Series of scientific works

Quantum Effects of Interaction
In Nanosystems

Gleb A. Skorobagatko

Institute for Condensed Matter Physics
of National Academy of Sciences of Ukraine

Lviv

2019



KEY FEATURES OF SINGLE-ELECTRON TRANSPORT
IN QUANTUM DOTS

Basic theoretical idea on sigle-electron charge transport in nano-sized granules: “A quantitative theory in terms
of rate equations describing the transport through a blockaded quantum dot or metal grainat G << 62/27Z'h was
formulated in Refs. [1,2], and was generalized to systems with a controllable gate in Ref.[3].” — from the Review
article by: I.L. Aleiner, P.W. Brouwer, L.l. Glazman in:Physics Reports, V. 358, No.5-6, 2002, Pp. 309-440.

2 [1] R.I. Shekhter Sov. Phys. JETP, 36, 747, (1973).
eV, T <<E. xe / D [2] 1.0. Kulik, R.I. Shekhter  Sov. Phys. JETP, 41,308 (1975).
V ~E [3] D.V. Averin, K.K. Likharev J. Low Temp. Phys. 62, 345 (1986).

Size quantization in nanotubes: Possibility of electron transport —> )
through a single quantum level in E./AE ode“/hv ol
AE oc g () /L >> eV, T | troushasingle quantu . Ec/ [MVe )

Example of experimental design of nanotube-based single-electron transistor:

Typical values of main characteristic
parameters for single-electron

transistors, as relevant nanosystems : b R S < [shibashi
Characteristic energies and differences |§t| EIENA I?Jle_tban
between chemical potentials of the leads 2003. |

(bias voltages) in such systems: < 100 meV

Characteristic temperatures: < 100 mK
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Characteristic scale of a system: 10-100 nm




1. INTERPLAY OF QUANTUM-VIBRATIONAL AND LUTTINGER LIQUID EFFECTS IN
ELECTRON TRANSPORT THROUGH SINGLE-LEVEL QUANTUM DOT. Model.

G.A.Skorobagatko, I.V.Krive, Low Temp. Phys. 34, 858 (2008).

Model of a single-electron molecular transistor with Total Hamiltonian of the system:
Luttinger liquid leads and quantum vibrating
quantum dot: H="Hrr+ HQD +Hr
1D Hop j=L.R "%l
i - Hamiltonian of Luttinger liquid leads in bosonic
eV/2 l,rr-z____ 1D representation («charge» sector):
v - | L(R) oo
- s H, ( = H; = hv, a; apkdk
1D Hamiltonian of quantum vibrating quantum dot with
T, i electron-vibron interaction:
v, . - N -
T Hop =cof  f&ei(b™ +b)fTf+ hweb™b
Tunnel Hamiltonian:
Connection between fermionic and bosonic operators in the leads Hr = Z {fjf+‘lj(j) T !'I.C.}
j=L.R
2 > P—am Luttinger liquid
V(L(R)) = o XP { QK (@ = @) | correlation g = (14 U/2rvp)1/2
parameter:

= (2/g - 1)~




1. INTERPLAY OF QUANTUM-VIBRATIONAL AND LUTTINGER LIQUID EFFECTS IN
ELECTRON TRANSPORT THROUGH SINGLE-LEVEL QUANTUM DOT. Results.

G.A.Skorobagatko , 1.V.Krive, Low Temp. Phys. 34, 858 (2008).

Differential conductance: G(V') = dI/dV in the non-linear regime on bias voltage
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2. POLARONIC EFFECTS IN THE EMERGENT SHUTTLE INSTABILITY OF QUANTUM
DOT CLASSICAL MOTION. Model.

G.A.Skorobagatko, 1.V.Krive, R.1.Shekhter , Low Temp. Phys. 35, 949 (2009).

Model of single-electron transistor with vibrational
degree of freedom:
(see e.g. L.Y.Gorelik, R.I.Shekhter et al.,

Phys.Rev.Lett. -1998. —V.80, No. 20. -P. 4526. )

Total Hamiltonian of the model:
A=Y a7 +1+ Y a7

Hamiltonian of Fermi-liquid lead :
i) _ - Ad n
B9 =3 (e = )iy
k

Hamiltonian of quantum dot with electron-
vibron interaction:

Hy = cgtte hugh
Tunnel Hamiltonian:

A

A

£(X) = to; exp(jA:X)

j — (LaR) = (_:+)



2. POLARONIC EFFECTS IN THE EMERGENT SHUTTLE INSTABILITY OF QUANTUM
DOT CLASSICAL MOTION. Quantum equations of motion.

G.A.Skorobagatko, 1.V.Krive, R.1.Shekhter , Low Temp. Phys. 35, 949 (2009).

I'=To+1or

_ ;2
Loj = 2mpjlto;
- One can obtain following «classical» equation of motion for the average coordinate of molecular shuttle
center-of-mass displacement, with the averaged «quantum» force y in the r.h.s. of equation:

Applying first-principles quantum equation of motion
(QEOM) method in the regime of electron sequential tunneling : I > | ;

d> . ) Wodt ~— . | -Seesimilar calculation in:
73 [(t) + AN{Z(D}] +wiz(t) = === >, jH;{Z(t)}| D.Fedorets, Phys.Rev. .
. =Tl V. 68, No. 3,P. 033106 (2003)
N{z(t)} = (&7 (t)é(t)) Hi{z(t)} = (H;(X,p))

Linearizing above equation with respect to small parameters: A7 ({) < 1 Mz(t) < 1

searching its solution
in the form: 4{“3 sin(t - : - I
one obtains following shuttle instability increment:

-y S Fy(0) {( = APHA =1+ 1) — 3+ VA -1~ 1)

j=1 R [=—0¢
Where: G Loj CXI’D
A+

Ej(8) = expl—(\2 = A})(1 4 2ny)

L(2IN* = X |v/ny(1 +np) =B1/2

A= JA




2. POLARONIC EFFECTS IN THE EMERGENT SHUTTLE INSTABILITY OF QUANTUM
DOT CLASSICAL MOTION. Results.

G.A.Skorobagatko, I.V.Krive, R.l.Shekhter ,

The maximum of increment

Low Temp. Phys. 35, 949 (2009).

Low-temperature shuttle instability increment as the function of applied bias voltage:

re =

IAN

exp(—A" + A7 — AA) Y
=0

ln—1 LX'+'At)

/!
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is achieved for:
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2 — |
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3. ROLE OF MAGNETIC PHASE QUANTUM FLUCTUATIONS IN SEQUENTIAL
ELECTRON TUNNELING THROUGH VIBRATING QUANTUM DOT. Model.

G.A. Skorobagatko , S.I. Kulinich, L.V. Krive , R.l. Shekhter , M. Jonson, Low Temp. Phys., 35, (2011).

Model of single-electron molecular transistor with quantum
vibrational degree of freedom in the transverse magnetic field

-< >

b, bT = ¢l - Characteristic size

(diameter) of quantum dot

Total Hamiltonian of the model:
: ! t
H= Y H"+H") +Hp
j=L.R
Hamiltonian of Fermi-liquid lead:

E .
HJE): E (ek.j — Mj)ay jax j
k

Hamiltonian of vibrating quantum dot :

Hp = :"nﬂTﬂ

Tunnel Hamiltonian:

-Aharonov-Bohm magnetic phase of tunneling
electron, in the case of quantum fluctuations of
quantum dot coordinate along y-axis




3. ROLE OF MAGNETIC PHASE QUANTUM FLUCTUATIONS IN SEQUENTIAL
ELECTRON TUNNELING THROUGH VIBRATING QUANTUM DOT. Results.

G.A. Skorobagatko , S.I. Kulinich , 1.V. Krive , R.l. Shekhter , M. Jonson, Low Temp. Phys., 35, (2011).

Results: magneto-polaronic blockade; anomalous temperature dependence of the conductance;
“excess” (inelastic) part of average current.

1.Conductance: ' T
G(0) = Go(m/2)(T/T)

[ exp(=¢?), T'<T < hwy
1 —¢? e T > ¢ hwy

2. Average current: eV > T’

-————

4. «Excess» (inelastic) average current: |

0J = Jp{l — exp(—t;')) —> (}-’fﬂ‘”"ﬁrﬂd.

" eV/hwo




4. ANDREEV-TYPE RESONANT POLARONIC TUNNELING OF STRONGLY
INTERACTING ELECTRONS THROUGH VIBRATING QUANTUM DOT. Model.

G.A.Skorobagatko Phys. Rev. B 85, 075310 (2012).

Hamiltonian of Luttinger liquid lead with interacting
electrons in its bosonic representation:

A=S" A9+ i,+ S g — o
j;ﬁ' : jgi:ﬂ f H,?(J' — l/—lﬂf(jf(ar(b}(“}j))z (J , )

Hamiltonian of quantum dot with electron-vibron- and
fixed Coulomb interactions:

Tunnel Hamiltonian: — (Adtd Oedtd Z U (0)05(0)}
HY = (7;d"0;(0) + h.c.)

where: lifj,(j“) = exp(i®;(z)/\/9) /v 2mag

v;(0) = (lifj([]‘) + %(0*))/2 Bosonization and re-fermionization:

Total Hamiltonian of the system:

where: hv, = hvp/g =1

Chiral charge-density bosonic (:.-'f = ex}):_g((ﬁ(f - 1/2)®.(0)/1/29] — exn(—i N+ d
operator in the leads: P(—iAp
) ( ) @Jr( )@F ( ) Transformed tunnel Hamiltonian: —1/2u )\ =27
pjlx J(e)¥;(x T - .

‘ Hy=d X7 v V_(0) +~45¥¢7(0)] + 4 .
= 8,0,(z)/27 /7 t 0+ O F Ay = explio= () [V

+[’Tf"L@'t(U) T AH@—(D)X&‘ X = exp(i\p)




4. ANDREEV-TYPE RESONANT POLARONIC TUNNELING OF STRONGLY
INTERACTING ELECTRONS THROUGH VIBRATING QUANTUM DOT . Results.

G.A.Skorobagatko Phys. Rev. B 85, 075310 (2012).

In the case of symmetric
tunnel barriers, where : L J_

Fi(8) = e+ [ (A2 /ny (1 + ny) )e =52

-

A= A — hwyl Lo =7i+77

ny(3) = (exp(8) —1)~" 3= hwq /T
Effective transmission coefficient in the model, as function of energy of incident electron:

symmetric R(e) S.Mayer et al.,

R(e)
PRB, 2011
0.8 resonance 0.8f
if 0.6
asymmetric:
.. Kane-Fisher o
02 02b -

______

~04 -2 0 02 04 0

(a) e/ fwo (b) g/ hwo




5. Magnetopolaronic Majorana-resonant level (M-MRL-) model
G.Skorobagatko, Cond.Mat.Phys., 21(2), 23703, (2018)

Schematic picture of tunnel junction with vibrating CNT as quantum dot
in the magnetopolaronic g=1/2 - case:

Vibrating CNT as a single-level quantum dot

a) -7

eV _H-magnetic field ep =0

/M

\ -
ﬁ g=1/2-LL quantum wire N - T - g=1/2-LL quantum wire ﬁ
Yy 7 Source B Drain
‘; : X Gate

Total Hamiltonian of the system : Hamiltonian of quantum dot (QD) in the presence of quantum vibrations of

~ A N ~ QD (with Coulomb interaction in QD ( Ac -term)
H ) HI —|_ Hd + Ht @

Tunnel Hamiltonian with
“magnetopolaron-dressed”
tunnel amplitudes

0 = 8/y28y = eyyDoH/v/2he




5. Results of the paper: G.Skorobagatko, Cond.Mat.Phys., 21(2), 23703, (2018):

Both constructive and destructive interference between different virtual vibronic
channels of resonant magnetopolaronic tunneling — manifestation of the anomalous
magneto-polaronic (or “Aharonov-Bohm”) blockade effect

Ryo(e)| *

CL) 'y < huwg

exp(—4¢?)

b) FU>>h(UU—>0

E/FQ

12T +12) + (I, —I2)2

Fl(ﬁ) — (1+2nb)[£( nb 1+nb —Bhwgl/2

= - e )
¢0 -|-2F2 1 _|_ 6—4(;52 +F4 e—402)2



6-7. Measurement-caused decoherence and detection of a
qubit state: different realizations

/ Quantum detector

Concept of charge qubit: decoherence of
the elecron state in Josephson junction
due to interaction with FL QPC (Aleiner,
Wingreen, Meir, PRL,1997)

Well-known examples

General concept of a QPC as a quantum
-Known for the case limited detector (Averin, Sukhorukov

of “free” fermions  PRL,2005)
only (!) -QPCs with

Fermi liquid leads(!) (a) —F
 — l

However “in reality” |j) o i \V

electron-electron

interaction in QPC
matters (!) o




6-7. MODEL HAMILTONIAN
in papers: G.Skorobagatko, A.Bruch, S.V.Kusminskiy, A.Romito, Phys.Rev. B, 95, 205402,
(2017) and G.Skorobagatko, Phys.Rev.B, 98,045409 (2018)

Hy, = Hpp ‘|‘HQD + H;p

1 0 , 1 , Hamiltonian of two semi-
Her =52 Ug/ {g(af”%) T3 (020;) }dx infinite Luttinger liquids
j=L,R /=

0

Hgp = Z encl e —I—//(clcg + 0201) Charge-qubit part

n=1,2

Tunnel Hamiltonian
B in the “weak link”
Hin = Z (A 020+ + Ay, cos (o + th)Hm:OCLCn approximation
n=1,2 (Kane, Fisher, PRB,
1992)

(z), o (2')] = 2imsgn(x — z')0q o
Drpar ()] = 2t (2 — ") 00y 0

6. = [0, & 0R]
o+ = [or * ¢R]

Non-local bosonic phase fields = +
(important ingredient)



6. Results from the paper: G.Skorobagatko, A.Bruch, S.V.Kusminskiy,
A.Romito, Phys.Rev. B, 95, 205402, (2017).

EFFICIENCY RATE FOR THE LUTTINGER LIQUID QPC
AS QUANTUM.DFTECTOR : Q — I’][”T/Ftut — Hj/(l-* 1 F) <1
general formula for finite temperatures:

| 2
Lbn” 1 1—( 2] tanh(eV/ZT))

1+n2

(14@D)

Ratio between “orthogonality catastrophe’-
and “tunnel” decoherence rates

n=(\— 3\1)/(5\1 + o) S~

Asymmetry in tunnel coupling to qubit charge-states

-For example, if: T > eV

_ 2
vt 1/aT r ()\1)\2)2 2 (; E)E g
and: f_ ;\1_12 ﬁ fig

Then: ‘

V4




6. Results from the paper: G.Skorobagatko, A.Bruch, S.V.KusminsKiy,
A.Romito, Phys.Rev. B, 95, 205402, (2017).

() : : : : -

-3 \ | JEIE
T,

I TS
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FIG. 3. (Color Online) Log-plot of the ratio between local strengths, g = 1; 0.9; 0.6; 0.5; 0.3. The figures show strong

dengity- and tunnpeling-induced decoherence as a lunction of dependence of ¢ on g once orthogonality effects are consid-
l:.!“-].] bias voltage and l:h] temperature, E'lr: Eqs. IIEI. ll. Far ered. The inset in (b) shows a zoom in of the regime of cross
increasing interaction strength g = 1; 0.8 (L6; 0.3 0.3 from over between monotonous and non-monotonous tempearaturea
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i =001 in {a) and 2¥ = 0.01 in (B, da=A; = Ae=—A1 = AA light to dark blue and Irom comtinuous to coarsely dashed).
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7. Problem formulation in the paper:
G.Skorobagatko, Phys.Rev.B, 98,045409 (2018): h

WHAT ABOUT THE LIMIT: < —
T T—0

for qguantum

detector W A~ T

efficiency im Q=0Q, = ~ (A4 . ) n=1
rate for (AL, T)+T (A4)

interacting V=eV(T)=puT

electrons in QPC?

i va-[22] ey (oo

g
This is from
our preceding paper: S d=2 Y\

I.e. What about
G.Skorobagatko,

A Bruch.S.V.Kusminski all the rest terms
.brucn,s. vV.AKUSMINSKIy, at “T” near zero?
A.Romito, Phys.Rev. B, S a=? )\/

95, 205402, (2017). \

W(Al T—->0)= [/A\— ) T)+(—/1] WZ(T)+(/A\—/1J W, (T)+...




7. Results from the paper: G.Skorobagatko, Phys.Rev.B, 98,045409 (2018)

New “Kondo-like” regime of quantum detection for Luttinger liquid quantum
detector at temperatures near absolute zero

S-Theorem gives precise answer: S a=S d=0(!)

Hence, results : f,(T)=w,(T)

AZ )
T(AL,T)= (A ) £.(T)

9
2

W(Aﬂ, T)= [/A\l w, (T)

g

and, as well, all the “Kondo-like” description near T=0:

Remarkably, this limit implies

see the plot):
( plot): 1 _ .

75 S



7. 1t turns out, that theory of low-temperature instability of quantum

detection from G.Skorobagatko, Phys.Rev.B, 98,045409 (2018) can explain

unusually long timescale for Rabi oscillations damping in modern

experiments with charge-qubits

Charge-qubit operation of an isolated double quantum dot (a) EAL-m 10 nm S0,
* = 35 nm P-doped Si
;:’;‘@"‘ e 150 nm SiO,

| | o 2
I, Gorman, D, (. Hasko, and D. A, Williams®
Microelectronles Research Cenrre, Unlversity of Cambridge, Cambridge CBI OHE, United Kingdom
*Hitachl Cambridge Laboratory, Hitazchi Evrope Lid., Cambridge CB3 0HE, United Kingdam

(a)
(b) Initialization Manipulation Measurement
¥ =[0)=|L) W = al0) +b|1) ;0> 1)
B, | =)
®-1-0
{0 _._.’—.—'

Experimental effect
explanation in
G.Skorobagatko,
Phys.Rev.B, 98,045409 (2018) (@), [Fren s

operatng

_.' 0.4 point
02 rd
11 %% = 32 33 34 3§
H

Ved (V)

§ Coherent oscillation

; with gate voltage
= compensation
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