Understanding Kondo-Peak Splitting
via nonperturbative dynamical theory

Jongbae Hong

Department of Physics & Astronomy
Seoul National University

1. Experiment on Single Electron Transistor under
Bias and Field (Nonequilibrium Kondo Phenomenon)
2. Theoretical Difficulties & New Approach
3. Nonperturbative Dynamical Theory: SIAM & SET
4. Understanding Nonequilibrium Kondo Phenomenon &
Explaining Kondo—Peak Splitting

T. U. Dresden, Jan. 15, 2008




Kondo-peak Splitting by B-field
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unexplained by

existing theories!

Why?




Origin of Theoretical Difficulties

(1) Nonequilibrium:

. Nonequilibrium physics is poorly understood: No unifying theory like
ensemble theory exists.

. Many of existing concepts, scaling, RG, etc. may not applicable.

. Nonequilibrium situations are different from system to system.

(2) Strong Correlation:

. Nonperturbative approach is required.

. Successful theories, BA, NRG, are static theories that are irrelevant in
treating nonequilibrium situation.



Existing Nonequilibrium Transport Theory

& Its Difficulty

Nonequilibrium Green’s Function Method by

Keldysh or Kadanoff-Baym formulation:

_ € do . L R <
)= | S ()T (@)1 ()

—2[f (@) (@) - fr(@) " (@)]ImG } (@)}

Meir-
Wingreen
(1992)

The difficulty in Meir-Wingreen’s Formula is to

obtain G (W) & G* 1 (w) at V+0



Expecting functional form of G* 41 (W)|, =0 :

Gyt (@) = f(<ngy>, <D >, <€5)|, %0

Since (<>, <€ >),neq CANNOL be obtained by
static theories, NRG or BA,

We need a new conceptual and theoretical tool!

For Nonequilibrium =» Dynamical Theory
For Strong Correlation = Nonperturbative Theory

U
* New approach:

Nonperturbative Dynamical Theory



- Searching for a NDT -

JH & W. Woo, cond—mat/0701765



Quantum Mechanics Revisited



Schrodinger vs.

Heisenberg (1)

Schrodinger Eq.

ih%‘?(x,t) = HWY(x,t)

Formal Solutions:

Y(x,t) =e My(0)
=P(0)+ (%) HY(0) + (%) > H*¥(0)

+-...

= 3,0 ()

{u,} :complete set of

a Hilbert space

Eigenfunction (static bases)
Expansion

Heisenberg Eq.

ih% At) = —[H, At)] = —-L At)

At) = eiLt/h A(0)
= AO)+ () [H, AL+ (5)°[H,[H, Al]

4.
:Zan(t)en

{e,, } :complete set of a Liouville

space (operator space)

Expansion by dynamical bases



Dynamical Bases

Example: Anderson model
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Car
H,¢r 1=VG, —Un,

H,[H,c,:11=Veg, —2VUn 6, +UNg € —U Gy
H,[H,[H,c,.]11=Vec,. —VgUn, 6 +2VU R, ¢, . —Un, C,s
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[Ha[Ha[Ha[H,CdT]]]]:' : '+iVU2 j;\l/ndTCkT —iU3 j(—;indTndiCdT 4.




Schrodinger vs. Heisenberg (1)

Dynamical variable: W(t) €= A(t)
Driving operator: H €= L=[H,A]
Basis vectors: {u,} €= {e.}

® Characteristics of Basis Vectors:

{u, }: Static Bases

{e,}: Dynamical Bases

® Resolvent Green’s Function:

Gy(w)=<u;l (w£i6—H)""u> €

i

GHi(w)=<wN[{c;, (wxis-L)*c;TH "> (Fulde’s book)



iG*(w)=[" <{c,(t),cT,}>elt nt dt=<c; | (zI+iL) | c; >

IG*;(w)=(cofactor of M;)[det M]*, z=-iw+tn

where M;=z6;-<{iLe;,e;"}>, z=-iw+n, {e;}: normalized bases set

Cofactor of a;; in det A = (—1)*" det

* Essence of NDT: Constructing dynamical bases {e;}

Then, Constructing Matrix M = Matrix Reduction = Calculating M-t
Is straightforward



The Paradigm of Nonperturbative Dynamical Theory

Picture: Heisenberg instead of Shrddinger

Space: Liouville instead of Hilbert

Bases: Dynamical instead of Static

*Simplification: Bases instead of Hamiltonian
v

Construct the resolvent Green’s function matrix,
and transform coxoo matrix into nxn

v
Matrix inversion for G* . (0)]y+o




We will try a simplest system first.

Strongly Correlated System: Quantum
Impurities

Nonequilibrium: Steady-State
U

Single Electron Transistor with a Quantum Dot

We apply the NDT to Equilibrium Kondo
Problem, then go to Non-Equilibrium case




Example: Single Impurity Anderson Model

T _ T
H = E €dCy,Cda T
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Dynamical process in
the large—U regime

A=
ST

Impurity Metal

Bases {e;}:
Metal: ey, k=1,2,---,
i 15 {(65nex }. ({843 e )
Metal-Impurity (U): {aﬂ-dlfk“[}’ Ja | CkT 1], Jd|CkT.
k=12, ...

Impurity-Metal (no U):

{"'-_-'EET . ﬁ?d—l -‘_'.*,:ET . tﬁ"?c}'_l Efﬂ }

Cqr IS orthogonal Then we obtain the correct projection
to all other bases! | <{c(t),cf,,}> for the Green’s function




Dynamical Bases

Example: Anderson model

— x
H=2,; 0760k ko VieaC aoCko ™V *1dC TkoCao) T UngoNy o

C(t) =Cyp +it[H,C - (t°/2)[H,[H,Cr ]]+ -

Car
H,Cyp]1=VG, —Un, Gy

H,[H.¢,,11=Vag, —2VUn, 64 +U; 6 —U g €
H,[H,[H,c.]1]=Vec . —VgUn, ¢, +2VU°N; ¢ —U°n, C,,
VU g G +U7 Jguny Gy +1U” J§iny1Cyp
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Constructing Matrix M: | M;;=z§;;-<{iL&;,&T}>

Reduced Liouville Space

: B B o
Bases: |iCkit| |{0najcrr}| [l Bdaican [Pdqcal

z+ig 0 0 O IVig
{LT;;T} 0o . 0 }Mkk [ 5 } 0 Mdk 0
0 0 z+is, Vg
z+ig, 0 0 $aVig i Via
1014 Cr1 | 0 { 8 (’)- Z;:g} 0 { éd\:/kj LJ\:’J
Mgiam: - -
Cdy (iVigg -+~ IVig) 0 Z U2 gunr
5‘?‘2“‘” O cavavi || =GU2 7 7 where
WHL 0 &V -&vip) [\-@U2 -y 7 ) Z=zH(gHnU)
= (i/2) ([nd¢,jj¢](l—2ndT)>+(1—2<nd¢>)<jdi¢>_ -
d — -4 o 2
SN, )HJUS G5 2,((8n,)%)

7= Ve CrCon iy I ) (B, ) ()



Matrix Reduction by P.O. Léwdin, J. Math.
Phys. 3, 969 (1962)

Lowdin’s partitioning technique

Mujica et al., J. Chem.
Phys. 101, 6849 (1994)

, _ Mpr My,
Msram = ( ~M, Mgy ) :

C : ;
Mgiam©C = 0, C:( kJ Mi‘:k M | [ ©x ~-0
C, =M Maa /| C,

Equation for Cg:

(Mga — MiaMp Mar)Ca = MggCq = 0

Obtaining M1 is possible when
M, IS block diagonal




Reduced M-Matrix for the Symmetric Anderson Model:
(—iw+ix, UCZ,/2 Us,/2
M,=| -US /2 —ioHi&s, p+Hi&s, | =g, =¢,
-US /2 —p+i&E, —lo+i&E,)
Retarded Green’s Function: iG1,(w) = (adj Mga)11[det Myy] ™!

¢ (4 governs the positions of incoherent peak
¢ v governs the width of coherent peak

¢ At the atomic limit, |Re({y)|=1/+2

Spectral weightat @ =0: Z, =[1+(U?/ 47/2)]_1 or from ReX(w)

<kad CkTCdT Jd¢ Jd¢> qj) ,-I\ = * | Kondo process

Jgu =1 Z:k(de CesCot ~ViaCaiCr):
Jis =24 MG oy +de M)




Spectral Densities

or(w)=-(1/1t) IMG* 4 (W)

A o)
[}
A
=
=
L
)
=
b
1]
oo

ZS
1-Z

y=WU7/2)

’ Zs :ZEA

U

Z8% =(4/7)WU /T e 4T

Unfortunately, y is hard to obtain directly.
We borrow Z4 from the static theory, BA.

Since the validity of the NDT has been checked for the SIAM in
equilibrium, we now go to the nonequilibrium Kondo problem.




- Nonequilibrium Kondo -

Single Electron Transistor under Bias

~ SEM image
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The simplest system of nonequil.+ strong correl.



Bases for the Anderson model with 2 reservoirs

LAD
L lead O:C R lead
A
L
L
Sit= {CkT}’ where k=1,2,---, o0 Indexes L & R: Leads

L
SnL= {5nd¢ CkT},
-—L -+L :—R
367’:{5 Jdi, CdT’5Jd~L CdT’ dT’ng¢ dT’é‘Jd‘L CdT}’

R
Sn/q = {CkT}

Mzr Mgz 0

Mege = | Mpa Mgg Mpa |, Mdd : 5% 5 matrix
() Mir Mpgg



Constructing Matrix M:

Reduced Liouville Space

L L . . . . R
Bases: | ONg G| Sl Oiatn Cat OiifGrdiGr  [OMguCet| |Gk
z+ig 0 0 Vig
oL Y 0 O O0]:] 0 0
) 0 0 z+ig) L Vig
z+ig 0 0 M| [ SV ML d kadJ F;de}
L o . 0 : : : :
5nd¢CkT 0 0 0 z+ig, )| &V &V 0 &M kd
Olact 0 (&5 Vi =& Vig
Fliicn 0 (-& Vg =& Vi
S J41 Syt (&4 Vig =64 Vi)
Sisien 0 (—& Vig—&i Vig
sn, ¢CET
(0]
- 0 MRd(5X ) Mgg (00X0)

Cpr




Matrix Reduction procedure:

L
M My O M My 0 | Cy
My =M gMggMpg || o | MgMyg Mpgq | Cy |=0
R
0 Mg Mgg 0 Mg Mgg | Ck

(Mgg —M ¢Mp Mg —MgqMgrMg)Cq =My Cy =0

Y -1 -1
Mdd — Mdd _MLdMLLMdL _MRdMRRMdR

J

Retarded Green’s function: iGJ;(®) = (adjMy);[det M ]



- ] _
—lo—ap YL -U,- “NR V5
- L
- —lo-ag UL —Vy3+  TNR
-~ L L* . R* R*
M,=| Y- U, —lo-ag U U
R -
7LR Y+ U,  —lo-og &R
R .
RAS /LR -Uj YRR TlO—0g |

with additional iB;[Z5(w)+ZR;(w)] except U-elements,
where ZLij(w)zzRij(w)z ZO((I)), g :i[gd +U<nd¢>_g | Hy | B]+O+

Consider the atomic limit (2 ,(w)=0) with information

Dot Dot
7oL
7/J+ _<Z(de k1 +de Cm)CdT[de Jd¢]> L™ [R] - [L] ™ e ™R
Dot Dot

77LR :<Z(\/kd CkT +V CkT)CdT[Jd\Laj ]> L e RI+|L o™ R

L,R I h S




Resonant Levels & Their Spectral Weights

— Atomic limit analysis -

(1) Zeros of det I\’\IJIdd c =0, [y + (R —7,2) +0U )",
and tU/2 at large —U
(2) Spectralweightat w=0:

-1

Uz{VEL +(7r _VJi)z}
4 2 2 2 2 2
Ay + ik — Vs )2y + 7R — Vs )]
In theKondoregime,
aty,. =0, Z5(0) = (477, /U™ + 4y /U, andat y . =5, Z5(0) =4y, * /U
zero bias saturated bias
(e, —Zs(U/4)
U4y + e —7,-)"]

aty,. =0,Z" =0jandaty . =y, Z&" =16y, /U’
zero bias saturated bias

Z(0)=|1+

(3) Spectral weight of new levels:Z¢"" =




— summary of the atomic limit analysis —

(1) 5 zeros of det M .« Imply that three resonant levels (w =0, £ y,,)

with two U - peaks exist in p . (@).
(2) Additional two resonant levels are activated only under bias :

No bias no weight.

(3) Their spectral weights come from both central and side peaks

as bias increases.

*In equil. p ,(w) has a single coherence peak at the Fermi level.

LL LR
Ly =L +Zg Two types of coherence: vy, 7. r

LL 2

ZS —47/&L/U Vi L $. Dot Dot l$ R
LR 2

ZS :47/2LR/ U Dot Dot

R




Understanding Nonequilibrium Kondo Phenomena

— qualitative —

Z§- =4y /U

VgqF0 jj W

.
4312 11 10 9 8 7 6 5 4 3 -

(conceptual view)

The coherent transport
Dot Dot
through the novel Vir: [L7N e ™[R+ [L] e ™[R
resonant level may be
described by Yy, g




Coherent Transport in a Single Electron Transistor
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From equil. to nonequil.: schematic change of o (w)

i :I:
\AHFO

new resonant

Bias induces side peaks and central peak
reduction, and B-field causes Zeeman shift.
Both B—field & bias cause asymmetry.

JH & W. Woo, PRL, 99, 196801(2007)

levels are cree@\j K

Zeeman shift

iAu#O
B+0
Ny
ogr(w) N L. teuB
Au+0
B+0

Self-consistent calculation will show this.




Understanding Kondo-Peak Splitting

Our result: Major peak positions at ys, | +guB

yo, =U4/Z /2

Note that U is not involved in ¥S : (Z(de 1 +Vk§*CE¢)C§¢[J';¢L, J'd+¢L]>

U must come from the averaging process.

U
ZilAM = (4/72)\/U /T'e 4| € U:>U/\/§, ['=2I'| Effect of 2 Reservoirs

Z =4/ mU2are s X U= 7T

: 82T ln[4/;z\/ur/2«/5]




=UZs /2| » —
YLL S 7/LL [ - ] (ZSFJ

VLL n
7T L psy I’

where ZASy — ZSGXP[Z(Vg o Vg,o)z] = Zs (TK /TK,O)

and D =Z.Texp[AU /(8v2D)]

We now express yA%  in terms of measurable quantities,

such as A% 4=y5,and V,




8+/2T

A(i( (Vg) — A(;(,S o U A(;(,S Z(Vg _ Vg,O )2

o 8V2r Ty
=Ax s —— Ak sn
U Tx o

Exp: Ays=114eV, U =1.2meV,T =330V,

7=0.02(mV) ™ =

(1) Curvature: — (8\/§F/ U )A(}QS v =—0.221eV/(mVY,

Ag (neV)

Perfect
(2) Coefficient of —InT, : (8v2I'/ 7U)A} ¢ =111eV agreement!

T — — 0.0 . -

78[) el R

A P = A% = a—bInT, ;e, oal et N
o T as ] | bep=1206V 32
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Critical Splitting & Splitting Threshold

Let’s see when the peak splits for A, £=0.54,
for example.

(1) Applied field: gugB=A, & =0.5A

| dJ/dv

) Pgr(w)

f

. g | ' — 35 5 _ 3 4
4 : - : 4 € Revefse ,, Forward>
(x)f.ﬁ sd

Not separated




(2) Applied field: gugB=24, L =A

04, (®) og1(w) dJ/dVv

4 -2 0 2 4
/A € Reverse ,_ Forward=

Separated

Condition of separation: Major peak of py;(®w) positions
A s below the Fermi level

Critical splitting: B. =2A} s/ g =2.4T




Threshold Equation:
‘g‘;u'B BC +A?{ ('TKm) — SA%{S {1 + ('TKm — 'TK.,O) /“lTKO}

Dispersion Effect by Kondo

(position of the major peak)
Temp. (4: phenomenology)
. d I [ |
TKm VS. BC' 1.5 —{-} Threshold data T+ 1.5- -
:a?}snt;eé‘-w:an 1 ]
- I:_,J/
g 1.0+ : o 1.0 -
L - ¥
|_
0.5 -* = 0.5+ I I}
B, =2.4T | t
0.0 1 ] 1 oo . : . : ] : .
0 2 4 & a 1 2 1 i a
B(T)



Constructing Self-Consistent Loop

IGyy (@) = (ad] mdd)33[det Iv'dd]_l

- L
—lo—og YL U VR 775
- L
L Tlo-op —UJ+ ~73+  TNR
~ |* |* . R* R
M= Ur- U, —lo-og U5 U-
R -
7LR Y+ -U.  —lo—-og —7&R
R -
75 7R —U YRR Tl0—0g

with additional iB;[Z%(w)+ZR;(w)] except U-elements,
where SL(w)=3R(w)= Zo(w), @ =ilg+UN,)—g| 1] B]+0°

1 ~
4<<5nd¢>2>ﬂ”

IBij — /Bjia 1333 =1 lBij =
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V
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V )
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W@ DD @ igH?
\/ _
- 1—-2 +L - - -
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Gar) ==l
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-1 —lo—og —U\']} ~¥y ~NR
~ |* ¥ . R R*
Mdd — UJ_ UJ+ _Ia)_aB LJ‘:|+ U,J_
7LR Y+ —Ui —lo—ag —7TRrRr
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Jur U iy JgT 10 -20000) 40 20 )Gy
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From the analysis at the atomic limit =2 |Re(U ) |=U/4




. ] _
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Unknownsinmdd Dy =rmandyg, 2) 7, =7,., Q) ReﬂJ};R],
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(4) \/<(é]d_¢)2> =a(Jy,) —2aljgNgp) =1€gy), 1< a, € |Re(Uy,R)[=U/2a
35,07 =07 =100 + () =) = (g)

(5) (nyy )¢ jd_j), (j;j) <= self — consistent loop
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2 skt 2a
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s FL, R] ~ + ++L,R

\/<(5 J+L R
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Self-Consistent Loop

LFR

>——j [f (w—Aul2)- f, (a)+A,u/2)] — ImGyy, (@)

M-W |
:_<jd-§>:>3; —<J D), T =2zp(w)|V"
-4+ f R 4R
<j >_ j d7:)|:f (a))F ‘|2' (60) }RCGJM(&)):<JJJ> M-W 11
.cd < = d fL r fR r *
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Definition Loc R

<nd0>(0)9 <j§a>(0) — C-:'d+d(g) (a)) — <nd0'>(1)9 <jd$0>(l) — G(;rd(i') (a))

= (3,75 ()™




B2 87 654821 12346567860 wDuns -2 4 T
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When B & Au+0, symmetry is broken and one
of new resonant levels becomes a major peak
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Summary

e We saw why new approach is required for treating
nonequilibrium + strong correlation.

e We constructed Nonperturbative Dynamical Theory as
a new approach.

» We applied the NDT to the Single Electron Transistor
under bias.

e We explained experimental results for the Kondo-peak
splitting that are unexplained by existing theories.



	(1) Nonequilibrium:

