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Auxiliary master equation approach to the Anderson-Holstein impurity problem out of equilibrium
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We introduce a method based on the auxiliary master equation for solving the problem of an impurity with
local electron-electron and electron-phonon interaction embedded between two conduction leads with a finite-
bias voltage. The Anderson-Holstein Hamiltonian is transformed to a corresponding Lindblad equation with a
reduced set of sites, providing an optimal approximation of the hybridization function. The problem is solved
in the superfermion representation, using a configuration interaction for fermions and bosons. The phonon basis
is shifted and rotated with the intention of permitting a low phonon basis cutoff, even in the strong-coupling
regime. We benchmark this approach with the numerical renormalization group in equilibrium, finding excellent
agreement. We observe, however, that the rotation brings no advantage beyond the bare shift. This is even more
apparent out of equilibrium, where issues in convergence with respect to the size of the phononic Hilbert space
occur only in the rotated basis. As an application of the method, we explore the evolution of the phononic peak
in the differential conductance spectra with changing phonon frequency.
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I. INTRODUCTION

Molecular electronics is the endeavor of using single
molecules as components in ultraminiaturized circuits, mak-
ing use of their particular electronic and vibration properties
[1-14]. Nonequilibrium properties of single molecules can be
probed by embedding molecules in gaps between electrodes
[15], in mechanically controlled break junctions [16], as well
as using scanning tunneling spectroscopy [17,18]. In these
setups it is possible to apply bias voltages that are large
compared to characteristic energy scales of the problem, such
as interlevel spacing, phonon frequency, and electron-electron
repulsion. Spectroscopic measurements are, however, difficult
to interpret, because the strongly interacting problems are
difficult to solve reliably and accurately out of equilibrium.
A number of theoretical tools have been developed in the past
[19-31], but no method has emerged yet as the ultimate so-
lution applicable to all parameter domains. The key effective
parameters are the dimensionless coupling strength A = g/wy,
the adiabatic parameter o« = w;,/U that relates electronic and
vibrational energies, as well as the ratio I'/U that quanti-
fies the impurity hybridization; here g is the electron-phonon
(e-ph) coupling constant, w; the phonon frequency, U the
electron-electron repulsion, and I' the hybridization strength.
The parameters A and « allow one to define the limiting cases
of weak and strong e-ph coupling (A < 1 vs A > 1), as well
as the adiabatic and the antiadiabatic limits (¢ < 1 vsa > 1);
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the regime away from the various limits is known as the
intermediate (crossover) regime.

In Ref. [19] the electron-vibron coupling in the Kondo
regime is investigated using the Schrieffer-Wolff transfor-
mation, where the parameter regime is restricted to weak
coupling. The semiclassical approach presented in Ref. [20]
goes beyond the mean-field decoupling of electrons and
phonons, and coincides well with quantum Monte Carlo re-
sults for sufficiently high temperatures. However, due to its
nature it misses quantum processes like tunneling, so in
the current implementation lower temperatures may not be
reached. For a nonequilibrium equation-of-motion approach,
implemented in Ref. [21], the authors point out that results
obtained by their method in the Kondo regime are ques-
tionable beyond the low-bias regime. Reference [22] applies
the dynamical mean-field theory to the Holstein-Hubbard
model by solving the resulting the Anderson-Holstein impu-
rity problem using quantum Monte Carlo; good results are
obtained, but only in equilibrium. The authors of Ref. [23]
use the numerical renormalization group (NRG) to obtain
equilibrium spectral functions. To obtain the tunneling cur-
rent, however, they use perturbation theory, which is restricted
to the strong-coupling regime. In Ref. [24] the noncrossing
approximation is implemented, which allows exploration of
the Kondo regime at finite voltage; however, the electron-
vibron coupling is restricted to small values. This approach
is also used in Ref. [25], where the authors explore the ef-
fect of electron-vibron coupling in the Kondo regime for
large Coulomb repulsion. An implementation of the func-
tional renormalization group is shown in Ref. [26] (see also
[32]), where good results are obtained in and out of equi-
librium; however, the authors point out that their results are
questionable for large electron interaction strength U out of
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equilibrium. The nonequilibrium dual-boson approach shown
in Ref. [27] appears quite similar to the approach presented
in this work, with two main differences. First, they have a
smaller bath, which they compensate by taking into account
the difference between the physical and the auxiliary bath
perturbatively. Second, they consider a phononic bath, which
we do not. The authors obtain good results, but it appears to
us that our method reproduces the Kondo peak more precisely;
this can be observed from the coincidence of our self-energy
results with the ones obtained by the NRG. Reference [28]
discusses the hierarchical quantum master equation (HQME)
approach in the context of electron-vibron coupling. This ap-
proach allows for numerically exact results but is restricted to
moderate to high temperatures. One should mention, however,
Ref. [29], where the HQME approach is extended for the
pure electronic Anderson model, and accurate results for small
temperatures are shown. Hierarchical equations of motion,
Ref. [30], can handle non-Markovian system-bath interaction,
but it may be difficult to keep truncation errors small. The
NRG has been extended to the nonequilibrium steady-state
case [31], but the proper description of thermal leads is tech-
nically demanding and requires combining several numerical
methods to handle different energy scales (i.e., the NRG alone
is not sufficient); this approach has not yet been applied to the
Anderson-Holstein Hamiltonian.

In this work we present the auxiliary master equation ap-
proach for the Anderson-Holstein impurity problem [33-38].
Considering the above discussion, the method presented here
complements the existing methods by bridging between dif-
ferent values of parameters, from weak to strong hybridization
as well as interactions, and, importantly, by allowing tempera-
tures below the Kondo scale to be reached for moderate values
of the interaction. This Hamiltonian is the minimal description
of a molecule with a single low-energy orbital with effec-
tive on-site electron-electron repulsion and with the coupling
between the on-site charge and the displacement of a local
vibration mode, embedded between two metallic conduction
leads. The goal is to solve this problem in the regime of sizable
electron-electron (e-e) and electron-phonon (e-ph) coupling
for large bias voltages and to calculate the differential conduc-
tance, which is the main experimentally measurable quantity
that provides information on the excitations in the system.

The paper is structured as follows. In Sec. II we start
by discussing the basic idea of the auxiliary master equa-
tion approach (AMEA). We continue by briefly reviewing our
implementation of configuration interaction (CI) for the elec-
trons in Sec. I1 E 1 and discuss in more detail the CI treatment
of phonons in Sec. IIE2. In Sec. III we first elaborate on
the choice of method parameters. Then we benchmark the
differential conductance against the numerical renormaliza-
tion group in equilibrium in Sec. III B and show differential
conductance results out of equilibrium in Sec. III C.

II. MODEL AND METHOD

A. Nonequilibrium Green’s functions

We use the Keldysh formalism [39—-44]. The time contour
from t - —oo to + — 0o and back again leads to a 2 x 2
matrix structure for including all time combinations, i.e., both
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FIG. 1. Schematic representation of the system. Two leads at
different chemical potentials are connected to an impurity with a
Hubbard interaction U and a coupling to a Holstein phonon.

times on the upper contour, one above, and one below, etc.
Since we are only interested in the steady state, we can take
advantage of time translation invariance and fix one time argu-
ment of the Green’s functions to zero. This allows us to work
directly in the frequency domain instead of the time domain.
The general form of a Green’s function is then

G (w)
GAw) )’

R
Glw) = (G éw)

where G* = (GR)'. Throughout this paper, underlined quan-
tities represent a 2 x 2 structure in Keldysh space. In
equilibrium, GX can be determined from GR via the
fluctuation-dissipation theorem as

ey

GX(w) = F (0)2Im[G* (w)], )
with
coth ’37“’ for bosons,
F)=1" "2 , 3
tanh = for fermions.

B. Physical impurity model

The physical setup consists of an impurity, two electronic
reservoirs, and one local phonon mode, as depicted in Fig. 1.
The respective Hamiltonian may be split up as

H = Himp + Hyan + Hcoup~ “4)

Hipyp is the Hamiltonian of the impurity,
Eimp O dide +Ungpngy + Y _ gdlde(b+ b') + wpb'b,

&)

with Hubbard interaction U, on-site energy &imp, the creation
(annihilation) operator d; (dy) of a fermion at the impurity
site with spin o, the creation (annihilation) operator b" () of
a boson, the fermionic particle number operator ny,, , electron-
phonon interaction strength g, and phonon frequency wy,. The
leads are described by

R
Hpoy = E Erky 1o Drkor » (6)
kiro

with dispersion ¢,; and creation (annihilation) operator aika

(a;4s) of a fermion in the left and right lead, A € {L, R},
labeled by momentum k. The coupling between the impurity
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and the bath is given by
1 .
Heowo = —— Y t(al, dy +diaye), 7
coup m; A( ko o Urk ) ( )

where #; is the coupling strength between the leads and the
impurity, and Ny — oo is the number of k points. Whenever
not mentioned otherwise, we have ¢; = t.

Alternatively, the environment may be described in terms
of Green’s functions by defining the retarded hybridization
function [45]

éllfhys (a)) =

PILTAD! ®)
A

where gf(a)) are the retarded Green’s functions of the de-
coupled_ leads. (The subscript ph here stands for “physical”
in order to distinguish this hybridization function from the
auxiliary function to be defined in the next section.) To fully
define the problem, one needs to specify the band properties.
We chose a flat density of states smoothed around the edges
so that
—Im[g}(w)] = /OFD(CU D, Tiie)pro(—@ — D, Tcr),

©))
where ppp is the Fermi-Dirac distribution, Tge¢ a fictitious
temperature, and D the half bandwidth. The smoothing is
introduced to avoid a sharp change that would reduce the
quality of reproducing the environment within AMEA; T
merely quantifies the degree of smoothing. We take our en-
ergy unit Ey such that D = 10Ey. Then we set T;; = 0.5E)
throughout this paper. In Figs. 4-6(a) and 6(c) we have
—Im[A phyq(a) = 0)]/Ey = 1, in Figs. 8 and 6(b) and 6(d) we
have Im[Aphys(a) = 0)]/Ey = 0.49, and in Fig. 7 we have

—Im[Af (@ = 0)]/Ey = 0.64.

Since the uncoupled leads themselves are in equilibrium,
the Keldysh part of their Green’s function can be calculated
using the fluctuation-dissipation theorem, Eqgs. (2) and (3).
If not stated otherwise, the chemical potentials of the right
and left reservoir are given as ur = —up = ¢/2,i.e.,¢p = eV

describes the voltage drop across the impurity.

C. Auxiliary impurity model

Since the physical model is defined in an infinitely large
Hilbert space, one has to find a way of approximating it for
numerical computations on a reduced set of sites. The basic
idea of the AMEA is to set the parameters of the Lindblad
equation so as to reproduce the physical hybridization func-
tion [46].

The Lindblad equation is given as

do(t)
dr

~>
ke

. - 1
= —i[Hyy, o1 + Z Fi(;)(cjapcig - E{ngcjoa ;0}>

ijo

I
+—§:I*”(6chﬂy—-E{QvCL,p}),

(10)

where cja (ciz) is the fermionic creation (annihilation) op-
erator, p is the density matrix, F}ID and F;f) describe
the dissipative contributions, and H,,y is the unitary part,

given as

Hyx = Z Ezjcmcja +
L JHiIAG)#0,0)

+ ch;acfg (b+b") + w,b'b

Ungyng,

Z Eijc;gcja + Z Efic}ocf(, + H.c.

o i —
i, jH i) AT, 20 i-Lle

H,
Haux env aux coup

+ ZU lE\impc;(rcfa + gC;-(, Cfo (b + b‘)
+Unpingy + a)bb*b

aux imp -

an

We define f := 0, which is the impurity site, and the indices
i and j can assume integer values from —Ng/2 to Ng/2,
where Np is the number of bath sites. In this paper we only
consider cases in which Ng = 6. This number of bath sites
already allows for a large number of parameters, which can be
seen when considering that the T matrices are only restricted
to be positive semidefinite. In other words, the number of
parameters used to fit A, to A, - increases quadratically in
Ng. In Ref. [46] it is furthermore explicitly shown that Ng = 6
suffices to reproduce a flat density of states accurately.

The part of Hyy, denoted as Hayx imp 1S equivalent to Hipp.
Haux coup describes the coupling between the auxiliary reser-
voirs and the impurity, i.e., its parameters are set by ;. All the
other contributions appearing in Eq. (11) are determined in a
fitting procedure, which we will discuss in the following.

The auxiliary hybridization function A, is defined
through

-1

Q()ff - (g _aux) —
AR (@) =1/g (@) = l/G&ff(w), (12)
Afy (@) = GOKff

where G, is given [46] by

Gy () =[w—E +i(T" + 1), .
Gt (0) = 2iGE(0)(T? — TG (w)
and g§ ;, as
gh (@) = (@ — &imp) ™. (14)

A note on notation: Bold quantities indicate the (Ng + 1) x
(Ng + 1) structure in the space of auxiliary levels, lowercase
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g indicates the decoupled setup, uppercase G contains the
coupling, and the index O indicates the noninteracting case.

Given the physical hybridization function Ay, one defines
a cost function

X(E. TV TP) = 3" / do W (o)

ae{R,K} -

x Im[ A% (@) — A%, (@ E, TV, r<2>)]

which must be minimized to obtain the parameters leading
to the optimal approximation of the physical hybridization
function.

In this paper we set the weight function to W*(w) =
O(w — Wmax|), With wmax/Eo = 15. This range suffices to
capture the hybridization function appropriately, since our flat
density of states ranges from w/Ey = —10 to 10 and decays
exponentially outside this region. A more detailed discussion
about the fitting procedure can be found in Ref. [46].

D. Superfermion representation

For computational reasons, one may transform the Lind-
blad equation into the superfermion representation [47]. In
this form the Lindbladian becomes a matrix and the density
matrix a vector. In this section we will briefly sketch the basic
ideas of this procedure roughly following Ref. [47], see also
Refs. [48,49].

We introduce the left vacuum [50] defined as

D (ma) ® lmpn)) ® (1) ® nign)),  (15)

{me1.mpn}

normal space tilde space

where me and mp;, Tun over all states in the respective Hilbert
spaces. Here we doubled the Hilbert space by introducing the
“tilde” space.

Then we apply the density matrix on the left vacuum:

p—1p)=(p @)

= (Z P Im) (n] @ ﬂ) Dl

= punlm) () @ 1J) = Y poun Im) ® |1} .
mnj mn
(16)

This yields a vector in the doubled Hilbert space that contains
all information of the density matrix. As the next step, the
Lindbladian must also be transformed accordingly. The aim is
to replace all density matrices appearing in L with |p). There-
fore we calculate L |I), and whenever |I) is next to p we can
use Eq. (16). To achieve this one uses the tilde-conjugation
rules, given as

chiny = —ie; |1y,

ci |y = —iet |y, a7
b =bII),

bil) =b11),

9, Wh

!
t,

normal space @ @

!
i,

tilde space @ @ @ @

9, Wy
FIG. 2. Schematic representation of the auxiliary system.
since the creation and annihilation operators, once transferred
into the tilde space, commute with the density matrix [51]

and anticommute (fermionic) or commute (bosonic) with the
normal-space operators. The Lindbladian then takes the form

iL = Zc;hcg —2Tr(E +iA)

+Upng, —iipfip))
+n(b'b—B'B) + gleh, cro b+ b1) = &}, 2o (b + BV,

iLepl1
(18)
with the matrix
N E +iQ 2r® a9)
S\ E-—i@)’
where ¢ = (CT—NB/2,U’ CIT\’B/Z.U’ C Ng/2o0 -+ Cogao)s
Q=T 1D and A = T'® + I'D. As defined in Sec. 1 C,

the impurity site is indexed f := 0. Figure 2 shows the Lind-
blad setup in its superfermion form [52], where the blue lines
represent the unitary contributions (E) and the green ones the
dissipative contributions (I'!/)). Furthermore, since the Lind-
bladian in Eq. (18) is not a superoperator anymore, it does not
carry the double hat. This also allows us to easily distinguish
between superoperators and operators in superfermion space.
As can be deduced from Eq. (18), normal and tilde
fermionic particles are always created and annihilated simul-
taneously and therefore their difference is conserved, i.e.,

Ny =Ny = (¢}, cic — EL,i0). (20)

i

This is valid for both spins separately, since angular momen-
tum is also conserved.

Since the left vacuum is always a left eigenstate of the
Lindbladian with eigenvalue zero, it lies in the subspace
N, — N, = 0. This can be observed from Eq. (15), since all
fermionic states have by definition the same number of normal
and tilde electrons. Since the corresponding right eigenvector
is the steady state, it is restricted to the same subspace.
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The fermionic Green’s functions can be expressed in the
Lehmann representation. For positive times (+) the greater
(>) and lesser (<) component are given as

Gt @)= (Ilc; kR) (kLI c} | o)
k

GiH (@)=Y (I|c]kR) (KL| c; | poo)
k

k]

w—iL,
2D

a)+iLk’

where (kL| and |kR) are the left and right eigenvectors of the
Lindbladian and L; the corresponding eigenvalues. From this
all other fermionic Green’s functions of interest, as well as the
self-energy (X), can be obtained:

G (@) = (G ()],
R >+ <—
Ghw) =Gt -G,

K _ >+ <+ >— <—
GSw) =G + Gt =G -G, (22)

=R (w) = 1/Gj (@) — 1/GR(w),
() = —GK(@)/|GR ()]} + GX(@)/|GR()[*.

For bosonic Green’s functions there exist similar expressions
as Egs. (21) and (22). Computationally, we calculate the
steady state using the biconjugate gradient method, and the
Green’s function using the bi-Lanczos scheme [53]. The basis
used to express L is obtained as described in the next section.

E. Configuration interaction

The most straightforward basis choice for L is in terms of
c/c’ and b/b" operators. Then one can perform the calcula-
tion using the full many-body Lindbladian using a cutoff in
the number of included phonons. The resulting matrix grows
exponentially in the system size Np. Therefore we rotate the
bosonic and fermionic single-particle operators with the aim
of cutting off the fermionic states in a controlled way and ob-
taining a reduced cutoff in the bosonic states. This is discussed
in the following sections, where we roughly follow Ref. [54].

1. Electrons

The treatment of electrons in the AMEA using CI is ex-
plained in detail in Ref. [55]. Here we will only give a brief
overview of the main steps. We start by defining

2
n
Eija = Eij +U (nfa-) 8if6jf — 2g ( f) s
Wy
23
E, +i9 €r® 23)
ha = 1 . s
—or  E.—iQ

where (n76) = (I|c},cro |poo) and (ng) = (nsy) + (ngp).
Here E, (and thereby h,) takes into account the electron-
electron and electron-phonon (the origin of the phononic term
will become clear in the following, see Sec. Il E 2) interaction
on a mean-field level.

The matrix E, is in principle the same for both spins, since
there is no magnetic term in the Lindbladian. We showed
in Ref. [55] that choosing a spin-dependent (magnetized)
Hartree-Fock term reduces the error originating from the

basis cutoff we introduce within CI. The respective mean-field
(Hartree-Fock) Lindbladian reads

iLoo = Y chhge, — Y Tr(E, +iA). (24)

n

In our previous paper we fixed (ny4) = 0.3 and (n;,) = 0.7
to introduce an artificial magnetization. The exact values for
(nyo) do not have a strong influence on the shape of the impu-
rity Green’s function, as long as it is far enough from (nsy) =
{(ny,) but not too far (roughly in the range 0.6-0.9). Since
not all the results we show here are particle-hole symmetric,
we compute the total Hartree-Fock electron occupation self-
consistently using Eq. (24) and introduce a magnetization as
(npy) =03 (ny), (np) = 0.7 (ny).

The non-Hermitian matrix &, can be diagonalized straight-
forwardly as

& =V, 'h,V,, (25)

where V (V;l) are the right (left) eigenvectors of h,, and
&, its eigenvalues. In this basis the Hartree-Fock Lindbladian
reads

iLoa =) &80, +n. (26)

The new operators are defined as &, = clV, and &, =
V;'c(,, which obey fermionic anticommutation relations.
However, the creation and annihilation operators are not Her-
mitian conjugates of each other, i.e., (£)7 # &.

The steady state of the noninteracting Lindbladian L can
be found by identifying which operators annihilate it. In other
words, we must have

§io 1Poc0el) =0 for Im(g;r) < 0,

27

Eiv |Poc0el) = 0 for Im(e;p) > 0,

because anything else would imply a divergent state, as be-
comes apparent when considering

"' &g | Poctel) = € Eige " | pocoet) = €' Eig | Pocte) -
(28)
For computational reasons we furthermore perform a particle-
hole transformation

P =D&+ ED,
_ o (29)
P = D¢+ ED,
with components
D;; = §,;0[Im(e,)],
_ ' (30)

D;=1-D;.

From this we get |poe1) = |0).

Starting from the Hartree-Fock steady state as a reference
state, we can create a subspace of excited states by applying
operator pairs,

EioEjo |Pocel) » 31

which is equivalent to

Py Pjy 10) (32)
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——

3

states obtained from a single excitation

_._ ——
—— ——

reference state

FIG. 3. Illustration of Eq. (31) for a small Hilbert space. The
reference state, in our case the steady state of Eq. (24), is shown
on the left-hand site. On its right-hand site all the states one obtains
from a single excitation are depicted.

with i and j taking all values resulting in nonvanishing states,
which obeys the conservation rules, namely, N, — N, =c,,
where ¢, is a spin-dependent constant. For the steady state
we have ¢, = ¢4 = 0 and for the Green’s functions c¢; /4 =0
and ¢4y, = 1. The state in Eq. (31) corresponds to a single
“particle-hole” excitation and can be graphically interpreted
as depicted in Fig. 3 (shown in the & basis). By applying more
such pairs in sequence, one obtains higher excitations. In this
paper we always use a basis created by up to three particle-
hole excitations (referred to in the literature as CISDT).

Eventually Eq. (18) is transformed into the P basis such
that the fermionic contributions to the matrix elements in the
many-body Lindblad matrix can be calculated in this sub-
space.

2. Phonons

When including phonons, the Hilbert space becomes in
principle infinite so that one has to introduce a cutoff in the
maximum phonon number. The larger the cutoff, the better
the approximation for observables, but at the cost of higher
memory usage and longer computation times. By choosing
an advantageous single-particle basis, the number of bosonic
particles can be kept low while still obtaining accurate results.

One starts by introducing an offset to the bosonic operators,
which corresponds to the NECI* shift introduced in Ref. [54],
whose treatment we roughly follow below. This shifts the
number of phonons in the new vacuum to the amount corre-
sponding to the mean-field electron occupation, i.e., without
taking into account the effect of electronic fluctuations:

b b 8Oyt 8l

[ Wy

(ny) (ny) 33
b b gt 8

Wy Whp

The corresponding Lindblad term in the superfermion repre-
sentation then reads

, 28" (ny) 5
lLeph = Z ! Cf(rcfa

Wp

— ¢}yCro) + n(b'b — b'b)

+ b+ b)) (ch,cr0 — (nf))
+8(b+ ") ((ng) — &), 870)- (34)

In the next step one “rotates” the phononic basis, i.e., one
introduces a linear transformation between the “tilde” and
“non-tilde” phononic creation and annihilation operator, as
first introduced in Ref. [54]. This transformation is obtained

by the exact solution of an auxiliary Lindblad equation acting
on the isolated phonon level:
Lopnp = oty (b 0b — Lip. b0"}) +a_(bob’ — L{p, b'b})
+ i[bb" wp, p]. (35)

This equation can be obtained exactly by eliminating the
“fermionic reservoir” from the isolated phonon level within
the weak-coupling (g/wp, < 1) regime with the Born-Markov-
Secular approximation [56,57]. In this case the ratio :—; can be
written in terms a suitable fermionic density-density correla-
tion function, and in the equilibrium case can be inferred from
the relation

o o_
Tr(b bpscopn} = ——— — exp(Bwp) = —.  (36)
o_ — C(+ (X+

With this we rewrite the impurity Lindbladian Liy,, as
Limp = Lint + Lonsite + Lur

Lyr = Loel + Loph
iLim = Ui’lTnl + iLeph — iLH]: (37)

. 2g2 (nf) o~ i
1L0nsite = &imp + Xa: w—b(cfacfu - CfaCf")’
with Lop, being the superfermion version of 1:0ph given as

1
—bTb)
2

R P o pth  ET
+ o bb—ibb'—ibb — iwp(b'b — bb'")

A l~~‘f
Lo = . b'D — Sbb" —

+ ———— —iwp. (38)

Loe; contains the mean-field on-site energies felt by the
electrons due to the e-e and e-ph coupling, and Loy, considers
the thermalization effect the electrons have on the phonons.
Li then contains corrections beyond the mean-field level felt
by the electrons, as well as corrections to the thermalization
effect the electrons have on the phonons.

In the case of the electrons, we used the matrices diagonal-
izing Ly to transform the electronic single-particle operators.
For the phonons we proceed in a similar way, where we start
by rewriting Loph:

Loph = b"hophb + noph

_pt —1 —1 (39)
b S;US SU ShophU U(p b+770phs
&
where
b=@" b),

_ o — Oy .
Noph = ) lwy,
B — —%(OJJF-I—OL)_iwb o

Oph = a_ — Moy + o) +iwy)
1 0
_ T _
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and U are the right eigenvectors of Shqpy,. For convenience we
define

Vi =@, V1 =1, Vo = o, Yo 1= ¢ (41)

such that

[y, y1=1. (42)

In the ¢ basis the Lindbladian Loy, is diagonal; therefore
the steady state is given by a single Fock state, which is
simultaneously the vacuum in this basis (| 0ocopn) = [00)) [58].
This state contains the thermalizing effect the electrons have
on the phonons, making it a good choice for a reference state

J

. g (ny) o~ 1 o
lLeph = 22 bf (C;ngg — Cfacff’) —|—g(C}UCfg — (l’lf)) ﬁ

(6]
o

- 1
+g((nys) — 5;(,5_)"(7)(‘1’1 + ¥, + ——-
o —«a

III. RESULTS

A. Method parameters

In equilibrium the parameters «; and «r_ can be calculated
straightforwardly from the temperature of the system. Only
the ratio Zf appears in equations; thus there is actually a single

1.0
—— NRG
g E Ry e untransformed
0.8 v offset Cl
. (a) ~-rotation ClI
)
0.6

107t 100
TIEo

T/Eq=0.405 o5

-0.80 4+

-0.85 & 5
-05 00 05

Im(ZR)/Ey

|
=
U

|
o

/
@
AR

-15 -10 =5 0 5 10 15
w/EO

FIG. 4. (a) Zero-bias conductance as function of temperature
and (b) self-energy Im(Xg) obtained with different transforma-
tions as explained in the text. The parameters are U/E; = 0,
8/Eo = 1.3, wp/Eg = 1.3, &imp = —U/2 + 2¢* /o, —Irn[Aghys(a) =
0)]/E() = 10, and Nph,max =5.

[59] to build the phononic basis from:
W) (2" 0) . 43)

We define the cutoff value for the number of included phonons
per site as “Nyhmax” (number of phonons), i.e., 0 < n,m <
Nph,max, With n, m integers. To transform Eq. (34) in the
basis we use

b— (1/11 + %_&2)

Y1+ (44)
b = (i +v2 U+ lﬁz)a—_,
o_ — o4
which follows from Eqs. (39) and (41). With this Ly in its
final version reads

() +90) + ) + a—*%)
+ o_

(06+‘I/1 + Ol_‘Ifz)> + wp(Ua Wy — W ). (45)

(

free parameter that is fixed by . Out of equilibrium we need
to choose an effective temperature felt by the phonons, which
is, however, not defined unambiguously. Two approaches
were considered: (a) fitting the Fermi function ppp(@w — p, T')
to the nonequilibrium distribution pyen-eq(@), and (b) en-
forcing prp(w = Wb) = Pnon-eq(W = wp). In both cases the
effective temperature felt by the phonons is extracted. Com-
paring the results obtained from both procedures showed that
fitting works better. Here we calculate the nonequilibrium
distribution ppon-eq(w) from Eq. (24), i.e., for the mean-field
case. This is computationally much less costly than per-
forming an iterative many-body calculation to obtain this
parameter.

All parameters that are purely an input to the simulation
have been chosen such that the Kondo regime can be inves-
tigated in the presence of a Holstein phonon as a proof of
concept.

B. Comparison with the NRG in equilibrium

As a benchmark of the approach presented in this work,
we compare our results with the NRG in the equilibrium case,
where the latter is known to be very accurate, especially in the
low-energy regions.

First, we investigate how the transformation of the
phononic basis introduced in Sec. IIE2 affects the accuracy
of the calculation. More specifically, we compare the results
obtained without any transformation, those with only the off-
set (“offset CI”), Eq. (33), and those with both the offset and
the rotation (“rotation CI”’), Egs. (44) and (33). We plot the
zero-bias conductance as a function of temperature, which
provides insight into the effect of the transformations at low
energies over a wide temperature range. While the differen-
tial conductance mainly probes the low-energy region, we
address higher energies by evaluating Im[Xz(w)]. From the
Meir-Wingreen formula [60] one obtains the nonequilibrium
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differential conductance G as

*d
= [ (6" @, 9)]

ve(@)yr(w) (dpF,L(ws uL, T)

vi(w) + yr(w) de¢
_ dpF’R((l), MR, T)) + /OO d_wdlm[GR(wa ¢)]
do o T deo
ve(@)yr(w)

[(orL(w, uL, T) — prr(w, ur, T)]
(46)

yL(w) + yr(®)

for the case of proportional coupling. Here yy(w)=
—2|t/{2|Im[g§(a))] are also referred to as the “lead self-
energies.” In the following we will always plot the ratio G/Gy.
As T — 0 the spectral function at zero frequency becomes
independent of the interaction strength [61,62]. Therefore, the
dc conductance always approaches G = Gy for T — 0, where
Gy is the conductance quantum.

The numerical renormalization group (NRG) [63-65] is
well known for capturing the equilibrium properties very ac-
curately. Therefore, we use the results obtained from NRG
Ljubljana [66] as a reference for the equilibrium case. The
calculations have been performed using the discretization pa-
rameter A = 2, with twist averaging over four discretization
grids, keeping up to 10 000 spin multiplets in truncation and
using the broadening parameter o = 0.2. The final spectral
functions have been computed using the self-energy trick,
using the full-density-matrix approach [67]. We keep up to
15 phonon states in the calculation.

Both the offset CI and the rotation CI results compare
very well with NRG and perform significantly better than
the results obtained without any transformation, as can be
seen in the differential conductance results in Fig. 4(a). The
parameters are chosen so that the system is in the Kondo
regime (U > ") with an intermediately strong e-ph cou-
pling A ~ 1. Considering a maximum allowed deviation of
3% with respect to the NRG, temperatures down to 7 /Ey =
0.05 can be reached for the chosen U/Ey = 6 with both CI
transformations. The offset CI performs marginally better.
At very low temperature, the CI results deviate from those
obtained by the NRG because the occupation function at
the Fermi energy becomes sharper, which is reflected in a
sharper Keldysh part of the hybridization function, requir-
ing more bath sites (i.e., parameters) in the auxiliary system
to reproduce the physical system accurately than there are
available.

The self-energies of the offset and rotation CI are also
almost on top of each other, see Fig. 4(b). They mostly co-
incide with the NRG self-energy, except close to the phononic
feature, which is more pronounced for the CI methods. We
have compared the self-energies at a temperature which is
close to that obtained for nonequilibrium at ¢ = wy, using the
procedure discussed in Sec. IIT A.

With increasing phonon cutoff, we expect convergence of
all observables. Figure 5 shows that the convergence behavior
of the offset CI at low energies is superior. In the self-energy
both approaches have trouble reaching full convergence close
to the phononic feature.

The drop in the conductance with increasing temperature,
which may be described via the half-width at half maximum

Rotation CI

1.0

—e— NRG
Nph,max =3

0.8 v Nph,max =4
o Nph,max =5
R
©0.6

0.4

1071
T/Eg

T/Eq = 0.405 —of

-0.80 1+

-0.5
-0.85
S P
o]
E \
-1.5 \ /
~2.011 N /
-15 -10 -5 0 5 10 15
lAJ/Eo
Offset CI
1.0
—e— NRG
Nph,max =3
0.8 v Nph,max =4
o Nph,max =5
Q
0.6
0.4 RS
““~‘
1071 10°

T/Eo
T/Eq=0.405 ~0.75

/N

0500 05 ,7

>

Im(Zg)/Eo

|
=
(S

|

3

|
N
o
&

-15 -10 -5 0 5 10 15
lAJ/EO

FIG. 5. Zero-bias conductance as function of temperature (a) and
(c) and self-energy (b) and (d) for the CI calculation with differ-
ent values of the phonon cutoff compared with NRG. Results are
obtained with the rotation CI (a) and (b), offset CI (c¢) and (d).
Parameters are as in Fig. 4.

(HWHM), is defined by the Kondo scale and is also a possible
definition of the Kondo temperature (7x). This definition of Tx
was first introduced in Ref. [68], where an empirical formula
is presented and used to fit the NRG zero-bias conduc-
tance [69], fulfilling G(T = Tx) = Go/2. From Fig. 5 one can
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Rotation CI

‘ * Nph,max =4
(a) Nph, max = 5

Nph,max =6

®/E,
Offset CI

Nph,max =4
(c) Nph, max = 5

Nph,max =6

0 1 2 3 4 5 6 7
®/E,

FIG. 6. Nonequilibrium differential conductance as a function of
voltage evaluated with different values of the phonon cutoff. Results
are obtained with the rotation CI (a) and (b) or with the offset CI

(c) and (d). (a, c¢) Results with strong lead coupling, —Im[ARhyS(a) =
0)]/Ey = 1.0, (b, d) with weak lead coupling, —Im[A} (0 =

0)]/Ey = 0.49. Remaining parameters are g/Ey = 1.1, w, = 1.5,
U/Ey =6, gimp = —U/2+28*/wy, T/Ey = 0.05, Nypmax = 5. The
rotation CI results do not converge for voltages close to zero and to
the phonon frequency.

obtain Tx/Ey = 0.3. When comparing to the case of g =0,
one has for the otherwise same parameters Tx/Ey = 0.2. A
lower temperature in the latter case is to be expected, since
the electron-electron interaction is reduced by the phonons to

061 % < YilYr=19.0
Yi/yr=9.0
o5 w YulyrR=2.3
,,,,, - ylyr =1.0
______ €Q. approx.
0.41
S
3
0.31
0.21

O/E,

FIG. 7. Differential conductance variation with voltage for di-
verse yL/yr ratios. Emphasis on asymmetry effects: in pronounced
asymmetric scenarios, the differential conductance aligns closely
with the equilibrium approximation, but as symmetry increases,
nonequilibrium influences become evident. Key parameters: u;, = 0,
ur = ¢, and —Im[Al‘fhys(a) = 0)]/Ey = 0.64. All other parameters
are consistent with those in Fig. 6.

an effective value of U — Ugy = U — 2¢%/wy, and the lower
the U value, the higher the Kondo temperature.

C. Nonequilibrium results

Having shown that in equilibrium the offset CI performs
better than the rotation CI, especially at low energies, we
now study if this is the case also in nonequilibrium. We
consider the differential conductance as a function of applied
voltage and start by investigating the convergence behav-
ior as a function of the number of included phonons. We
considered several values of the system-environment cou-
pling (¢;), which we describe in terms of —Im[Aghys(w =
0)] x t/{z for easier notation. Decreasing —Im[AEhys(a) =0)]
is observed to give rise to a phononic feature at the phonon
frequency.

Figure 6 shows that both transformations converge rapidly
for stronger system-environment coupling. In the case of
weaker coupling, which is when the phononic feature ap-
pears, the rotation CI fails at low voltages and does not
converge at the phonon frequency. The offset CI, on the other
hand, converges almost immediately over the full voltage
range. Therefore, especially in nonequilibrium, the rota-
tion does not prove to be advantageous. We expect that a
(possibly partial) Lang-Firsov transformation [70-72] would
bring improvements; this will be implemented in future
work.

As in Fig. 5, showing a conductance drop as the tempera-
ture increases, a similar behavior can be observed in Fig. 6 as
the voltage increases. Again the HWHM is set by the Kondo
scale. For the parameters used here the respective voltages are
Ppwam/Eo = 0.58 for the strong and ®ywpm/Eo = 0.39 for
the weak lead coupling. Comparing this with ®ywpm/Eo =
0.4 for the strong and ®ywpm/Eo = 0.34 for the weak lead
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WplEg=1.3
WplEp =1.5
- wb/Eo =17
+ wb/Eo =19

0 1 2 3 4 5 6 7
®/E,

FIG. 8. Variation in differential conductance with voltage for
various w, values. As the phonon frequency is increased the phononic
feature moves to the right, which is to be expected. The charge
excitation also gets shifted, since the attraction felt by the electrons
from the phonons decreases with increasing w,. The coupling to the
environment is —Im[AI}}hys(a) = 0)]/Ey = 0.49, and all other param-
eters are in line with Fig. 6.

coupling without phonons shows, as for the equilibrium case,
that the effective reduction of U by the phonons increases
the HWHM. The charge excitation can be observed to occur
roughly at ®/Ey, = 3.5 [73].

We also investigated the crossover from very asymmetric
lead coupling (% > 1) to the symmetric case, with y; as
introduced below Eq. (46). We use the offset CI here, since
it proved to be superior to the rotation CI. For % > 1 the

finite-bias differential conductance can be obtained using GR
from a zero-bias calculation [74]. Figure 7 shows the nonlin-
ear differential conductance for a range of % using the offset
CI. The finite bias is applied by choosing u;, = 0 and ur = ¢.
For large asymmetry % =19 we see that the differential
conductance is very close to that obtained by the equilibrium
approximation with & — oco. As we approach equal cou-
pling of the leads, the nonequilibrium effects become apparent
and the shape of the differential conductance curve changes
significantly. The vibrational features are expected at & ~
wp, while the Coulomb peak is expected at & ~ U/2 = 3E)
[19,24,75].

Finally, we investigate the effect the phonon frequency
has on the phononic feature in the fermionic spectrum.
Again we use the offset CI. Figure 8 shows that the feature
moves with wy, as one would expect, and that it is slowly
“absorbed” in the charge excitation. The charge excitation
itself is shifted to higher bias as the phonon frequency is
increased. This comes again from the effective reduction
of the Hubbard interaction by the phonons as discussed
before.

In conclusion, we showed that the method discussed in
Ref. [54] does not seem to provide any improvement of

the accuracy of the CI calculation with respect to a simple
shift in the phononic operators. This is the case especially in
nonequilibrium, but also in equilibrium where the phonons
have a well-defined temperature. Nevertheless, the equilib-
rium results presented coincide well with NRG, and the offset
CI converges well in nonequilibrium as the phononic Hilbert
space is increased.

IV. CONCLUSION

We have presented a solver for the Anderson-Holstein
problem out of equilibrium. After mapping the Hamiltonian
to an auxiliary impurity model in the form of a Lindblad
equation and passing to the superfermion representation, we
tackled the resulting problem using configuration interaction
approach. In the electron sector we use a basis extending up to
three particle-hole excitations, while in the phonon sector we
attempted to optimize the basis using a shift and rotation, as
introduced in Ref. [54]. The method was benchmarked against
the numerical renormalization group results in equilibrium
and then tested out of equilibrium. We find that in equilibrium
the shift as well as the additional rotation allow for high
accuracy using only a small phononic Hilbert space. However,
the rotation, as discussed in Ref. [54], does not bring any
advantage beyond purely shifting the operators and in some
cases even introduces instabilities. Therefore, taking into ac-
count the effects of the fluctuating fermionic density on the
phonon field does not seem to provide any advantage in the pa-
rameter region we have been considering. This becomes even
more apparent in nonequilibrium, where the rotation leads to
convergence problems in the number of phonons for some
parameter regimes. Using the shifted operators, on the other
hand, gives quickly converging results. We also use the offset
CI to show the propagation of the phononic feature, as well
as the charge excitation, due to changing phonon frequency.
Our solver is thus capable of tackling the problem in the
very demanding regime of large bias and strong interactions
using only a shift in the phononic operators. Further im-
provements would consist of implementing the Lang-Firsov
transformation. This could potentially lead to a capable solver
for interpreting experimental bias spectra [76-81], unraveling
the roles of electron-electron and electron-phonon interac-
tions, and thereby increasing our understanding of the relation
between the structure of molecules and their potentially useful
electronic properties.
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