
the singular behavior in detail, we use the kernels X,;(€2) and
E?(Q,O*) given by Eqgs. (B76) and (B78), respectively. The
contribution to ST(0) is

Sa(Dlzy = Re Ciy(y,
= —Tip ()P Z; (2,01)8(Q)pp,  (B8S)

due to Im &~ = —md(£2). Inserting Egs. (B76) and (B78a),

we find

+5

o3 3
rerJ(O)IZO—[ 2 V2+TJ VMZ|V+ah|2

2
+ 727 (M dov +oh|2) }a(sz)

o=%
=21 (I)28(Q), (B86)
where we used!*
37
(Ig==—JYV + = andMZa|V+ah|2. (B87)

4 2

o=+

Thus this term is exactly canceled by the second term of
Eq. (6a) and does not lead to any singularities.

As ¥ o« L9 and PyL? = 0, there is no singular behavior
in $7(0) and hence G(£2 — 0) is not affected.
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