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The role of semiconductor becomes more important. Especially, quantum computing attracts more
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interest. The semiconductor spin qubit is one of the candidate to achieve the quantum computing.
This is because the spin qubit has longer coherent time, fast rotations and established fabrication
techniques of semiconductor. Therefore, spin qubit is suitable for an element in quantum processor
and quantum memory.

GaAs has very high-quality electron system in III-V semiconductors, and it also can form
hole system. Moreover, the heterostructure of GaAs/AlGaAs achieves high-mobility 2 dimensional
(2D) system by utilizing MBE method and so on. Carrier density and potential shape can be
controlled by metal Schottky gates in the 2D system, then we can form nano-structure device. One
of the simplest device is quantum point contact (QPC), which forms quasi 1D system. The QPC is
utilized not only for fundamental physics research but also for application such as charge detector
of quantum dot (QD). The QD has a more complicated confinement structure than QPC, and it
forms 0 dimensional system. These nano-structure devices are expected for the next generation's
element of spin qubit.

At very low temperature (less than 4 K), the conductance of QPC as a function of gate
voltage shows step-like feature, which is so-called quantized conductance. The conductance
characteristics strongly depend on potential shape of the confinement. Landauer-Biittiker (LB)
model [ is well known to reproduce the effective potential shape. Therefore, one can evaluate the
potential shape from comparison between LB model and experimentally obtained conductance
curve. Recently, there was a surprising report where random potential induced by impurity
dominate the potential shape, thus affected effective length (Ler) of the channel even in high
mobility QPC devices 2. One possibility to solve such problem is triple-gated structure. It can show
clearer quantization with utilizing additional gate, so-called center gate, even for rather lower
mobility device 81, Therefore, I estimated potential shape of triple-gated QPC and Les.

At first, I fabricated devices with triple-gated structure QPC. My devices were fabricated
on GaAs/AlGaAs heterostructure with a 20-nm-wide modulation-doped quantum well. The center of
the quantum well is located 175 nm from the surface. The low temperature electron mobility of the
starting wafer is = 84.5 m2/Vs at n= 1.0 X 101> m2. Although the mobility is not as high as wafer
used in the reference [2], it is much higher than that used in reference [3] and enough to see clear
gauntized characteristics in a wide range of gate bias parameters as discussed later. In addition, I

fabricated two lengths of split gate width, 400 and 800 nm, which is fabricated length (L) to




compare the differences with effective potential shape.

Devices I fabricated work well and quantized plateaus appeared even higher than 10th,
Furthermore, the conductance curves shift almost equally depending on the center gate voltage
(Veg). It is noteworthy that the shift of pinch-off split gate voltage (Vsg) values with Vg step is not
equal in some parts of the results in 400 nm device. This is because reflecting electron capture or
escape from the defect (probably surface defect) nearby QPC.

There are two components to fit based on LB model; separation between plateaus and slope
of conductance curvature. The separation between plateaus can be estimated from
transconductance plots, which is the differential conductance with respect to the Vsg, because the
separation energy is determined by the channel confinement. A relation between energy and gate
voltage can be estimated from these comparisons. I confirmed the energy separation as a function of
Veg shows linear dependence. Moreover, the dependences show that energy separation became
smaller at higher quantized plateaus. This is because the confinement of split gates changed at the
higher quantized plateau, which is corresponding to the smaller value of Vi. And then, the
potential shape of channel width became wider, which results in the smaller energy separation.

I simulated LLB model by using estimated energy separation. I utilized two method to fit
the simulated results to the experimental results. One is the height of peak estimated from
differential conductance curve. The height of simulated results is corresponding to the slope of
conductance curvature. However, the experimentally obtained maximum is not always appear at
the half integer of quantized conductance. Therefore, I also fitted the results by utilizing full width
of half maximum method. Actually, these two methods showed almost the same results.

The slope of conductance is determined by the effective channel length, therefore I
calculated Letr as a function of Vee. For the 400 nm device, Ler was almost independent as a function
of Veg. However for the 800 nm device, estimated Letr obviously shows systematic change with
increasing Vig. The Letr value finally reaches to higher than 30 nm, clearly higher than reported
results without center gate structure [2I in spite of the slightly lower mobility of our device. This
result suggests effect of the center gate which weaken the impurity-induced potential.

The reason why Letr is almost constant for Ve for the shorter device can be explained by
the fact that fabricated length is 400 nm and the fabricated channel width is 300 + 200 + 300 = 800
nm. It means the confinement near the pinch-off is close to the "point" and the L.t at the saddle
point becomes small in dependent of V. In the case of 800 nm device, the Lsb is equal to the
fabricated channel width, therefore it is possible that the results really observed the effect of center
gate for the potential shape.

On the other hand, double quantum dot (DQD) with hole system also has interest in as a
spin qubit device. Hole system has some advantages compared with electron system. For example,
hole system of GaAs/AlGaAs has large spin-orbit interaction, and results in spin-flip tunneling [4!. It
is possible to control spin rotation by radio frequency of electric field with spin-orbit interaction,
which process is so-called electric dipole spin resonance (EDSR). The observation of EDSR is

reported in some hole nanowire devices [5 6], however it is not observed in hole system of a lateral



GaAs/AlGaAs DQD device. The gated DQD device has more controllability to apply for spin qubit
device. Here we report single hole EDSR measurements over the 10-50 GHz range taking
advantage of the strong spin-orbit coupling.

To manipulate hole spins, it is required to reach to single hole regime identified at first. I
controlled 7 gates to confine hole dot. 2 of them can control the barrier between DQD and leads,
other 2 gates modify inter potential of DQD, 2 gates placed at the center of DQD can changed the
coupling between dots, and 1 of them is charge detector. To identify the single hole regime, I
changed the barrier between DQD and leads and checked it by charge detection. I confirmed single
hole regime, and its spin-conserving tunneling was about 60 peV. After this identification, I
controlled inter potential of DQD.

When we apply the high bias gradient to the leads, the transport diagram shows triangle
structure. Along the lower edge of triangle structure, the single-hole ground spin state is below the
Fermi level of both leads, and the current is energy blocked. In a case of a small micro-wave voltage
is applied to a gate, the hole spin is excited from the ground spin state (GS) to the 1st excited spin
state (ES1), which allows the hole to tunnel out to one lead. These reasons result in the additional
peak current confirmed as an EDSR signal at the point below triangle structure. The EDSR signal
as functions of magnetic field and micro-wave frequency also obviously shows linear dependence. I
estimated g-factor from this line, and the result is 1.25 which is reasonable to compare with the
number of bulk g-factor 1.44.

However, it 1s strange because the "simple" EDSR signal should appear not at the point but
along the edge of triangle. If the signal appeared depending on only the Zeeman splitting, the signal
would be observed along the edge of triangle everywhere. I measured magnetic field dependence to
clarify that. The EDSR signal as a function of magnetic field and dot detuning at a constant
micro-wave frequency continuously changes. Especially, the value of effective g-factor changes
almost 30 % lower.

This 1s because of the transition from "Spin-like" to "Charge-like" with increasing magnetic
field. At lower magnetic field regime, the spin rotation changes between GS (spin-down) and ES1
(spin-up) because of spin-orbit interaction. In a constant micro-wave frequency, the EDSR signal
appears in any detuning, which is a "simple" EDSR regime. Therefore, the effective g-factor is
constant. At intermediate magnetic field regime, ES1 and ES2 levels interact each other, then the
EDSR signal does not appear anywhere. Especially near zero detuning region, the EDSR signal
depends on not only magnetic field but also detuning. At higher magnetic field regime, the spin
rotation doesn't change between GS and ES1. This is because spin-up state shifts more than
another spin-down state by large Zeeman splitting. Therefore, the EDSR signal does not depend on
magnetic field. This controllability of "Spin-like" and "Charge-like" states by a gate can be applied
for spin qubit device.

References

[1] M. Biittiker, Phys. Rev. B 41, 7906-7909 (1990) [2] L. W. Smith, et al, Phys. Rev. Appl. 5, 044015
(2016) [3] S. Maeda, et al, Appl. Phys. Lett. 109, 143509 (2016) [4] A. Bogan, et al., Phys. Rev. Lett.
120, 207701 (2018) [5] R. Maurand, et al, Nat. Commun. 7, 13575 (2016) [6] H. Watzinger, et al,
Nat. Commun. 9, 3902 (2018)



1 Background of research and Theory 1

1.1 Historicalcontext . .............. ... . v, 1

1.2 Physics of low dimensional systems . ... ................. 3
1.2.1 2 dimensional electron system . . .................. 4

1.3 Quantum Point Contact . ........................... 7
1.3.1 Transport characteristics . . ..................... 7
1.3.20.7Tstructure . . ......... ... .. 11

1.3.3 Fabry-Pérot interference . . ..................... 13
l4Quantumdot.............. . . ... ... ... 14

1.4.1 Artificial Atoms . . . ............. .. ... . ... 14

1.4.2 Coulomb blockade .. ........................ 14

1.4.3 Double quantum dot . ........................ 16

2 Sample Fabrication 19

2.1 Hall bar structure . .. ................. ... ....... 19
211 Cuttingwafer.................. ... .. ..... 19
212Etching ........ ... ... ... ... ... . .. . ... 20
2.20hmiccontact . ... 23
2.3QPCgatestructure . ............... ... ... ... 26
23.1QPCelectrode . ............ ... ... .. ... .... 28

24 Sampling . ....... .. . ... 30

2.5 Result of fabricated sample . .. ....................... 31
3 Effective Confinement Potential in Triple-gate Quantum Point Contacts 33
3.1 Landauer-Buttiker model ... ........................ 33
3.1.1 Impurityeffect . ............ ... ... .. ...... 35

3.2 Triple-gated structure . . .. ......................... 35
3.3 Measurement setup . .. .....ovv ittt 37
3.3.1Devicestructure . . . ..., 37

3.3.2 Conductance plots with triple-gated QPC ... ... ........ 38
3.4 Analysis by utilizing LBmodel .. ...................... 40
3.4.1 Estimation of subbands separation . ................. 40
3.4.2 Ideal simulation of LBmodel .. .................. 43
3.4.3 Fitting experimental results to LBmodel ... ........... 43
3.4.4 Estimation of effectivelength . . .................. 44

3.5 Davis-Larkin-Sukhorukovmodel ....................... 48
4 Electrically tunable effective g-factor of a single hole in a lateral GaAs/AlGaAs quantum dot 51
41 Holespin-qubit.......... ... ... . . .. . ... 52

4.2 Electric Dipole Spin Resonance ... .................... 52
4.3 Measurement setup . .. .....cvvii i 54
4.3.1 Device structure . . . .......... .. 54

4.3.2 Stability Diagram . . .............. ... ... ..... 56

4.3.3 Magnetic field dependence . . .................... 59

4.4 Observationof EDSR . ............................ 61
4.4.1 Magnetic field dependence of EDSRpeak .............. 65
4.4.2 Frequency dependence of EDSRpeak ................ 68
5 Conclusion 73

References 75

Appendix A Measurement Setup 81

A.1 Dilution refrigerator . ... ... 81
A.2 Measurementcircuit . ............. ... 0., 83
A3Simulation............... .. ... 84
Appendix B Publication 89
B.lPapers.......... . . . e 89

B.2 Conferences and Workshops . ........................ 90



Bl &
i LA O ROEE

GaAs (MALA VUV U A) ZRXR—RZLTEMEA Y A3y 7B, KKTHEEICE T 20k R
PEZRFSET 2 OMEITH Y, BRIk bLHEMRA Y 2 ab vy /BETHIETFRAV Farv s
7k (QPC) WFZF0oHFEER LTS, L2L, QPC BT DI EFba s Z 7 X ANRERINT
30 FELL B, FERMARI B L VY, F2, PC 2 F v —TBUYFELTHWS —HET
Ko MEEIZ, FPERAPCETE Y FOHWETHY | FFICEALAEZHWEZETE Yy MIEME
MAELS, ¥EAKRETE Y FOFHREMER>TVDE, ZOXIRRUOF T, EFEKERH
DARFALGFHLIEL, QPC OF THXRMER EIZI DA —ART vy VO EEZZIFIT< WEZ XL
nNsrtov 2 —42—rrEr) LS —F QPC IZOWVWT, - RILTF ¥ RILHNDORT ¥ LIE
WEHMZ L, £, FiIBT 2 AE L br =7 AEBERFERZROWEINA > ¥ —v v v 7 TH
L= FH NRC T, EFL_-EEF Fv h® EDSR (Electric Dipole Spin Resonance) @& IZHk
B L, AV VEUAEMHABERADNRKRE WIEFICHEORIEIBHEVERALE, b Z2OH%IZ>
WT, BRICELDNTEREEZUTICE LD S,

B-OWRETIEREMLER M) IS — F QPC DFRIZEK L, EMOEITRELTFT ¥ RV E
2% 400nm & 800nm DT NA AZDWT, B X —F— ML T RAKGF LT-HAR R E b ¥
I AEBR LT, 512, ok % Landauer-Buttiker (Z X 07—« 77 4 H
=) ETNICHTHEDD LT, EFINART Y X AVEREEN L, ¥ =/ — FRARVEE O
QPC TlE, EMTRELIF vy X NVEICHBRRSEDIN R TF Yy 2 VEEF—ET, XKMICXD7 4
LRT v VN QPC ORMEZ KR L TWAH Z LA 2016 FEICERIN TV, Zhicx L, Kia
LT ==X T AZIEDONRA T A Mz TzL &0, ERhTF ¥ 2 VENHR L I8N
HZLEMERL, P IS — MEERKRMICLD TV ELART v L2 MEI L, BAE7 QPC
EEMSTZ0ICKEAED THD 2 ERHERSNEZ, QPC DEHF ¥ 2LV EIX, BErfbahiz=ar
By R ABODEBEBODABRSEZREL, F¥y—V e LToOMEZSIRT LD, BonT-
MR QPCoOME L LTH, FLIGHELTHLEERALOTH S,

OO TIE, “EHET Ry MEETOIESLD EDSR IZKHIL-, 9. “HEBETF Ky bDZ
NZENDO Ry MIIEALZEREIZ I HFOHBLTANDS I ENTELZ EAMRL, AV XiR
WEYVBRBENEEINDIRNAEEI Lz, BHEO ESR TRERMMGZHML CTAY Y KEE
EHT 20, EATEAECVIEMEERANRONZORRERE T —FO—21ZMx b & T,
AV RKERA 29 EDSR N A[RBIZ 72 5, AL TIXZ @ EDSR 5 ZHEICHET 5 & & b,
W B SHTERIC, AV XYy T EF ¥ —UF v v PR ELL R DHEEKCTHENO KL EN
BT, THICHEWEDSR ODESZNLFHMIESN D g FRARESKERTEDLI L EMHR L, ZOFE
BRAE R IT S E N TERFEHROP T NRC OMREEO FPREZBX THEICKISI LD T, IELZ
EETRy MEEEZALYVETE Y MAGHT2BIC, &7y Z L ICHEEEEZHRE T
HZEHERLTBY, REBRAURXT MNOBDIERETH 5,

A LILEDOEMNOLK D, F—ETHEFmE L TAHEOAMREEZHA L, B _ETIEA
M2ETHWE R s —h QPC OfFRIICHONWTRRENT WS, FFETIIARMIEIC L > TH
Lz MU S — 8 QPC DIRERED B E R TF ¥y XV EOEH N T, MY TS — |
QPC DA RAMNHEREN TS, HNETIX, E_EHEEF Ny MEEIZHIT D EDSR FEBr & A
AR g T OFRFERBRRENTVD, FHLEETHSETHLNIE/BRIZOVWTELED TS,

UEORNEIT, BN L CHRIEBZTH) KL EREEON RN EFZREZETHZEERLT
W5, LER- T, EEERELEOB LR UL, Mt (B%) 0w XLE LTAKLERD D,
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