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Low-dimensional systems

Reduced scattering phase-space in low dimensional systems.

Increased interactions

¥

- Integer and Fractional quantum Hall effect
Novel and exciting - Luttinger liquid physics

quantum phenomenon : - Non-Fermi liquids
- Quantum dots/ guantum computing

=B




UF Coupled low-dimensional systems

Additional properties to engineer novel quantum phenomena / phases

MBS signatures in hybrid SM-SC nanowires Superconductivity in graphene
‘ L
i
By i
D. Laroche et al. Nature Comm. 10, 245 (2019) Y. Cao et al. Nature 556, 43 (2018)
Exotic FQHE states Electromechanics in the quantum limit

T=35mK

J. Shabani et al. PRL 103, 256802 (2009) D. Bothner et al. Nature Comm. 11, 1589 (2020)



UF Outline

* |ntroduction to low-dimensional systems

e Search for exciton condensation in Si guantum wells
e Si/SiGe quantum wells
e Exciton condensation
* Device fabrication
* Excitation gaps in the quantum Hall regime

* Coulomb drag between guantum wires
* Luttinger liquids
* Coulomb drag technique
* Device fabrication
* Coulomb drag measurements in laterally-coupled quantum wires




UF Outline

* Introduction to low-dimensional systems V)

e Search for exciton condensation in Si guantum wells
e Si/SiGe quantum wells
e Exciton condensation
* Device fabrication
* Excitation gaps in the quantum Hall regime

* Coulomb drag between guantum wires
* Luttinger liquids
* Coulomb drag technique
* Device fabrication
* Coulomb drag measurements in laterally-coupled quantum wires




Search for exciton condensation

in Si quantum wells




Si/SiGe bilayers

Why

Low disorder system

Scaling potential with CMOS foundries
Resistanceless devices
Quantum computing

New degree of freedom : valley

HOW SiGe spacer ‘

Si/SiGe/Si
double quantum well

UHVCVD growth;
Ultra High Vacuum Chemical Vapor Deposition

SiGE .";'\_
relaxed bufferl '




Quantum Hall effect

Electron motion of 2D electrons gets
quantized in Landau levels with a SR
magnetic field. ey

Landau
Levels

Large B, low T and disorder



Quantum Hall effect

Low B, High T and disorder

Large B, low T and disorder



Quantum Hall effect

02 04
Magnetic field (T)

Magnetic field (T)



Si/SiGe : Valley splitting in single layer

Silicon has 6 degeneracies

Vertical confinement + strain=> m, (2x degenerate)
m, (4x degenerate)
Sharp interface > Lifts m, degeneracy = Av

Interface disorder = Destructive interference
=) |owers AE,

R, tarb. units)

SiGe [ gy O
Si well §

SiGe

e

Si well |

AR AR

strain mosaic

:
=]

&=
=
=
g
£
=
&
=

SiGe

Theory matches experiments :
AE,~ C,B+I

Magnetic field (T)

S. Goswami et al. Nature Phys. 3 41, 2006



r"|=1.‘|'|’-"<‘|'[:lj'I cm’ 2.725xh/e® — -/
u=11.6x10° cm’/Vs

MAGNETIC FIELD [T]

W. Pan et al. PRB 91, 041301(R) (2015)

Single layers 2 nov=1/2
quantum Hall state.

V.o = 1 quantum Hall state

D. Zhang et al. PRB 87, 205304 (2013)

Two independent bilayers (matched
density) :

Vit =1 2 V5, +V;5, = N0 quantum Hall
state

At low density and small separation, a quantum Hall state at v, ., = 1 is observed!



UF V. = 1 quantum Hall state

Bilayers : new degree freedom If intra- and inter-layer energies are
Layer. comparable = Spontaneous interlayer
coherence.

Leads to A, between symmetric (S) and
anti-symmetric (AS) states. Only visible for d/I, < 1.8.

Occurs even for negligible tunneling.

100 105 110 115 120 125
Depth (nm)

p . 4 0,05
Easily captured through SP simulations Agas/(€/el)

Murphy SQ, et al. Phys. Rev. Lett. 72:728-31 (1994)



Exciton condensation

Pairing of an electron and a hole = Boson
Low-temperature = Condensation to a phase-coherent ground state

QHE regime

exciton

QW Tunnel QW QW Tunnel QW

barrier barrier

Direct excitons : Photo-induced—2> short lifetime ~ ps to fs

Indirect excitons : Separated electron-hole pairs = longer lifetime ~ ps to ns
B = 0 - Large interlayer voltage in undoped systems
Instabilities / Leakage
QHE at half filling = More robust platform

J.I. A. Li et al. Nature Phys. 13, 751 (2017)



UF Si/SiGe bilayers

Fabrication Al,O, dielectric layer

Back gate

Top gate

lon implanted
contacts

Device

* Front and back gate capabilities
« Hall densities from 5 x 10'° cm= to 3.4 x
10" cm-% Hall mobility up to 3.08 x 10°

cm?/(V - s)

Si substrate(~100um)

Ti/Au gate




Asymmetric design

V<V,

- E, top well

== E, bottom well
-- E

o
o
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o
E- (meV)

Density (m—?)
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o

110 115 120 125
Depth (nm)




Asymmetric design

V<V,

- E, top well

== E, bottom well
-- E

o
o

[#)]
o
E- (meV)

Density (m—?)

S
o

105 110 115 120 125
Depth (nm)




Asymmetric design
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Asymmetric design
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Asymmetric design

V>V,
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Asymmetric design

V>V,

- E, top well
== E, bottom well
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110 115
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Si/SiGe : initial characterization

Bilaver behavior

anOSSOVEI‘

Additional inter-subband scattering causes a mobility drop



UF Si/SiGe : quantum Hall states

Vi = 0.63 V
Vi = -22.51 V

=
(*)]

vp=2

r’li""
=
o

o

I_|
o1l
—
a
2
C

=
N

i 10 -2 s 4
Nt = 11.23 x 10 em Top and bottom gating (matched density)



UF Si/SiGe : quantum Hall states

N
o

v,

top

=0.63V

[
o0]

Vi = -22.51 V

=
o))

vp=2

[
N

cflf
S
o
o
—
o 14
—
S
<

[

Top gating (variable density mismatch)



Quantum Hall effect

Electron motion of 2D electrons gets
quantized in Landau levels with a SR
magnetic field. ey

Landau
Levels

Large B, low T and disorder



UF Si/SiGe : Activation gaps

Variable density imbalance regime

7.5 10.012.515.0

I
|
|

75 100 125 150
N, (10'° cm)

Single layer regime > A, =C;B-T For a spin quantum Hall state,
Cy =0.29 K/T I'=0.327K Cy =8Ms = 1.3K/T

A, is consistant with a valley state



Si/SiGe : v, activation gaps

Variable density imbalance regime

-
oy
-
(=]

R, (arb. units)
s~ ===
|

3

7.5 10.0 12.5 15.0
|

e
[=]

=
E
=
(=
=
=
=1
@
=
2
)
=

[

7.5 10.0 12.5
Mot (1 010 Cm-2)

Magnetic field (T)

S. Goswami et al. Nature Phys. 3 41, 2006

Valley splitting very different in bilayers and single layers!
- Different interference conditions?
- Ge content increases valley splitting?
- Conseqguence of exciton condensation?




UF Si/SiGe : v, activation gaps

Variable density imbalance regime

- ==~ E, with DB
OF — A; experimental

<ST->

7.5 10.0 12.5 15.0

h4
>
[@)]
wd
Q
-

L

i
I
I

75 100 125
N (10'° cm?)

The SP simulation only produces E,
A, =E,-E-T'=E,-A -2

A, is inconsistent with a spin or a S-AS quantum state = consistent with exciton condensation”



UF Si/SiGe : v, activation gaps

Variable density imbalance regime

- ==~ E, with DB
OF — A; experimental

<ST->

7.5 10.0 12.5 15.0

h4
>
[@)]
wd
Q
-

L

i
I
I

75 100 125
N (10'° cm?)

A, is nearly one order of magnitude larger than the expected value from A,
From theory :
A =2 decreases with magnetic field, tunneling
A = increases with density imbalance




UF Si/SiGe : v, activation gaps

Density matched regime

R, (arb. units)
e g e jq
oy
-
_____,_49

3

e
[=]

=
E
=
(=
=
=
=1
@
=
2
)
=

Magnetic field (T)

S. Goswami et al. Nature Phys. 3 41, 2006

Valley splitting is linear in matched density bilayers

Cg reduced from 0.29 K/T to 0.15 K/T
Further work needed to understand valley splitting in bilayers



UF Si/SiGe : v, activation gaps

Variable density imbalance regime

— matched
- = matched with DB

2 0 —— realistic density mismatch
' A; experimental

A, is nearly one order of magnitude larger than the expected value from A,
A, has the opposite concavity from A,
From theory :
A =2 decreases with magnetic field, tunneling
A = increases with density imbalance




UF Si/SiGe : Summary

* Observed bilayer effects in system = Mobility dip and v, quantum Hall state
* Vv, = 1stateis attributed to valley splitting
* Behavior is clear departure from single layer valley splitting
* Warrant further investigation!
V,o: = 2 state is attributed to layer effects
* Behavior inconsistent with A,
* Consistent with spontaneous interlayer coherence

* Next steps : independent contact to both layers = Study tunneling, counterflow

SiGe spacer ‘
Si/SiGe/Si

double quantum well

S5iGe

relaxed huffel i I




UF Outline

* Introduction to low-dimensional systems V|
e Search for exciton condensation in Si quantum wells V]
* Introduction to Si/SiGe quantum wells
» 2DEG
 Growth

* Valley splitting
* Introduction to exciton condensation
* Device fabrication
* Excitation gaps in the quantum Hall regime

* Coulomb drag between quantum wires
* Quantum wires
* Introduction to Luttinger liquids
* Coulomb drag technique
* Device fabrication
 Coulomb drag measurements in laterally-coupled quantum wires

 Future directions




2. Drag in Coupled GaAs guantum

wires




UF Luttinger liquid physics

Fermi liquid W
T e

!

Effective parameters

Luttinger liquid

!

All motion is correlated
Strongly interacting system




UF Coulomb drag

Momentum transfer models

Magnitude of frictional resistance dependes on e - e interactions



wires

Coupled quantum wires

U JopaLEate

~ 80

Gates design

Lower
gates

Lower
2DEG

Upper 2DEG

o=t/
1o —=

Gates activated

Laterally coupled quantum wires

Ease of fabrication
Tunable interwire separation

Large interwire separation
Soft electrostatic barrier

Vertically-coupled quantum wires

Small interwire separation
Hard dielectric barrier

Involved fabrication process



UF Vertically-coupled quantum wires

ohmic

contact ——

2DEGs q

stop
etch

original
substrate




UF Vertically-coupled quantum wires

ohmic

contact ——

2DEGs q

stop
etch

original
substrate




Vertically-coupled quantum wires

host

ohmic substrate
contact

2DEGs epoxy

casing
stop
etch

original
substrate




UF Vertically-coupled quantum wires

original
substrate

stop —"
etch

- host
substrate




UF Vertically-coupled quantum wires

host
— substrate




UF Vertically-coupled quantum wires

vias to —

gates
and

ohmic
contact




UF Vertically-coupled quantum wires

bottom gate

N




UF Vertically-coupled quantum wires

bottom gate

N

Objective : contrast the strength of electron-electron interactions
as a function of geometry/separation



UF Open questions

Drag in the multi-subband regime

Dominant drag scattering mechanism

Impact of wire length / interwire separation

Coulomb drag in the T=0 limit

Drag in the spin-polarized regime

-2.0
LPL (V)




UF Quasi-1D drag

Middle Gate

Left Gate Right Gate

Ohmic Contacts

Lateral device
Barrier size : ~ 150 nm
5 um long wires



UF Survey of drag-inducing mechanism

Momentum transfer Model Charge-fluctuation Model
Drag current is induced through momentum Arises from interlayer energy transfer?
transfer?

IKlesse, R. and Stern, A. Phys. Rev. B 62, 16912 (2000). 2Levchenko, A. and Kamenev, A. Phys. Rev. Lett. 101, 216806 (2008).

Expect postitive drag resistance Expect rectified drag signal
Expect V. to have opposite sign of I, Expect V. to be independent of | ;. sign



Quasi-1D drag — AC data

1 1 1 1
-1.0 0.8 0.6 0.4
Left gate (V)

-25 -2.0 -15 -1.0
Right gate (V)

2
QD
e
1]
2
=
9

~1.75 —-1.50 —1.25 —1.00 —0.75 —0.50

direction.

Right Gate (V)




Right Gate (V)

-1.75 -1.50 -1.25 -1.00 -0.75 -0.50

(A) @329 Yo7

q°)
)
1°)
i®)
QO
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|
(o]0)
(4]
M
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O
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q°)
>
g

Left Gate (V)
Right Gate (V)
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UF Standard drag tests

Onsager relations : drag is independent of drive/drag layer and current direction

®)

Virag (V)

S S
Q Q
o -0 5
&) (]
= =
9 9

|
o
~

|
o
oo
e

—0.9

-1.75 —1.50 —1.25 —1.00 —0.75 —0.50
Right Gate (V)

-1.75 —-1.50 —1.25 —1.00 —0.75 —0.50
Right Gate (V)

Drag voltage is strongly modulated by the
drag wire!



UF Standard drag tests

Onsager relations : drag is independent of drive/drag layer and current direction

—o— Drag Wire = Left Wire
j —o— Drag Wire = Right Wire
|

o %
PLR-

-18 -15 -12 -09 -06 -0.3
Right Gate (V)

Drag is strongly modulated by the drag wire!



UF Standard drag tests

Onsager relations : drag is independent of drive/drag layer and current direction

)

=

-1.84 —1.82 —1.80 —1.78 —-1.76
Right Gate (V)

S S
@ o]
® ©
Qo ]
= =
g 9

-1.84 —-1.82 —1.80 —-1.78 —-1.76
Right Gate (V)

Drag voltage features polarity are independent of drag direction
Consistent with rectification!



UF Symmetric and anti-symmetric contributions

Upon current reversal, the signal is not identical

Hypothesis : two contributions:

Symmetric : Rectification Antisymmetric : Momentum- transfer

Symmetric Part Anti-symmetric Part

- _ o

—0.60 —0.60

—-0.70

E)
W
©
o]
=
g

|
e
-
[=]

|
e
~J
L&)

-1.2 -1.0 . . K -1.2 -=1.0
Right Gate (V) Right Gate (V)

—-0.5 0.0
Vdrag




UF Symmetric and anti-symmetric contributions

Upon current reversal, the signal was not identical
Hypothesis : two contributions:

Symmetric : Rectification Antisymmetric : Momentum- transfer

—— Symmetric
1.0 —— Antisymmetric

=0.80 =0.75 =0.70 =0.65 =0.60 =0.55
Left Gate (V)

Symmetric part dominates




UF DC measurements

Drag after subtracting the background 1153 Drag after subtracting the background_1151

=

(=

&
Voltage (uV)

&

Voltage (uv)

(<

Gate 3 V meas (Left)

—
5
=1
1
m
n
=
S
=
[na]
o
=)
0

-145 -146 -144 -1.42 -1.40 -1.38 -1.36

-148 -146 -1.44 -142 -1.40 -1.38 -1.36 Gate 1V meas (Right)

Gate 1 V meas (Right)

Signal is remains nearly identical
Consistent with charge fluctuations



DC measurements

|
£
=)

Voltage (uV)

=
&
[
o
T
i

i

|
i
Ln

Left Gate (V)
Voltage (L)

—0.30
-0.35

—0.40
-155 -150 -145% -140 -135 -165 -160 -155% -1.50

-145 -140 -135
Right Gate (V)

Right Gate {V)

Similar rectification behavior
Currently analyzing current linearity and chemical
potential influence.



Temperature dependence overview

—0.600
—0.625

—0.650

V)

—0.675

- AC total contribution

B

=0.700

ight Gati

R

—0.725¢
-0.750

-0.775

& Symmetric

P AC Symmetric vs antisymmetric
contribution

Not a simple T? dependence

1000 1500 2000 2500 3000
T (miK)




Collaborators/students

Si/SiGe exciton condensation

: : Growers at
s i
GaAs Coulomb drag

Nwm g7 N Center for Integrated

-2 Nanotechnologies

Th

FLORIDA wsen

AGLAB

@ Sandia National Laboratories



Thank you for your attention

Questions?



Current rectification

Expectation

)
=
2
a
E
<

Sum of even sine terms

Virag ~ | sin(wt) |



Current recrification

Measured

Waveform depends on wires configuration



UF Cooling 1D electrons

* Coulomb draginthe T=0limit > lowest electron value : 80 mK
* Dragin the spin-polarized regime —> never attempted

1- Samples lattice temperatures usually limited to ~ 20 mK
2 - Electron temperatures difficult to cool in low-dimensional
systems

1 - Nuclear demagnetization = Lattice temperatures ~ 0.5 mK
s Sample in 3He immersion cell

Electrical connections with silver sintered leads

5t order RC filter and continuous element filters at 30 mK &g

Microkelvin facilities

M. Sarsby et al. Nat. Comm 11, 1492 (2020)



UF Ultra-low-temperature 1D drag

Preliminary results in laterally coupled quantum wires :

VA 182MK_Sept2021 397.dat

Coulomb drag is modulated
with wire occupancy

ML ORNNW R
Vdrag (HV)

>
E
(]
o+~
4]
)
4 2
-
o =

264

Left Gate (mV)

A temperature dependence is
observed down to ~ 10-15 mK

0.010 0015 0.020 0025 0030 0.035 0.040 0.045
T (K)




UF Low-dimensional systems

Exciton condensation in 2D bilavers Signatures of Luttinger liquids in

quantum wires

Gates design Gates activated

- Tunnel - mras  TUAME] a0
Qw tlarriIF_'r' aw Qw barrier QW

J. 1. A. Li et al. Nature Phys. 13, 751 (2017) D. Laroche et al. Nature Nanotech. 6, 793 (2011)
Material systems : Techniques:
GaAs/AlGaAs bilayers Universal conductance scaling
Graphene bilayers 1D-1D and 1D-2D resonant tunneling

Si/SiGe bilayers Coulomb drag




UF Quantum well

Particle-in-a-box type of

problem. L Wellwidth
Conduction

. Band

A single 2D subband =
; Fermi energ
occupied at low- o
temperature ® SiGe Si SiGe
: s db @‘.\Induced

Carriers induced by / charges
doping (intrinsic) or ®
gating (extrinsic) B

—_—mmm—m
growth axis

Realized in GaAs/AlGaAs,
graphene, InAs/InAlAs,
SrTiO,/LaAlOj;and many
others



UF Quantum well

Particle-in-a-box type of
problem.

A single 2D subband
occupied at low-
temperature

Carriers induced by
doping (intrinsic) or
gating (extrinsic)

Realized in GaAs/AlGaAs,
graphene, InAs/InAlAs,
SrTiO,/LaAlOj;and many
others

well width
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Band
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UF Quantum well

Particle-in-a-box type of
problem.

A single 2D subband
occupied at low-
temperature

Carriers induced by
doping (intrinsic) or
gating (extrinsic)

Realized in GaAs/AlGaAs,
graphene, InAs/InAlAs,
SrTiO,/LaAlOj;and many
others

well width
—_—

Conduction
Band

Fermi energ

SiGe
@‘.\Induced

~ charges
@

Valence
Band

—_—mmm—m
growth axis

Positively
biased gate



bump

Gas Entry

UHV-CVD

main stream of reaction gases

=
S
2 ¢
c
=
£
S
=

1) diffusion of
precursors

- L 2) adsorption on
boundary layer the surface

|

CVD process flow

5) diffusion of
byproducts

4) desorption of
adsorbed material

Y T
OO




UF Asymmetric design - SP

105 110 115 120

Depth (nm) 105 110 115

Depth (nm)

N, = 6 x 10'° cm- N, = 10.9 x 10'° cm-2

105 110 115
Depth (nm)

Neot = 8.39 x 101% cm-2



UF Si/SiGe : theoretical fan diagram

1 layer 2 layers

A =E,-T
A2=ES/| _EV-FzES/l_Al_ZF




Si/SiGe : theoretical fan diagram

1 layer 2 layers

A2:ES/| -EV-F=ES/|-A1-2F




UF Si/SiGe : theoretical fan diagram

Landau level crossings are possible

Legend
Spin down ()
Spin up (1)
Valley up (+)
Valley down (-)
Layer high (A)
Layer low (S)

N
||

252

Ay

m m m
|
J>9~'
&

m m rm
w
I
<
nw > unm

As 2 level cross, the quantum state is not observable experimentally



UF Previous drag studies

Laterally coupled quantum wires

0 0
0 02 04 06 08 10 0 0.2 040608 1.0 1.2
T(K) T(K)

P. Debray et al. J. of Phys. Condes. Matter. 13, 3389 (2001) Yamamoto et al. Science 313, 204 (2006)

Vertically-coupled quantum wires

-2.0
LPL (V)

D. Laroche et al. Science 343, 631 (2014) D. Laroche et al. Nature Nanotech. 6, 793 (2011)



Survey of drag-inducing mechanism

Charge fluctuation
models

Fermi liquid Fermi liquid
V=K T

Momentum-transfer models

Luttinger liquid — d Luttinger liquid —
Backscattering Backscattering

e Luttinger liquid — f Luttinger liquid —
forward and backscattering forward and backscattering

Luttinger liquid —
g -
spin-incoherent

el™m

No change
Ti8K:-3)




UF Symmetric and anti-symmetric contributions

Look at both contributions waveforms :

Symmetric Anti-Symmetric

No clear cut waveform allowing identification of rectification or momentum transfer



