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Lecture 1. Basics of gate defined quantum dot
experiments

> Backg round Semiconductor quantum dot quantum computing
» Approach Quantum dot: Artificial atoms
» Measurement of charge Transport vs. charge sensing

» Measurement of spin Spin to charge conversion



Background

What is a Quantum Dot (Gate-defined) ?

Quantum Dot: artificially confined structure that can be filled with electrons
(or holes) - “Atrtificial atom”

Quantized energy levels, but energy scale is very different from real atoms.

Highly controllable : number of electrons, energy levels, size, shape,
material, etc.

Lateral QD

gate

GaAs 200 nm



1 Background
Artificial atom : energy scales

_conduction s
band edge

2. electro Higd E B : E2

1. Confinement energy spacing : particle in a box E1 =
~ meV > few K 2mL

2. Coulomb blockade : charging energy E,=—

~ meV > few K
~ tens of ueV

3. Additionally — spin splitting (ex. Zeeman) E,=—gu,B
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Isp Quiz : What is the ideal conductance here ?
X Eqqq(N) = A&y + E¢
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W Ve

No current here --> Coulomb blockade
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Background

Conductance quantization
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Background
1 Quantum dot experiment platform
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Transport experiment

Coulomb blockade measurement
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Transport experiment

Transport through a QD: High Bias
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Transport condition:

Up < Uy < ug foratleastone N
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Up Un Us

Up = Un+1 = Us

Up = Un+2 = HUs




Transport experiment

Coulomb diamond
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Transport experiment

Coulomb diamond

Coulomb diamond tells us essential information of the system
Note : slopes, offset, excited level...
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Transport experiment

Excited level spectroscopy

————— Transport through excited states

Hn+1 = Hs

=
=
I
=
9)
Gate Voltage (V)

Un+1 = HUp

Un = HUp Source-Drain Voltage (mV)

Vsp Picture from Ref. [1]
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Note : problem with transport sensing
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Note : Solution — charge sensing with nearby dot
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Measurement of charge
3 Transport vs. charge sensing
Single dot charge stability diagram

Note
0.00 ?
—0.02 -
-0.04
= ]
~ —0.06
> ‘ l
~0.08 - ~
—0.10
] N=0 \1 2\3 l4
_012 — 1 T ] T | |
* Charge sensing enables single 1.2 14 16 1.8 20 2.2
electron regime Vg(V)
* Electron number counting No electron in the dot

* Also act as qubit state detector M. Veldhorst, et al., Nature Nanotech. 9 981 (2014)



Measurement of charge

Observing single electron tunneling events

. Add Row
6= Live Trace = | B X
- - Signal Outputs
drain_aZ_old_amp - | vs, |H9 [b Clear history 1=
pmp Z (dBm) , Output 1
15 -12.50 & on B s
_ -20.01 ] Renge 15V %
<44 12.50 [B] ofsetpv) o0.000
g -12.50 [
ru|‘1-2 -12.50 [B] Outputz
2 -12.50 [&] on
1 12.50 e
o -12.50 [B] Renge 7
@, -12.50 [@] offeet(v) o.o00
c 08
E
06
660 640 620 -600 580 560
R9 [mV]
b= - Add Row
—r T - _I T T T T T
—15 10 -5 i) | 5 10 15 Control | Trig | Advanced | History | Math
z | | [ Run'Stop | Single | _Foree |
= | Wave Channel 1 | | |
H I I Horizontal L
Z  _sf : : Mode Time Domain ¥
g e e el i g BTt i ™ Sampling Rate 110 kHz v
b Length (pts)  , 4096 %
-1eeE Vertical
[ Channel 1 Signal Input 1 mu
b Min -500.0 Max 500.0
-150E Channel 2 Demed 13 %] ® |
Min -110.0 Max 110.0
3 Avg Filter Nene v
-200 F Ayerages 1 R
o Vertical Axis Groups
- Signal Type Channel
= N — Scope vi e
¥2:-11.28 ms S 188ms Scope (V) N
i A = Scope
A=-2.00m
_ seme Wl wsve Channel 2
=00 e iy T T T T T T T T T T T T e T T T T T T T T vy iyl | B Scope (W) ]
) 2 -2D B -0 -5 i 5 3 20 25 E ]

G] | Wave Channel 1]

=
0
& Time (ms] [Drop signal here for new group]
Dran signalioroun here to remowvel




Two-electron singlet-triplet splitting

Beyond constant-interaction model

H= Zel it cig + > z (| V]kl) ciyeiticior ko

i,0 i,j,k,l

_ + ex
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Orbital energy  Direct Coulomb int. Exchange int.

U, = (ij]0ij) = j drdr’ ¢ (0 (r) s 4y (D), ()

U = (17]ji) = [ drdx’ @00 9, (i(r")

Constant-interaction model assumes U;; = U and neglect the exchange terms.
Exchange term is important when considering spin structure of electrons in QD.



Two-electron singlet-triplet splitting

Spin states of two electrons in a QD

N=1 § t/ \l/ Er=E =&

U 4

ES=281+U

SZ\\ // \\,//
£ \t_l/ £ \I/ Er= g+ +U—U,,

Er —Eg = Ac—U,,< 0 Singlet is the ground state.
1S) = —={114) — |41}
2
1
ITo) = —={IT\) + IT)} IT,) = |T1) IT_) = L)

V2



Two-electron singlet-triplet splitting

Spin states of two electrons in a DQD

Single electron in DQD

\I¢L)/\|¢R)/ \ /\ ~ ¢A(r)—T[¢L(r) Pr()]
vV U \\// \\//

Ps(r) = \/—— [ (r) + Ppr(r)]

Two electron in DQD

Spin singlet Spin Triplet

b 1
o —F-J—— t

1
Ws(ry,12) = ¢s(r)ds(ry) = 5 (¢ () Pr(r)+ Pr(r) P (r2) + ¢ (1) P () + Pr(r)Pr(r,)]

1
— [Ppr(r) ¢ (rz) — ¢ (r)pr(r,)]

1
— [ps(r)Pa(rz) — pa(r)ds(ry)] = 7

Wr(ry,rp) = 2



Two-electron singlet-triplet splitting

Spin states of two electrons in a DQD

1
W (ry, 1) = s(r)ps(ry) = 5 [ (r)Pr(r)+ Gr(r) P (r2) + ¢ (r) P (r)+ Pr(r) Pr(ry)]

1 1
Wr(ry, 1) = ﬁ [ps(r)Pa(ry) — Ppa(r)ds(r)] = ﬁ [pr(r)dL(ry) — ¢ (r))Pr(ry)]

ES - (l'psli'l\|lp5> ET - (LIJT|I:I\|‘PT>

Single is the Ground State. Exchange splitting = E; — Eg > 0



Two-electron singlet-triplet splitting

Spin states of two electrons in a DQD

HM in the limit of Ae >» U;, t - Hubbard model

> + + + +
H = 2(31 C{y Cig T+ €2 Cog Cag) + Z t (ciy C26 + €25 C15)
o o

+U1n11‘n1l’ + UznzTnzl + V n1n2

|H,5%,:] = [H,5%,:] = 0 > S;o: and SZ,; are good quantum numbers.

Sior = 1 (Triplet) IT.) =111 T2) (SHr=1)

1
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Two-electron singlet-triplet splitting

Spin states of two electrons in a DQD

Stor = 0 (Singlet) : 3-dimensional subspace

1
For the basis states |S1) = NG [1T1 42) — 41 T2)] 1S2) = |T1 1) 1S3) = |T2 12)
g +e,+V 2t V2t
HS = \/Et 281 + U1 0
V2t 0 2e, + U,

For U; » V,t , we can get the singlet ground state energy by perturbation theory

1 1
Es =& +¢& +V +2t° +
S &1 &2 (Ul—V'l'gl—gz UZ—V_gl‘l‘gz)

Exchange splitting E; — Es = 2t? ( = )

Ul—V‘l'Sl—SZ UZ—V—€1+82

4t2
= U_VforU1=U2=Uand81=sz




Measurement of spin

Measurement of excited level with charge sensing
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Measurement of spin

Measurement of excited level with charge sensing
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T. McJunkin, et al., Phys. Rev. B 104 085406 (2021)



Summary of Lecture 1

~——Quantum dot basics

Exchange splitting E; — Es = 2t? (

Uq

Charge sensing...

Keywords: CB, Exchange energy, 4t2
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