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- Model Hamiltonian

- Hierarchical guantum S
master equation approach

- Sharp peaks in the conductance-

voltage characteristics for T»>T,

- Crossover In inelastic electron
tunneling spectra (IETS)
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- Negative diff. resistance with
Luttinger liquid leads

- Transport characteristics of a
correlated material
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Hierarchical master equations

EOM for impurity density matrix p
(Henv-Iinteraction picture)

Otp(t) = —i [Himp. p(t)] — ip(t)

with §(t) = Trenv {[Hiun(t), o(1)]}
and o(0) = penvp-

p(t) = ZKe{env} mn,sc{+,—} fo dr C K, mn(t —T)X
({drsm Trenv { U(t, 7)dSU(7,0)0(0)UT(t, O)}}

[ e s oo 00

With C§ ot = 7) = Sek Vi VacTri { prci(D63(7) | .5 = +.
Tanimura and Kubo '89/'90; Jin et al., JCP 128, 234703 (2008).



Hierarchical master equations

EOM for impurity density matrix p
(Henv-Iinteraction picture)

Otp(t) = —i [Himp. p(t)] — ip(t)

with ﬁ(t) = Treny {[Htun(t)a Q(t)]}
and o(0) = penvp.

f’(t) — ZK,mn,s,p for dT”%nm”rPe_w%ﬁp(r_ﬂ x
([0, Trem { Ut )05 U(7, 0)2(O)U (1. 0)}

[t Trem { UL, 0)e(0) U1 (. 0) U (1, )} ] )

(t=7) = Tker Ve VacTk {pkei(DG(7) } s = +.
Tanimura and Kubo '89/'90; Jin et al., JCP 128, 234703 (2008).
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Hierarchical master equations

EOM for impurity density matrix p
(Henv-Iinteraction picture)

Otp(t) = —i [Himp. p(t)] — ip(t)

with 5(t) = Trenv {[Hun (1), o(t)]}
and o(0) = penvp.

Closed hierarchy of time-local EOMs:

atP('a)' () = —i [Himpa P,('f,)ja(t)} - Zﬁe{ta} wj,zap/('ﬁ)ja(t)

o
a—B,. %8 (a=1) « (a—1) S5
+Zﬁ(_1) anﬁdaﬁph._ja/jﬁ(t) + (_)57751()]1]&/]5({)(175
ga 1 (Od—|—1) o (Oi—l—1) Ea 1
= 2 juirars Bart Py jujory (O = (51)%p5 1 (D)8

Tanimura and Kubo ’89/°90; Jin et al., JCP 128, 234703 (2008).



Hierarchical master equations

EOM for impurity density matrix p
(Henv-Iinteraction picture)

Otp(t) = —i [Himp, p()] — ip(t)

with ﬁ(f) = Treny {[Htun(t)a Q(t)]}
and 0(0) = penvp-

b [T TTEEmERNTTT T - O()
Estimate |mportance I innn - O(Fz)
ofthe (a)
IO_/1 /a( ) :
prior to calculation :

— optimized hybridization expansion w.r.t. temperature scale.

— exact when converged, Hartle et al., PRB 88, 235426 (2013).
cf. QMC, Hartle et al., PRB 92, 245426 (2015).
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Sharp conductance peaks

Renormalization due to exchange interactions
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Martinek, Konig, PRL90, 166602 (2003)
RH, Millis, PRB 90, 245426 (2014)
Wenderoth, Batge, RH, PRB 94, 121303R (2016)



Sharp conductance peaks
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Sharp conductance peaks
Long times scales ¢t ~ 10°—10°T
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Vibrational cross-over regime
Steps at TR L s
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Schinabeck, Erpenbeck, RH, Thoss, arXiv:1609.05149 (2016)



Vibrational cross-over regime

kinks at
dP>nQ

Haop = (eg + Ma+ a'))d'd + Qa'a
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Interactions renormalize

tunneling efficiency J(w)

— negative differential
resistance (NDR)

Two-particle correlations
are negligible here

Ht’l

load = Z / dx [u‘lK *(VH)? + K

Luttinger |IC|UId leads
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HOME as DMFT impurity solver
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Falicov-Kimbal model

Test case, because

— exact solution via
NEGF

— metal-insulator trans.

-2 0 2 4
energy w [t]

——Re, U=4.0eV
F| —— Im, U=4.0eV

Local lattice GF, G'(w) [1/t]

-4 -2 0
energy w [t]

Himp = Y- meo.r} €mdmdn + Ualdod] df

_ ] of
Henv = 2k €kCy Ck e

energy w [t]

Local lattice GF, G"(w) [1/t]

RH, Millis, to be developed (2016)



HOME as DMFT impurity solver

Lorentzian DoS
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Summary and Outlook

Characteristics of HOME
- based on hybridization expansion

- systematic truncation possible see PRB 88, 235426 (2013)

- results are competible with CT-QMC see PRB 92, 085430 (2015)

- time-local (access to long time scales) - T TTII  -
exaq: and perturbatlve r.e.SU.ItS . < T T TR T T : - 3

- equilibrium and nonequilibrium dynamics - TIIITIEmETTITIL: -

- any type of interactions o+ IO T T

- polynomial scaling with complexity of the impurity (?)

Extension to interacting environments / reservoirs
- Impurity solver for DMFT applications (soon)
- transport with Luttinger liquid leads oOkamoto, RH, arXiv:1608.05399 (2016)
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