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Motivation }

General aim :

* System:

e Problem:

H=H+V

t=t,: p(t,)=f(H,) Iinitial density matrix

(A(t)=Tre"™" ™A™ p(ty)=2
e Method:  Perturbative RGin V
New aspects :
V —iH (t—t))
Keldysh contour : ' < (t) - :
plt
A ( Y N Y 0 S iH (t—t,)
i e —
t t1 t2 ts  to
Time evolution : (A(z)) ~ A, + A, e"e'" + A, (FLZ)
nonequilibrium exponential
statioqnary value deI(Zay PO

decay




KeldYSh structure : reservoir

contractions

LN . (A(6)) ~ A, + Ae™e™ + A1)

) / I't
C 4 4 — influenced by all diagrams!
2 |

h

decay transport decay 7 transport

dynamics in Hilbert space  dynamics in Liouville space theory theory theory theory

quantum decay theory transport theory
relaxation and dephasing

Conventional poor man scaling approaches in nonequilibrium:

Kaminski, Nazarov, Glazman

Glagman, Pustilnik — RG only on one part of the Keldysh contour
Rosch, Paaske, Kroha, Woelfle — I' put in by hand into the RG
etc.

RG + relaxation/dephasing:  D=band width A ,=max{V ,h,,...}

koq D ko nV=mho g
J, In — J, In — — J. In' J,
' [nV—mhy| RrG . nV—mh+iT]
bare renormalized k ) \ I'~A_J i
coupling voltage  bare coupling renormalized renormalized

magnetic field  ; 1, (A /7,) M98 netic field relaxation/dephasing rate




Choice of cutoff function :

— depends on model + diagrammatic expansion + RG formalism
— choose such that perturbative RG is well-defined

Dot
Reservoir 4%» g Reservoir eXpaIld in g
- . .
He T, Hr Tg integrate out reservoirs
t'
( . : [
C //oo) e ") fw) ( / e U1 — f(w))
t
Cutoff in t-t' : el'w(t_['>f(w)9(|t— t' _K> H.S., Kinig, '00
Cutoffinw: "'/ (w)o(A=|w]) 1. Konig. 7
Cutoff in f(®) : el'w(f_f') f ((U) Jakobs, Meden, H.S., '07
A H.S., '08

H.S., Reininghaus, '09




s o isotropic
[II. Example: Nonequilibrium Kondo model ] h=T=0
finite voltage V
Ja Ja H=Hy +V
f.—-\ f’_—\ res res <>dot

D

v\—//

Jnd

Poor man scaling :
J — Jd: Jnd

@ Ho = 2 J° deo (0t &, (w)a,, ()

V=Y j[_)defidw'%JM@ o . :a (w)a,. (w):

I
ax'oo’

d, 245 4 __ 1 A - Ty
dA~ A 2 In(AIT,) % T.=D e "
~ A e—1/2JA

Cutoff scales :

~-1/2J ,_, weak

V, I =aVJi, V>T,=TI>T,=Ve

coupling
Coleman et al. L} Kaminski, Nazarov, Glazman
Rosch et al. - Rosch et al., Kehrein
Current : 20 2 2 o 2
o Edutyga  EL Sl cut off at V!
h 2 h 8 In(VIT,)
Finite magnetic field h :  + other terms ~ | (V—h)J,_,In |V—Z+if| I visible !




. dJ _ 2J°
. E — Laplace variable =2 —__==
Result of RTRG: frequency-dependence not indicated dA A

I' needed, otherwise J;, J.4 — oo for A — Ty

d 1 2 1 L EV
aa4E) = ~rErmeE JE) T 2l T nELV-TELY) n*E)
d _ 1 1

ganlE) = ~ A+T(E)+ih(E)-iE JolE)ml E) = A+T(E+V)+ih(E+V)—=i(E+V) Jo(E+V)Jpy(E)

RG for current rates are cut off at A=V >>T

d o | (24T (V)+ih(V)=iV 1= 8Ty,

— = -12m1°3il K

dA T ML T (V) Hin (V)= iV I Kir (T not visible )

Laplace variable E included => time-dependence can be calculated

1 -1 .0 0|t l,
eff — g 1 -1 1 0 0 vy = z — t
LY(E) = (hEIITE) 5 |0 o 2 ol ve pn(z) 17 (2 pp (L)
0 0 0 2 ¥t




[ III. Quantum field theory in Liouville space ]

Dot
Generic model : Reservoir g g Reservoir
<> >
U[_ TL I"lR TR
reservoirs dot interaciion .
dot < reservoirs

_ i o — reservoir index

Hres _ Z fdw (w-I_U(X) au(w)a[J(w) u=(10n eoee o _)spinindex
. n — channel index
Hao = 2., Esls)(s] E; — can contain strong interaction!
V = 1 . , _ n =% — creation/annihilation operator
= Ji2.n -818...4,. I=Mmpo B > oon..
' o — frequency
y N
dot operator field operators
— interaction vertex of the reservoirs

Note: generic form necessary since RG generates this form!



Basic idea:

pp(t)=Tr, . p(t)

reduced dot density matrix

Isolated dot:

pplt) = —ilHp,pp(t)] = —iLyp,(1)

pp(t) = e

—iL,(t—t,)

pp(to) pplz) = LO dteiZ(t_tO)PD(Z) —

;
z—L, pnlto)

Dot + reservoirs:

- I

pplz) =

z— LY (z2)

pD<t0)

Im(z) A

pole at zero
— stationary state

branch cut
— e.g. power law

/

/

o/‘
7

decay ,//

VAR
N

K4
K4

/
K4

K4
K4

poles
— exponential decay

LY(in)py = 0

stationary solution

« formulate RG for L (z)

e result:

h, I' — cutoff scales for vertices

e problem: zero eigenvalue

— does not occur in RG for

suitable cutoff function




Dynamics of the dot density matrix :

~ * iz(t—1, —iL(t—t, . ]
pD(Z) - J'todte(t t) Trres e (t t) p(ZO) _ Trres Z_L _L _L Hpres l"lO(’
res D \%4
4
grandcanonical
Lres — [Hres’.] LD — [HD).] distribution
1
LV — [V,’] — m O_PL..pn Gflnpn AflAgn p: — Keldysh indices
A, & .
vV = 1 gy, sy .a,: sign dot Liouville reservoir Liouville
n! operator operator field operators
AP = |4 ° Jor p=+ GPPP — 1 jfor n even g, ., ° Jor p=+
! ° a, forp=-— Lo o? for n odd — e g, . forp=-—
1-‘ ';
bl +

*

S "..- _-E I| ‘ﬁ-‘ ‘_l‘ 1‘ I: "'
" i S + .-" ‘1 "
( ; 92 N1t * ——y ¥
. ' R - S 4 -
— 3 - G1 st 456
91 9456

Keldysh Liouville space




Expand in Lv and integrate out reservoirs :

: 1
- 7
pD(Z) ! rres Z_Lres_LD_LV p Hpres l’l(X 0<
: 1 1 1
T L L,... L t o
o s Z_Lres_LD Y Z_Lres_LD Y Y Z_Lres_LD pD( 0) 1;[‘07”&9(“ ;
N,
ot Gl CAT LAY
Shift all reservoir field operators to the right by using:
Aip Lres — (Lres_ljl_@l) Aiv ﬁl — nl“l a)l — nw;,
Integrate out reservoirs by using Wick's theorem and 77, L,,, = O
eq __
Lres Pres — 0
~ 1 1 1
+
po(z) = S - (H)’) z—L, G z+X,—L, z+X,—L G Z—LDpD(tO)
<« A » /
symmetry  fermionic reservoir chemical potentials
factor sign factor contractions

+ frequencies




Diagrammatic rules :

po(z) » = ()" ([1y) —— ¢ G po(to)
S ( ) z— L, z+X,—L, z+X,—L, z—L,
4 A > » /
symmetry  fermionic reservoir chemical potentials
factor sign factor contractions + frequencies
| |
; ; > l yp1p5y23 Z4p5 1 Gpl P> le G§2p4H 4Gp5p6 1 p (ZO)
i i 5 1 D
::E: | - z—L, z—L,
| |
12 34 :\5 6 m, e He = Tk
/‘ Z+IJZ~+IJJ+(U1~+(UJ-—LD & = man
X = [,+p,+ o, +o, X = g, +p,+o,+m,

Reservoir contraction :

pp' _
DETE n,—n

1

/4

band width cutoff

D2
0, 0, 0(w-—w') p' [’7} —— f(np'w)

D?+w

\

Fermi/Bose - function

contains the explicit dependence

on the Keldyh indices !!!

f(—w)=F(1=F(w))




Effective dot Liouville operator :

/4

pplz) = Z—LD—Z(Z)pD<t0) — Z_Leﬁ<2)pD<t0)

b ( Z) __y sum over all irreducible diagrams
contains relaxation/dephasing

LY (z) = L, + 3Z(z2)

irreducible
1w / 1 1
— (+)""
2(z) = 5 (&) IIxl# G c+x -1, 9 zox -1, ©
Time space : %pD(t) ti[Lppo(t)] = —if dtrS(t—t")pplt")

po(z) = [, de”™ "p, (1) 2(z) = [, dre™ (1)




Observables (e.g. current):

h P | G U § D Vs e} G

W G G Gy Gy G Guuw G eollo
N— ~— I S—— e
3 (z) pp(z)
- 1
1)(z = — Ir, 2, (z z = Tr, 2, (z t
(I)(z) » Z:(2)pp(2) RN by o P I A)
5nlz) = i (1) = —° (1,)
Pp — Z—LD—Z(Z)pD 0 Z—Lgy(z) Ppl\lo

ZI(Z) 1 4 N, A 1 1
33 s @ T ] s 0w ©

irreducible



[ IV. Renormalization group in Liouville space} Fermions

RG step one (discrete):

» Keldysh indices no longer appear
e zero eigenvalue no longer appears

e perturbative treatment

RG step two (continuous):

f(w)

-
2

*

integrate out

flw) —

*

antisymmetric

1
2

integrate out logarithmic divergencies

cutoff on imaginary frequency axis (Jakobs, Meden, H.S., PRL '07)

_1 . 1 QT(A_‘(U”‘) 1 Or(w)
P D R 5
T=0
1 tin —//‘ 1/2
= — D, D D -1/2 — b
D D
flw) = 0(-w) f<w>—12 f (@) ~ —%arctan(/\/w)




integrate out

RG step one (discrete):

. J

fnp'w) = 511":0')’? + 511')’?

yi =68, ,6,,8(w-w') p

n HH D2+w2
s 1 D . D? 1 __
Y17 5 D2+ (2 Y1 D2+ 2 (F(w) 2) @ = nw

Resum diagrams which are irreducible with respect to 3/18
— well-defined perturbation theory !

5 S cl
[/l ==l ==
12 2 1 12 21 12 2 1
1

S Y1y Gl I, G3i" P y\YsGE I, GE”
|

. . '

p'y;Gf‘;HlZGgl’?'—(lHl ")




New diagrammatic expansion with effective quantities:

R - p . ><
[Z(Z)] - S ( ) (Hy )zrr Ga( )
1 —a 1 _ .
< i G (z+X,).... = G(z+X,)
z+ X, —Ly(z+X,) z+X,—L5(z+X,)
. D° 1 . o
yi = —— (flw)-%) independent of Keldysh indices
D"+ w 2

=> only (_3? o= Z (Ga)‘;*'hpn occurs => no Keldysh indices anymore!!
p1."pn

Conservation of probability: Troli(z) = TrplY (z) = Tr,Gi =0
Olss’) = 65 => (0[Lo(z) = (O[LE(z) = (0]GF =0

=> the eigenvalue zero can never occur in the resolvents !!




RG step two (continuous):

. D? 1 D? .

Y1 — D2+w2 (f<w)_§) _> }/? = D2+(U2 fA<w)
—(U’

f (w — ‘ 0 = nw

al) ; iw, — w

integrate out

Resum diagrams which are irreducible with respect to

A
dAdY1
dA

Ly Nz) = Lp(z) — dLp(2)

Lowest order (1-loop) for the Kondo problem:

—dL) -d G r
11’
21
Y? A=A A SA d)’? A=A N (11
d A dA 2G12( )H12G21(212+w12) d A ——= d A 12( VII7, G5, . (z,+@,)—(1 1)
n
Iy, = 1 Z12..0n T Z+Zi:1 n; 1

n
wl2...n — Zizl r’iwi




Third order (2-loop) for the Kondo problem:

~dLy(z) -

dy? _ - _ — _
dA d/i y;\y;\Gi\z(z)Hf\zG§3(212—|—w12)ﬂf\3G%(ZB—I—(UB)

-d Gyy.(2) —
dAdyQ A

— A A=A _ A — A _
d A Y3 G23(Z)H23G11'(Zz3+w23)H11'23G32(211'23+w11'23)

dyA _ _ 3 _ B ’
—d A d/i Ya GA(2)IT LG (2, + @) I Gis( 2105 +@110)— (121 7)

dy?s _ - _ _ _ ,
d A d/i yg‘G§3(Z)H§3G§1(Zz3+w23)H?2G1A'2(212+w12)_(1(_)1 )

W
(\O)

Wl
o)

el

—
NI




=+ — creation op.

. .o o S 1
Krequency integrations: | do, =9 w; = n;w, n=- — annihilation op.
1
dL(z) dyd .- _ ~ Iy, = — —
# - d/i Qsz(Z)Hsz%‘T(le_'_wlz) + ” 212+w12_Lg(212+w12)
dG}. (z dys _ _ B z,, = z+n,u,+n,u
dll/x( ) — _d)x GIAZ(Z)H;\ZGQI’(ZIZ_FU‘)IZ)_(I(_)1’) + ... _12 B ]_] 2he
w,, = w,+w,
! - — analytic in upper half plane
z—L,
=>  G5(z) , I, , Gii(z+®,) — analyticin  @,, @, inupper half plane
Close integration in upper half of the complex plane :
A
Jo oD g y 0r (A—|w,) dy, D 1 (R
’ D+’ =~ W - i, dA D2-|-(I)I.2 2 \w—iA;  w;+iA;
@, = iD @, = iD w, = i A,
start RG at w; = 1@, start RG at Matsubara frequency
Ay~D 0 <w, <A Ag~D closest to A
At occurs in all resolvents !



RG equations in Matsubara space :

Analytic continuation in upper halfplane: ¢, ,w ,w, > 0

Ly(E,w,) = Ly(E+iw,)

AN
G (E,w,,w, , w,

mvyn,v,

) C_;;‘]vlw])nzvza%( E_I_i wn) |r7iwl.—>1'wnl

2

dL)(E, w,)
d A

GL(E,w,, A,, wnz)HA(Elz, Ay +w,+w, )

—~ A
GQT(EIZ)AT+wn+wn2:_wn2:_AT) —+

déi;(E) wn: wnl) wnz)

= iGH(E,w,, w, . Ap)IT"(E5, Ap+w,+w, )

d A
C_;%‘2(E13,AT—|—OO”+(A),11,—AT,wnz) - (1(—>2) +
n(E,w,) = : E,., = E+n,pu+
T E+iw,—Ly(E+iw,) 2 i H 2k
Sum over Matsubara frequencies : 2T Y, 0, (A—w,)0(w,) f? d w
7=0

Final result :

LY (E) = LY °(E,w,=0)




Cutoff scales and logarithmic enhancements :

Resolvents: Z_ng(z) z = E+Zk Nl +HiA +i(w,+w, +...+w,)
A _
1A — _; |XZ(Z)><3_CZ(Z)| Li)(z)|xz/(‘2)>_Az(Z)|x_z(Z)>
z=Lp(z) 2=z (X)L (2)=A(2) (X, ()]
_ 4 - Iyti dA, -
= oD (Rl - e Az ai=(1— 5 (ZJ)
z,=h,—il', , I';>0 — poles of ~
z— D(Z)
I _ 1 0< <A
zZ—z; l'AT—|—i(a)n—|—a)n2—|—...+a)nl)+l'Fi+E+zk Ne e —N; W,
X X b/

all positive!!

Cutoff scale: A ~ max[T,Fl.,

E—I—Zk r)kuk—hi” > T,

Logarithmic enhancements : E+> nyu,—h, =0




— for T=0 and for spin/orbital fluctuations:

[ V. Analytic solution in weak coupling ]

1
V = 75 9 ‘818
Cutoff scale : max{]“l., E+ankuk—hi]
Define :
AC = max“E R th ~ maximal value for A:E—sz r]kuk—hi
Weak coupling : o of :
} A A <=> J~G,,<1 TK — scale of strong coupling

< K 12 (Kondo temperature)

A> A Ja<1 ' ~AJl< A

=> cutoff scales are not important and can be treated perturbatively

Expand around leading order solution without cutoff scales :

dGy, _ 1 teSres. , poor man scaling
- A G, G5 — (11 )] .
d A equation
LME,w,) = L2 + LY(E,w,) + L2(E,w,) +... L~ gn

_ _ _ —(n)
A _ =(1) (2) G\~
GLE, w, w,, w,) = G, + GJ(E,w,,w, ,w,) + .. 12~ 7 A




0<A<A: RG of I'{" iscut off by A.: I'~A,J; J

e I'!'~AJ7 is flowing to smaller values

* some terms on the r.h.s of the RG equation for ' will contain |A| :|E+ Zk Nip— hl-| ~ A,
* otherwise go to higher order I';'~A_J!

=> the minimal cutoff scaleis I'~A_J i
A

J, ~ J,. (1 + Jcln|A+—;'1“| + ) - J. (1 + JInJg, + ...) <1
A—0
A
: : o turbati tion !
=> perturbation theory in J _<<1 is justified !! peTHITDATIVE COTTEEon
eff _
Ly (z) = LD<Z)|A:AC+ T T
1 1
g 1 By = ! = —=—
Contraction : evaluate with  yi" = f, (w) > fAdw P— T(arctan(/\c/w)
Vertex : use vertex at Ac Gs(E,w,, w, , w,)
Resolvents: take full Liouvillian in denominator L

z—LY(z)
=> we obtain a self-consistent equation for LS (z)

1

only the physical values #; ~.I; ° enter the final solution!




Typical form of the results : A=E+Q n.u,—h,

A>Ac:

C_;fZ(E,wn,w L, ) = GV + G2 + i + G(Zb)(E,wn,oonl,wnz) -
poor man 2-loop important frequency dependent part in 2nd order
scaling correction  for rates — contains cutoff scales

— important for final logarithms

(2a,) (2b) 2
GIZ > G12 JA
_ _ - change of
GY + ¢\% ~ g, + J3 — J2 + JAInJg, — JiInJd, — J, gc ol
TS Loy et
unimportant important initial coupling
corrections correction!

A +17 oo

~* )Ja +

Ly(E,w) ~ LY + (A+iw)T, + i(A+iw)TS + i AF(

f - ‘

important for the important for the rates
renormalized energies




0<A<Ac.: J.=J s n A=E+ ngu,—h, r,~AJ’
LY (2) ~ (AJ. + iAJT?) (1 + J,In—2x )
|A+iT|
real part imaginary part logarithmic enhancement
starts one order higher! T ™
A A=0 A
At resonance : J . 1In < — J.In—% ~ J_InJ
C |A —|—ZFZ Cc 1—'1. c Cc
perturbative

correction !




[VI. The nonequilibrium anisotropic Kondo model at finite magnetic field}

H. Schoeller and F. Reininghaus (RWTH Aachen) — arXiv:0902.1446

J J.
TR TR

D s

Hx“hh_#ﬂ#IiI(:xh_*_,,f’r

K Coulomb blockade regime \
e finite magnetic field h
e anisotropic case: J,,J,,J,,
T 5o
— molecular magnets !

Romeike, Wegewijs, Hofstetter & Schoeller,
Phys. Rev. Lett. 96, 196601 (2006)

<

<::EE::

Specific for our approach:

e combination of nonequilibrium RG with
relaxation/dephasing rates: generic approach

» 2-loop calculation: analysis of all subleading terms

Conductance + magnetic susceptibility
— similar to Rosch, Paaske, Kroha, Wolfle PRL '03

+ redefinition of the Kondo temperature
L
Ty = \/J 0 Tk
+ derivation of the line shape

* calculation of parameters characterizing time evolution
up to first logarithmic correction

Spin relaxation/dephasing rates: 1| I,
Renormalized g-factor: 4

» analysis of the anisotropic case



Analytic solution in weak coupling

Weak coupling : A, = max|V ,h| > T,
A> A expand exact RG equations systematically around

leading order solution J? . J, . from poor man scaling

dé(l), - B o
1 i[G(;z)G(;l),_(l(_)l,)} poorman§callng
d A A equation
LYNE.,w,) = L9 + LY(E,w,) + LP(E,w,) +.. L~ g
_ _ —(n) n
G?Z(E,wn,wn],wnz) = G\) + GP(E,w,,w, ,w, D Gio~Jx
1
0<A<A;: perturbation theory in renormalized vertices  J%,.[,.,  Juulica

Li)ff(Z) = Lp(z)|s- A"‘u u J J




Poor man scaling : A > A, = max|V ,h > T,

J* ,J * — matrices in reservoir space strong coupling
J? JL fixed point
ax'? Yo' 1
J 1 z__ oyl
J =J =
d ., 1 . \\/ spin singlett
L= 2 gy
dA A \/
d 1 1 z gl 1l 4z
——J" = =—— [ R
dA 2A ( )
d h 1L
—h = — Trd ™ J -
dA 2/ ferromagnetic J’
fixed point
J'<0 J'=0
2
J: =gt =y ad _ _2J _ 1 _(1_ _ —1/24,
el XX d A A J 2In(A/TK) h (1 J)ho TK D e




Isotropic case: ] J2 o =Jdt =d = 1 =0 h=(1-J)h
[ P e 2In(max(V ,h)IT,) ( e
V<h
lelh] = (n%2) 2V + w23 (V—h)ln—r"! ;
(e/h] = (w*12)2V + S (V-lin 1,0, h —
M= —1/2 logarithmic enhancement at
I, =2nJ*h - 2nd*(V-h)n i , Vi=nh
, N |\V—h+iT,|
r, = (w/2)J°(V+2h) N V=0 : no logarithmic enhancement
> 2 > h since spin-flip needed for renormalization
h=nh+ (1/2)J <V_h)|n|V—l~H-iF1| — cutoff given by h

V>h
lfelh] = (3m2I2)J2V — 2m2 2RIV +h) + 42 (V—h)in—’— -
~ ) |V—h+il,] I.M,I,,h—
M= — hN 1+ 2J V~In § V _ JVN_hIn ~V ) logarithmic enhaflcement at
V+h V+h |h+il, h |V-h+il, V = h
I, = nA(V+h) + 2mPhin—2
|h+iTl,|
I, = (m/2)JA2V+h) + mhin—Y— + md(V—h)in—/ M,T,,I,,h—
\h+iTl,| \V—h+iTl,| oy
logarithmic enhancement at
~ ~ V 2 T V I
h=nh- JFhin= + (1/2)J*(V—h)In—— h=0
\h+i T, (1/2)7% ) |\V—-h+iT,|




Conductance: Magnetic susceptibility
T T T 1.5 | |
03 I L/\
dl _am \
dV o2} dh,
5 1% nonequilibrium effect
[e / h} asymmetric 5 |os | induced by V, J,,
0.1 enhancement - ( V+ ho) see also Rosch et al., PRL '03
0 | |
0 L ! ! 0 05 1
0 05 1 15
Spin relaxation/dephasing rates: -factor:
' I T 1 T T T T T T
002 — dI, . -factor |2
i g-factor [2]
o0t6 f —— 4l 0.996 |- _
dh enhancement
drI’. ° ~
7 L o012 dh o0
0 dhO . symmetric
0.008 suppression
suppression 0.988 i
0.004 < i
0 ! 1 1 0.984 ] ] ] | ] !
0 05 1 15 2 0O 02 04 06 08 1 12 14
h,V hol V




Experimental measurement of renormalized g-factor

Weakly coupled probe lead:

g—tactor:

1

g-factor [2]

JP,nd: \ 2XP J | {,«’ ',‘J “\\Jm ) 0.996 |- K f |
v 2 . \ dh
JP nd 2XP J v ! Y dn. oseer |
| Jo | AN Jx / 0 symmetric
H suppression
e D s | — Q& |
\_// 0.984 | A . . | |
Jox O 02 04 06 08 1 12 14
0.035 _
0.022 V > 2h T
0.03
al dl
P 0.02 P 0.025
dV , v,
0.02
? 2
[xpe /h] [xpe /h]
0.018 0015
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0.016 L L L ! L 1 I 1 1 0.005 I ] I
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Nonequilibrium effects ~In(V/h) for V>>h

JZ/L = JZ/L

. . % . %
JEPh + 2505 hin— + 2(Jo)?h + 2J5J%J 5 hin——
M B 1 ( (x) (x( (x) |h+’1—.2| ( nd) avYnd |h+lF2| -
2 (SRR + 20744 hIn|h+VF = 2(JEPh + 2(JE 72V
I,
\

Magnetic susceptibility

M
dh,

- 4510
(V+h,)

1.5

"

nonequilibrium effect
induced by V, J,,

see also Rosch et al., PRL '03 k

0.5

hyV

[a=v

noneq. effect
— induced by J,,

(see also: Rosch, Paaske,
Kroha, Wolfle, PRL '03)

logarithmic terms
increase with J *




[Anisotropic case:] Jou=d" o =d7 T=0 h=(1-J)hg
c’=(J7)—(J") keep Tk = const and vary c?
V>h
M=-l_1sorVtn L gV VO
V+h V+h |h+il, h |V-h+il,|

am . M
an,
| .l —g=090.
(V+h) — =001 k
0 1

logarithmic terms
increase with J °

— 1mportant for

molecular magnets




[Anisotropic case:} Jow=J" ) Jpu=d" T=0  h=(1-J)h,

¢’ =(J7)=(J") keep Tx = const and vary ¢
V>h
I, = n(*V+h) + 2md*(JH2hin—2
\h+iT,|
I, = (2) PPV + (m2)(J*R(V+R) + md*(dPRRIn—— + md(JR(V—h)In—
, = (m/2)(J%) (m/2)(J)(V+h) + md*(J7) e T (I )n|V—h+ir1|
Spin relaxation rate: Spin dephasing rate:

0.01

002 | T2 % = s \ — 0005 f—\
—— B | 11 1 e I [ N e e = (L01
0.015 |-
dI, N dr,
dh. oo T dh, "\ —
0 . - —— ) T 0 ———

0.005 P T o T s S E I AN -
............ . .““""‘"--... \
0 ! L 0 L “\ 1
0 0.5 1 1.5 2 0 0.5 i 15 2
bV B!V

less pronounced features sharper features



0(J%), h=0, isotropic case

[ VII. OuﬂOOk for Stl‘ong coupling ] frequency dependence neglected

d = _ 1 2 _ 1 1 2

an’dt) = A+T(E)+ih(E)-iE JolE) ZZiA+F(EiV)+ih(EiV)—i(EiV) Jral £E)
d ~ 1 1

gam\E) = A+T(E)+ih(E)-iE Jo\ )l E) = A+T(E+V)+ih(E+V)—i(E+V) Jo(E+V)Jy(E)

2A_r(E-I_I'l(x_I’l(x')_ih(E+uo<_uo(')_i<E+“a_“(x')

4 rE) =Y 2 Sy (E) o (E+ 1)

dA A=T(E+p=p) =i h(E+pe—po) =1 E+p—py) | %
Current rate :
d 5 2A+T(V)+ih(V)-iV
— = —127°3| K
dA S N T vis i —iv || O Res
Weak coupling regime :
I' = T‘-(Jid)/\:vv
V> TK:Ae_”2J e’3m’, e’ 31’ V
| = FT(Jnd)A:VV = 8 2
= T'> T, = J<1 I (7 g




Strong coupling regime :

TV <Te J~1

I ~ TKJ2 ~ => cutoff provided by Ty

prefactor of I'=c¢ Tk can not be determined by perturbative RG

e adjust initial value of I',_, such that G,_,_, = 2e*/h

g00od agreement with
numerical renormalization group

Idea : T,V<Tx =
Problem :
Trick :
e use this initial value for arbitrary T, V
1 | | ' I |
0 | RTRG )

' NRG (T. Costi)
S=o06 -
~—

O
04
0.2 |
l 1
T
0.01 1 100 10000 T



[ Summary ]

* RG-method in Liouville space
nonequilibrium RG on the Keldysh contour

full time evolution + stationary state+ correlation functions (D. Schuricht)
theory renormalized field + relaxation/dephasing rates
analytic solution in weak coupling
theory for line shape at resonance
technical advantages: — Keldysh indices can be avoided
— formulation on Matsubara axis
— generic cutoff by rates

LEbLL

» Application to the nonequilibrium Kondo model

anisotropic case + finite magnetic field

full 2-loop calculation

current, magnetization: theory for I'; , I'; , g + line shape
I'i,T; up to OJ’In), g up to O(J*In)

new proposal to measure g(h/V) in 3-terminal setup
several nonequilibrium induced effects

correlation functions + time evolution (D. Schuricht)

strong coupling?
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