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Graphene-based nanostructures
Part I: Gate-defined devices in bilayer graphene
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Outline

• Fabrication

• Gate-defined quantum point contacts

• Gate-defined single quantum dots

• Quantum dots with charge sensors

• Double quantum dots: spin- and valley-blockade

• Double quantum dot with charge sensor



Optical microscope

Raman spectroscopy

10µm

Graphene:
one to three atomic layers thick
almost no volume, only surface
made with a "dirty" method

Graphite:
usually more than 10 layers

hBN:
usually 20–30 nm thick

K.S. Novoselov, A.K. Geim et al.
Science 306, 666 (2004)

Mechanical exfoliation



M. Eich
PhD Thesis,
ETH Zurich (2018)

Si wafers with
90 nm SiO2

monolayers

bilayers

trilayers

See also:
Ying Ying Wang et al, Nanotechnology 23, 495713 (2012)

Flake hunting



P.J. Zomer et al, Appl. Phys. Lett. 105, 013101 
(2014)

PC: Polycarbonate
PDMS: Polydimethylsiloxane

Pick-up performed in glove box with Ar 
atmosphere
using a micromanipulator

Annealing in Ar/H2 atmosphere at 350°C

Dry transfer technique



1. Si/SiO2 substrate 2. Graphite back gate 3. hBN insulator

4. Bilayer graphene 5. hBN insulator 6. Au top gate

(2004, Geim, Novoselov) (2010, Dean)

(2013, Wang)

(2013, Hunt)

(2004, Geim, Novoselov)

Stacking layers



L. Wang et al, Science 342, 614 (2013)

Edge contacting
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McCann, Koshino,
Rep. Prog. Phys. 76, 056503 (2013)

Tight binding model: �1 = 0

� = 0
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bandgap

Valence
band

Conduction
band

Breaking inversion symmetry: gate-induced band gap



Bilayer graphene resistance
T = 1.7 K

pp’p

npn nn’n

pnp

Below top gate: EF in the gap

VTG

VBG

I

Oostinga et al,
Nature Materials 7, 151 (2008).

Overweg et al,
Nano Lett 18, 553 (2018).

Experimental evidence for the band gap



Homogeneous gate split gate
Sample resistance

D

pp’p

npn nn’n

pnp

T = 1.7 K

H. Overweg et al, Nano 
Letters 18, 553 (2018).

VSG

VBG

Conducting channel using split gate



Split gate AlOx insulator (ALD) Finger gate (Au)

H. Overweg et al, Nano 
Letters 18, 553 (2018).

Local density control in the channel



T = 1.7 K
D = 0.7 V/nm

series resistance
of 200 W subtracted

H. Overweg et al, Nano Lett. 18, 553 (2018)

Quantized conductance



Pinch-off resistance: 10 MW
M.T. Allen, J. Martin, A. Jacoby,
Nature Comm. 3, 934 (2012)

Depletion of the channel



Experiment:
measured differential conductance

Theory:
calculated differential conductance

H. Overweg et al., Phys. 
Rev. Lett. 121, 257702 
(2018)

K states
K’ states

Magnetic depopulation of subbands



H. Overweg et al., Phys. 
Rev. Lett. 121, 257702 
(2018)

Berry curvature near the K-point

Leads to magnetic moment of
wave packets

Opposite sign for K and K’           Valley splitting at low B

Three-fold symmetry due to trigonal 
warping (g3 parameter in tight-binding 
model)

Topology in bilayer graphene



Why graphene quantum dots?

III IV V Common qubit materials:

GaAs
Si 
Ge

Common problems:

Hyperfine interaction
Spin-orbit interaction
Charge noise
Material inhomogeneities
Strain

What graphene has to offer

Naturally 2D
High abundance
Sustainable
99% Nuclear Spin Free
Very small spin-orbit interaction
hBN as extremely good insulator
Gate-tunable band gap (BLG)
Berry-curvature effects
Gate-defined quantum dots
Spin qubits
Valley qubits



Gate-defined quantum dots
                                               in bilayer graphene

Source

Drain

split-gate

split-gate

finger gates

graphene edge

graphene edge

boron nitride insulator

boron nitride insulator

graphite back gate
silicon oxide

split-gate split-gate

finger gates

BLG

AlOx

x
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conducting channel

quantum
dot

Eich, M. et al. Phys. Rev. X 8, 031023 (2018).
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<latexit sha1_base64="TiTCaguMWUtAHil+wGLs7G2K+2s=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqYI8FLx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpoeYOyhW36i5A1omXkwrkaA7KX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWSpphNrPFpfOyIVVhiSMlS1pyEL9PZHRSOtpFNjOiJqxXvXm4n9eLzVh3c+4TFKDki0XhakgJibzt8mQK2RGTC2hTHF7K2FjqigzNpySDcFbfXmdtGtV76pau7+uNOp5HEU4g3O4BA9uoAF30IQWMAjhGV7hzZk4L86787FsLTj5zCn8gfP5A+hDjOo=</latexit>

25
<latexit sha1_base64="mOtEwtIu5yoJ45U8fwsH2wjqPH0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KklV7LHgxWMV+wFtKJvtpF262YTdjVBC/4EXD4p49R9589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6qF73S2W34s5BVomXkzLkaPRLX71BzNIIpWGCat313MT4GVWGM4HTYi/VmFA2pkPsWipphNrP5pdOyblVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzVhzc+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpyiDcFbfnmVtKoV77JSvb8q12t5HAU4hTO4AA9uoA530IAmMAjhGV7hzRk7L86787FoXXPymRP4A+fzB+/XjO8=</latexit>

0
<latexit sha1_base64="8SPvTV/z8oIhjlRiKd59oqPvbVY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUdAelsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7a1Yp3Xak2b8r1Wh5HAc7hAq7Ag1uowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4Ad2WMrg==</latexit>

2
<latexit sha1_base64="rEHzCxvbCIUsFnb9BW4eMmFoKQI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUrA5KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvulJt3pTrtTyOApzDBVyBB7dQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBem2MsA==</latexit>

1
<latexit sha1_base64="PMMVAj56CwSF/6ga4otp5Igdjpw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzU9AalsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7a1Yp3Xak2b8r1Wh5HAc7hAq7Ag1uowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4AeOmMrw==</latexit>

T = 1.7K
<latexit sha1_base64="9+csoQttSzAKZELpyIqdW9J2gd4=">AAAB+nicbVDLSgMxFM34rPU11aWbYBFcyDBThXYjFNwIbir0BZ2hZNK0DU0yQ5JRythPceNCEbd+iTv/xkw7C209EDiccy/35IQxo0q77re1tr6xubVd2Cnu7u0fHNqlo7aKEolJC0cskt0QKcKoIC1NNSPdWBLEQ0Y64eQm8zsPRCoaiaaexiTgaCTokGKkjdS3S81rz6n6Fz5Heix5ejfr22XXceeAq8TLSRnkaPTtL38Q4YQToTFDSvU8N9ZBiqSmmJFZ0U8UiRGeoBHpGSoQJypI59Fn8MwoAziMpHlCw7n6eyNFXKkpD81kllAte5n4n9dL9LAWpFTEiSYCLw4NEwZ1BLMe4IBKgjWbGoKwpCYrxGMkEdamraIpwVv+8ippVxzv0qncX5XrtbyOAjgBp+AceKAK6uAWNEALYPAInsEreLOerBfr3fpYjK5Z+c4x+APr8wf4u5Mm</latexit>

K #
<latexit sha1_base64="L5t+xX4Yd9wEBodg7Fp/VZcI1gk=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwVWaqYJcFN4KbCvYB7VAyaaYNzWNIMpY6FH/FjQtF3Pof7vwbM+0stPVA4HDuPdyTE8aMauN5387K6tr6xmZhq7i9s7u37x4cNrVMFCYNLJlU7RBpwqggDUMNI+1YEcRDRlrh6Dqbtx6I0lSKezOJScDRQNCIYmSs1HOPuxyZoeLp7bTbl2OBlJLjnlvyyt4McJn4OSmBHPWe+2XNOOFEGMyQ1h3fi02QImUoZmRa7CaaxAiP0IB0LBWIEx2ks/RTeGaVPoyksk8YOFN/O1LEtZ7w0G5mWfXiLBP/m3USE1WDlIo4MUTg+aEoYdBImFUB+1QRbNjEEoQVtVkhHiKFsLGFFW0J/uKXl0mzUvYvypW7y1KtmtdRACfgFJwDH1yBGrgBddAAGDyCZ/AK3pwn58V5dz7mqytO7jkCf+B8/gBwsJXU</latexit>

K "
<latexit sha1_base64="HBkeCBnH994DG8ukynJnEy0iMpg=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFclZkq2GXBjeCmgn1AO5RMmmlD8xiSjFqG+RU3LhRx64+482/MtLPQ1gOBwzn3ck9OGDOqjed9O2vrG5tb26Wd8u7e/sGhe1TpaJkoTNpYMql6IdKEUUHahhpGerEiiIeMdMPpde53H4jSVIp7M4tJwNFY0IhiZKw0dCsDjsxE8fQ2GyQxUko+Dt2qV/PmgKvEL0gVFGgN3a/BSOKEE2EwQ1r3fS82QYqUoZiRrDxINIkRnqIx6VsqECc6SOfZM3hmlRGMpLJPGDhXf2+kiGs946GdzJPqZS8X//P6iYkaQUpFnBgi8OJQlDBoJMyLgCOqCDZsZgnCitqsEE+QQtjYusq2BH/5y6ukU6/5F7X63WW12SjqKIETcArOgQ+uQBPcgBZoAwyewDN4BW9O5rw4787HYnTNKXaOwR84nz/XR5Tt</latexit>

K0 "
<latexit sha1_base64="YDpkfM+jMhSWHsmSnhLK2AQurDI=">AAACAnicbVDLSsNAFJ34rPUVdSVugkVwVZIq2GXBjeCmgn1AE8tkOmmHzouZiVJCceOvuHGhiFu/wp1/46TtQlsPXDiccy/33hNLSrTx/W9naXlldW29sFHc3Nre2XX39ptapArhBhJUqHYMNaaE44YhhuK2VBiymOJWPLzM/dY9VpoIfmtGEkcM9jlJCILGSl33MGTQDBTLrsd3oVSE4TCVUCnx0HVLftmfwFskwYyUwAz1rvsV9gRKGeYGUah1J/CliTKoDEEUj4thqrGEaAj7uGMphwzrKJu8MPZOrNLzEqFsceNN1N8TGWRaj1hsO/OD9byXi/95ndQk1SgjXKYGczRdlKTUM8LL8/B6RGFk6MgSiBSxt3poABVExqZWtCEE8y8vkmalHJyVKzfnpVp1FkcBHIFjcAoCcAFq4ArUQQMg8AiewSt4c56cF+fd+Zi2LjmzmQPwB87nD2XPmAo=</latexit>

K0 #
<latexit sha1_base64="BBIMIGZDZh18LaYSEaGQSpCByQs=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsxUwS4LbgQ3FewDOmPJpJk2NMkMScZShi7c+CtuXCji1o9w59+YaWehrQcCh3PuIfeeIGZUacf5tgpr6xubW8Xt0s7u3v6BfXjUVlEiMWnhiEWyGyBFGBWkpalmpBtLgnjASCcYX2V+54FIRSNxp6cx8TkaChpSjLSR+nbZ40iPJE9vZvdeLCkn3iCaCCRlNOnbFafqzAFXiZuTCsjR7NtfJowTToTGDCnVc51Y+ymSmmJGZiUvUSRGeIyGpGeoQJwoP50fMYOnRhnAMJLmCQ3n6u9EirhSUx6YyWxltexl4n9eL9Fh3U+piBNNBF58FCYM6ghmjcABlQRrNjUEYUnNrhCPkERYm95KpgR3+eRV0q5V3fNq7fai0qjndRRBGZyAM+CCS9AA16AJWgCDR/AMXsGb9WS9WO/Wx2K0YOWZY/AH1ucPBQKY8Q==</latexit>

B? (T)
<latexit sha1_base64="Zi8GV/sXnZfxF5c3HGU8wBlAKbU=">AAAB/nicbVDLSgMxFM3UV62vUXHlJliEuikzVbDgpujGZYW+oDMMmTRtQ5OZkGSEMhT8FTcuFHHrd7jzb8y0s9DWA4HDOfdyT04oGFXacb6twtr6xuZWcbu0s7u3f2AfHnVUnEhM2jhmseyFSBFGI9LWVDPSE5IgHjLSDSd3md99JFLROGrpqSA+R6OIDilG2kiBfXIbeIJI4d1UPI70WPK0NbsI7LJTdeaAq8TNSRnkaAb2lzeIccJJpDFDSvVdR2g/RVJTzMis5CWKCIQnaET6hkaIE+Wn8/gzeG6UARzG0rxIw7n6eyNFXKkpD81kFlEte5n4n9dP9LDupzQSiSYRXhwaJgzqGGZdwAGVBGs2NQRhSU1WiMdIIqxNYyVTgrv85VXSqVXdy2rt4arcqOd1FMEpOAMV4IJr0AD3oAnaAIMUPINX8GY9WS/Wu/WxGC1Y+c4x+APr8weq7ZVE</latexit>

0
<latexit sha1_base64="8SPvTV/z8oIhjlRiKd59oqPvbVY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUdAelsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7a1Yp3Xak2b8r1Wh5HAc7hAq7Ag1uowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4Ad2WMrg==</latexit>

2
<latexit sha1_base64="rEHzCxvbCIUsFnb9BW4eMmFoKQI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUrA5KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvulJt3pTrtTyOApzDBVyBB7dQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBem2MsA==</latexit>

1
<latexit sha1_base64="PMMVAj56CwSF/6ga4otp5Igdjpw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzU9AalsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7a1Yp3Xak2b8r1Wh5HAc7hAq7Ag1uowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4AeOmMrw==</latexit>

3
<latexit sha1_base64="cOd0jNdVYgQWylXEoV8RErDIGho=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbBRI4kXjxCIo8ENmR2aGBkdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzto4SxbDFIhGpbkA1Ci6xZbgR2I0V0jAQ2Ammdwu/84RK80g+mFmMfkjHko84o8ZKzeqgWHLL7hJkk3gZKUGGxqD41R9GLAlRGiao1j3PjY2fUmU4Ezgv9BONMWVTOsaepZKGqP10eeicXFllSEaRsiUNWaq/J1Iaaj0LA9sZUjPR695C/M/rJWZU81Mu48SgZKtFo0QQE5HF12TIFTIjZpZQpri9lbAJVZQZm03BhuCtv7xJ2pWyVy1Xmjelei2LIw8XcAnX4MEt1OEeGtACBgjP8ApvzqPz4rw7H6vWnJPNnMMfOJ8/e/GMsQ==</latexit>

4
<latexit sha1_base64="YcnJlhsaMwnAtsw0E/0+gBbl6ng=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaRRI4kXjxCIo8ENmR2aGBkdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzto4SxbDFIhGpbkA1Ci6xZbgR2I0V0jAQ2Ammdwu/84RK80g+mFmMfkjHko84o8ZKzeqgWHLL7hJkk3gZKUGGxqD41R9GLAlRGiao1j3PjY2fUmU4Ezgv9BONMWVTOsaepZKGqP10eeicXFllSEaRsiUNWaq/J1Iaaj0LA9sZUjPR695C/M/rJWZU81Mu48SgZKtFo0QQE5HF12TIFTIjZpZQpri9lbAJVZQZm03BhuCtv7xJ2pWyd1OuNKulei2LIw8XcAnX4MEt1OEeGtACBgjP8ApvzqPz4rw7H6vWnJPNnMMfOJ8/fXWMsg==</latexit>

G (e2/h)
<latexit sha1_base64="OP8clK4xcPKuOwhurAlGjS4vU2E=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoMQL3E3Cga8BDzoMYJ5YLKG2UlvMmR2dpmZFcKSv/DiQRGv/o03/8bJ46CJBQ1FVTfdXX7MmdKO821lVlbX1jeym7mt7Z3dvfz+QUNFiaRYpxGPZMsnCjkTWNdMc2zFEknoc2z6w+uJ33xCqVgk7vUoRi8kfcECRok20sNN56qIj+WzwWk3X3BKzhT2MnHnpABz1Lr5r04vokmIQlNOlGq7Tqy9lEjNKMdxrpMojAkdkj62DRUkROWl04vH9olRenYQSVNC21P190RKQqVGoW86Q6IHatGbiP957UQHFS9lIk40CjpbFCTc1pE9ed/uMYlU85EhhEpmbrXpgEhCtQkpZ0JwF19eJo1yyT0vle8uCtXKPI4sHMExFMGFS6jCLdSgDhQEPMMrvFnKerHerY9Za8aazxzCH1ifP6thj5M=</latexit>

0
<latexit sha1_base64="8SPvTV/z8oIhjlRiKd59oqPvbVY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUdAelsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7a1Yp3Xak2b8r1Wh5HAc7hAq7Ag1uowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4Ad2WMrg==</latexit>

Valley and spin states

V
F
G
(V

)
<latexit sha1_base64="DVg31w9mruD6CyqvxVgMUDGzt/U=">AAACBHicbVDLSsNAFJ3UV62vqMtugkWom5JUwYKbgqAuK9i00IQwmU7aoTNJmJkIJWThxl9x40IRt36EO//GSRtBWw8MnDnnXu69x48pEdI0v7TSyura+kZ5s7K1vbO7p+8f2CJKOMJdFNGI930oMCUh7koiKe7HHEPmU9zzJ5e537vHXJAovJPTGLsMjkISEASlkjy9ansOg3LMWXp1nTkX9Z+fnZ14es1smDMYy8QqSA0U6Hj6pzOMUMJwKBGFQgwsM5ZuCrkkiOKs4iQCxxBN4AgPFA0hw8JNZ0dkxrFShkYQcfVCaczU3x0pZEJMma8q8xXFopeL/3mDRAYtNyVhnEgcovmgIKGGjIw8EWNIOEaSThWBiBO1q4HGkEMkVW4VFYK1ePIysZsN67TRvD2rtVtFHGVQBUegDixwDtrgBnRAFyDwAJ7AC3jVHrVn7U17n5eWtKLnEPyB9vENcGeX7Q==</latexit>

0.4
<latexit sha1_base64="cnIOYd4zpjzojFJUU5YreG5BGOQ=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt2GPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkdu53nlBpHstHM03Qj+hI8pAzaqz04FZqg1LZrbgLkHXi5aQMOZqD0ld/GLM0QmmYoFr3PDcxfkaV4UzgrNhPNSaUTegIe5ZKGqH2s8WpM3JplSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNWPczLpPUoGTLRWEqiInJ/G8y5AqZEVNLKFPc3krYmCrKjE2naEPwVl9eJ+1qxbuuVO9r5UY9j6MA53ABV+DBDTTgDprQAgYjeIZXeHOE8+K8Ox/L1g0nnzmDP3A+fwBWVI0k</latexit>

0.8
<latexit sha1_base64="BbnUNlfR1m0RfXQiCIbCoKKxlzY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqYI8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1Fjpwa3WB+WKW3UXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5easO5nXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68Ttq1qndVrd1fVxr1PI4inME5XIIHN9CAO2hCCxiM4Ble4c0Rzovz7nwsWwtOPnMKf+B8/gBcZI0o</latexit>

1.2
<latexit sha1_base64="LV5riKLYKHMZEti3AymnfpVgQsU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqYI8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD161NihX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uw7qfCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68Ttq1qndVrd1fVxr1PI4inME5XIIHN9CAO2hCCxiM4Ble4c2Rzovz7nwsWwtOPnMKf+B8/gBU0o0j</latexit>

7
<latexit sha1_base64="RR19OpAepLjQrgNOgoQGfjZ04Us=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRBI4kXjxCIo8ENmR2aGBkdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzto4SxbDFIhGpbkA1Ci6xZbgR2I0V0jAQ2Ammdwu/84RK80g+mFmMfkjHko84o8ZKzeqgWHLL7hJkk3gZKUGGxqD41R9GLAlRGiao1j3PjY2fUmU4Ezgv9BONMWVTOsaepZKGqP10eeicXFllSEaRsiUNWaq/J1Iaaj0LA9sZUjPR695C/M/rJWZU81Mu48SgZKtFo0QQE5HF12TIFTIjZpZQpri9lbAJVZQZm03BhuCtv7xJ2pWyd1OuNG9L9VoWRx4u4BKuwYMq1OEeGtACBgjP8ApvzqPz4rw7H6vWnJPNnMMfOJ8/ggGMtQ==</latexit>

8
<latexit sha1_base64="98vXbblF3vCEEHTXEBsnLpgeEn4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUrA1KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvulJt3pTrtTyOApzDBVyBB7dQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBg4WMtg==</latexit>

7.5
<latexit sha1_base64="CBCOAPwD5rqKz7cutsSG353ylOU=">AAAB6nicbVBNSwMxEJ2tX7V+VT16CRbB07JblfZY8OKxov2AdinZNNuGZpMlyQpl6U/w4kERr/4ib/4b03YP2vpg4PHeDDPzwoQzbTzv2ylsbG5t7xR3S3v7B4dH5eOTtpapIrRFJJeqG2JNORO0ZZjhtJsoiuOQ0044uZ37nSeqNJPi0UwTGsR4JFjECDZWeqi5N4NyxXO9BdA68XNSgRzNQfmrP5QkjakwhGOte76XmCDDyjDC6azUTzVNMJngEe1ZKnBMdZAtTp2hC6sMUSSVLWHQQv09keFY62kc2s4Ym7Fe9ebif14vNVE9yJhIUkMFWS6KUo6MRPO/0ZApSgyfWoKJYvZWRMZYYWJsOiUbgr/68jppV13/yq3eX1ca9TyOIpzBOVyCDzVowB00oQUERvAMr/DmcOfFeXc+lq0FJ585hT9wPn8AYoKNLA==</latexit>

8.5
<latexit sha1_base64="rPQGSeNNNbDpUapSVaCaHc181rc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4CklV7LHgxWNF+wFtKJvtpl262YTdiVBKf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXplIY9LxvZ219Y3Nru7BT3N3bPzgsHR03TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4Wj25nfeuLaiEQ94jjlQUwHSkSCUbTSQ9W97pXKnuvNQVaJn5My5Kj3Sl/dfsKymCtkkhrT8b0UgwnVKJjk02I3MzylbEQHvGOpojE3wWR+6pScW6VPokTbUkjm6u+JCY2NGceh7YwpDs2yNxP/8zoZRtVgIlSaIVdssSjKJMGEzP4mfaE5Qzm2hDIt7K2EDammDG06RRuCv/zyKmlWXP/SrdxflWvVPI4CnMIZXIAPN1CDO6hDAxgM4Ble4c2Rzovz7nwsWtecfOYE/sD5/AFkCI0t</latexit>

First shell
4 states

Eich, M. et al. Phys. Rev. X 8, 031023 (2018).



Tunable valley splitting: effect of Berry curvature

K

�Ev = gvµBB?
<latexit sha1_base64="ma30nBzzF2KRsQb8srqc87RkpZ8=">AAACIHicbVDLSgMxFM3UV62vqks3wSK4KjNVaDdCqQouK9gHdMqQSW/b0GRmSDKFMvRT3Pgrblwoojv9GtMHUlsPBM49515y7/EjzpS27S8rtba+sbmV3s7s7O7tH2QPj+oqjCWFGg15KJs+UcBZADXNNIdmJIEIn0PDH1xP/MYQpGJh8KBHEbQF6QWsyyjRRvKyRfcGuCb41nMF0X0pkuEYX+HeQumK+LeqjCueG4GMvGzOzttT4FXizEkOzVH1sp9uJ6SxgEBTTpRqOXak2wmRmlEO44wbK4gIHZAetAwNiADVTqYHjvGZUTq4G0rzAo2n6uJEQoRSI+GbzsmiatmbiP95rVh3S+2EBVGsIaCzj7oxxzrEk7Rwh0mgmo8MIVQysyumfSIJ1SbTjAnBWT55ldQLeeciX7i/zJVL8zjS6ASdonPkoCIqoztURTVE0SN6Rq/ozXqyXqx362PWmrLmM8foD6zvHxxjpC4=</latexit>

Tong, C. et al,
Nano Lett. 21, 1068–1073 (2021).

Magnetization

0
<latexit sha1_base64="8SPvTV/z8oIhjlRiKd59oqPvbVY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUdAelsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7a1Yp3Xak2b8r1Wh5HAc7hAq7Ag1uowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4Ad2WMrg==</latexit>

1
<latexit sha1_base64="PMMVAj56CwSF/6ga4otp5Igdjpw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzU9AalsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7a1Yp3Xak2b8r1Wh5HAc7hAq7Ag1uowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4AeOmMrw==</latexit>

B? (T)
<latexit sha1_base64="Zi8GV/sXnZfxF5c3HGU8wBlAKbU=">AAAB/nicbVDLSgMxFM3UV62vUXHlJliEuikzVbDgpujGZYW+oDMMmTRtQ5OZkGSEMhT8FTcuFHHrd7jzb8y0s9DWA4HDOfdyT04oGFXacb6twtr6xuZWcbu0s7u3f2AfHnVUnEhM2jhmseyFSBFGI9LWVDPSE5IgHjLSDSd3md99JFLROGrpqSA+R6OIDilG2kiBfXIbeIJI4d1UPI70WPK0NbsI7LJTdeaAq8TNSRnkaAb2lzeIccJJpDFDSvVdR2g/RVJTzMis5CWKCIQnaET6hkaIE+Wn8/gzeG6UARzG0rxIw7n6eyNFXKkpD81kFlEte5n4n9dP9LDupzQSiSYRXhwaJgzqGGZdwAGVBGs2NQRhSU1WiMdIIqxNYyVTgrv85VXSqVXdy2rt4arcqOd1FMEpOAMV4IJr0AD3oAnaAIMUPINX8GY9WS/Wu/WxGC1Y+c4x+APr8weq7ZVE</latexit>

0
<latexit sha1_base64="8SPvTV/z8oIhjlRiKd59oqPvbVY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUdAelsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7a1Yp3Xak2b8r1Wh5HAc7hAq7Ag1uowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4Ad2WMrg==</latexit>

1
<latexit sha1_base64="PMMVAj56CwSF/6ga4otp5Igdjpw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzU9AalsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7a1Yp3Xak2b8r1Wh5HAc7hAq7Ag1uowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4AeOmMrw==</latexit>

B? (T)
<latexit sha1_base64="Zi8GV/sXnZfxF5c3HGU8wBlAKbU=">AAAB/nicbVDLSgMxFM3UV62vUXHlJliEuikzVbDgpujGZYW+oDMMmTRtQ5OZkGSEMhT8FTcuFHHrd7jzb8y0s9DWA4HDOfdyT04oGFXacb6twtr6xuZWcbu0s7u3f2AfHnVUnEhM2jhmseyFSBFGI9LWVDPSE5IgHjLSDSd3md99JFLROGrpqSA+R6OIDilG2kiBfXIbeIJI4d1UPI70WPK0NbsI7LJTdeaAq8TNSRnkaAb2lzeIccJJpDFDSvVdR2g/RVJTzMis5CWKCIQnaET6hkaIE+Wn8/gzeG6UARzG0rxIw7n6eyNFXKkpD81kFlEte5n4n9dP9LDupzQSiSYRXhwaJgzqGGZdwAGVBGs2NQRhSU1WiMdIIqxNYyVTgrv85VXSqVXdy2rt4arcqOd1FMEpOAMV4IJr0AD3oAnaAIMUPINX8GY9WS/Wu/WxGC1Y+c4x+APr8weq7ZVE</latexit>

0
<latexit sha1_base64="8SPvTV/z8oIhjlRiKd59oqPvbVY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUdAelsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7a1Yp3Xak2b8r1Wh5HAc7hAq7Ag1uowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4Ad2WMrg==</latexit>

1
<latexit sha1_base64="PMMVAj56CwSF/6ga4otp5Igdjpw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzU9AalsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7a1Yp3Xak2b8r1Wh5HAc7hAq7Ag1uowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4AeOmMrw==</latexit>

2
<latexit sha1_base64="rEHzCxvbCIUsFnb9BW4eMmFoKQI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUrA5KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvulJt3pTrtTyOApzDBVyBB7dQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBem2MsA==</latexit> gv = 29± 2

<latexit sha1_base64="nYpLW3xBBakEJr4Vok3Ib1w06S4=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwVWaqYF0IBTcuK9gHdIYhk2ba0CQzJJlCHYq/4saFIm79D3f+jZl2Ftp6IHA4517uyQkTRpV2nG9rZXVtfWOztFXe3tnd27cPDtsqTiUmLRyzWHZDpAijgrQ01Yx0E0kQDxnphKPb3O+MiVQ0Fg96khCfo4GgEcVIGymwjweBx5EeSp6Npze1ay/hsBbYFafqzACXiVuQCijQDOwvrx/jlBOhMUNK9Vwn0X6GpKaYkWnZSxVJEB6hAekZKhAnys9m6afwzCh9GMXSPKHhTP29kSGu1ISHZjJPqha9XPzP66U6qvsZFUmqicDzQ1HKoI5hXgXsU0mwZhNDEJbUZIV4iCTC2hRWNiW4i19eJu1a1b2o1u4vK416UUcJnIBTcA5ccAUa4A40QQtg8AiewSt4s56sF+vd+piPrljFzhH4A+vzB8BYlLk=</latexit>

gv = 74± 7
<latexit sha1_base64="pUDEqqwMbDQbSa+9M/yjLgAvcsg=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzJTC+1GKLhxWcE+oDMMmTRtQ5PMkGQKdSj+ihsXirj1P9z5N2baWWjrgcDhnHu5JyeMGVXacb6twsbm1vZOcbe0t39weGQfn3RUlEhM2jhikeyFSBFGBWlrqhnpxZIgHjLSDSe3md+dEqloJB70LCY+RyNBhxQjbaTAPhsFHkd6LHk6nd/Ua17MYT2wy07FWQCuEzcnZZCjFdhf3iDCCSdCY4aU6rtOrP0USU0xI/OSlygSIzxBI9I3VCBOlJ8u0s/hpVEGcBhJ84SGC/X3Roq4UjMemsksqVr1MvE/r5/oYcNPqYgTTQReHhomDOoIZlXAAZUEazYzBGFJTVaIx0girE1hJVOCu/rlddKpVtzrSvW+Vm428jqK4BxcgCvggjpogjvQAm2AwSN4Bq/gzXqyXqx362M5WrDynVPwB9bnD8fxlL4=</latexit>

larger dotsmaller dot

E
(m

eV
)

<latexit sha1_base64="WLQ+UIZjRYp0sX5xTqh0XZs/5p4=">AAAB+nicbVDLSgMxFM3UV62vqS7dBItQN2WmChbcFERwWcE+oDOUTJppQ5PMkGSUMvZT3LhQxK1f4s6/MdPOQlsPBA7n3Ms9OUHMqNKO820V1tY3NreK26Wd3b39A7t82FFRIjFp44hFshcgRRgVpK2pZqQXS4J4wEg3mFxnfveBSEUjca+nMfE5GgkaUoy0kQZ2+ca7qnoc6bHkKSed2dnArjg1Zw64StycVECO1sD+8oYRTjgRGjOkVN91Yu2nSGqKGZmVvESRGOEJGpG+oQJxovx0Hn0GT40yhGEkzRMaztXfGyniSk15YCazkGrZy8T/vH6iw4afUhEnmgi8OBQmDOoIZj3AIZUEazY1BGFJTVaIx0girE1bJVOCu/zlVdKp19zzWv3uotJs5HUUwTE4AVXggkvQBLegBdoAg0fwDF7Bm/VkvVjv1sditGDlO0fgD6zPH4l2k4E=</latexit> K



Quantum dot with integrated charge sensor

Gächter, L. M. and Garreis R. et al,
PRX Quantum 3, 020343 (2022).

Single quantum dot
with charge sensor



Spin-orbit coupling
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|K #i , |K 0 "i
<latexit sha1_base64="Ox6lTsXHyoyrr/XvBbMrnsB1o9M="></latexit>

|K "i , |K 0 #i
<latexit sha1_base64="wLqqpaBXix5m5SPP8SxF0EBjq5E="></latexit>

�SO
<latexit sha1_base64="vyYglC89Ps4MJvqu8fBTSKb/VrE="></latexit>

Data: Christoph Adam
(unpublished)

see also:
Kurzmann, A. et al,
Nat Commun 12, 6004 (2021).

�SO = (73± 5) µeV
<latexit sha1_base64="iEDPdF4e702TblR3KZQROWGTdyU="></latexit>

Zero magnetic field spin-splitting Kane, C. L. & Mele,
Phys. Rev. Lett. 95, (2005).



One-hole energy spectrum (perp. field)

N=0N=1
�SO

<latexit sha1_base64="vyYglC89Ps4MJvqu8fBTSKb/VrE="></latexit>

Data: Christoph Adam
(unpublished)

|K "i
<latexit sha1_base64="sYYA0vIjt2ZrpETGUc8tDInxalI=">AAACC3icdVDLSsNAFJ3UV62PRl26GSyCq5DUQttdwY3gpoJthSaUyXTSDp08mIdSQj/BL3CrX+BO3PoRfoD/4SSNYEUPXDiccy/33uMnjApp2x9GaW19Y3OrvF3Z2d3br5oHh30RK45JD8cs5rc+EoTRiPQklYzcJpyg0Gdk4M8uMn9wR7igcXQj5wnxQjSJaEAxkloamVV3RmR65aoEcR7fL0ZmzbbaOeCSNBsFaTvQsewcNVCgOzI/3XGMVUgiiRkSYujYifRSxCXFjCwqrhIkQXiGJmSoaYRCIrw0P3wBT7UyhkHMdUUS5urPiRSFQsxDX3eGSE7Fby8T//KGSgYtL6VRoiSJ8HJRoBiUMcxSgGPKCZZsrgnCnOpbIZ4ijrDUWa1s8TnSCWW5fD8P/yf9uuWcW/XrRq3TKhIqg2NwAs6AA5qgAy5BF/QABgo8gifwbDwYL8ar8bZsLRnFzBFYgfH+BUTxnHU=</latexit> |K #i

<latexit sha1_base64="VtvvlJOIAjjLBb9ZEn5OCgIGkJo=">AAACDXicdVDLSsNAFJ3UV62vVJduBovgKiS10HZXcCO4qWAf0IYymU7aoZNJmJlYSug3+AVu9QvciVu/wQ/wP5ykEazogYHDOfdw7xwvYlQq2/4wChubW9s7xd3S3v7B4ZFZPu7KMBaYdHDIQtH3kCSMctJRVDHSjwRBgcdIz5tdpX7vnghJQ36nFhFxAzTh1KcYKS2NzPJwRlRyMxyHc46ECOfLkVmxrWYGuCL1Wk6aDnQsO0MF5GiPzE+dxnFAuMIMSTlw7Ei5CRKKYkaWpWEsSYTwDE3IQFOOAiLdJDt9Cc+1MoZ+KPTjCmbqz0SCAikXgacnA6Sm8reXin95g1j5DTehPIoV4Xi1yI8ZVCFMe4BjKghWbKEJwoLqWyGeIoGw0m2tbfEE0h2lvXx/Hv5PulXLubSqt7VKq5E3VASn4AxcAAfUQQtcgzboAAzm4BE8gWfjwXgxXo231WjByDMnYA3G+xfrXZ1c</latexit>

|K 0 #i
<latexit sha1_base64="rpxJLsSJOAIUhkKb6FZk2dCT/jQ=">AAACDnicdVDLSsNAFJ3UV62vWJduBovoKiS10HZXcCO4qWAf0IYymU7aoZNJmJlYS+g/+AVu9QvciVt/wQ/wP5y0EazogYHDOfdw7xwvYlQq2/4wcmvrG5tb+e3Czu7e/oF5WGzLMBaYtHDIQtH1kCSMctJSVDHSjQRBgcdIx5tcpn7njghJQ36rZhFxAzTi1KcYKS0NzGJ/QlRyfdYfhlOOhAin84FZsq36AnBJqpWM1B3oWPYCJZChOTA/dRrHAeEKMyRlz7Ej5SZIKIoZmRf6sSQRwhM0Ij1NOQqIdJPF7XN4qpUh9EOhH1dwof5MJCiQchZ4ejJAaix/e6n4l9eLlV9zE8qjWBGOl4v8mEEVwrQIOKSCYMVmmiAsqL4V4jESCCtd18oWTyBdUtrL9+fh/6RdtpwLq3xTKTVqWUN5cAxOwDlwQBU0wBVoghbA4B48gifwbDwYL8ar8bYczRlZ5giswHj/AlK2nY0=</latexit>

|K 0 "i
<latexit sha1_base64="6pfH8jMsrdnkSiIYb5wJt9I5AOI=">AAACDHicdVDLSsNAFJ3UV62vqEs3g0V0VZJaaLsruBHcVLAPaEKZTCft0EkmzEwqJfQX/AK3+gXuxK3/4Af4H07SCFb0wIXDOfdy7z1exKhUlvVhFNbWNza3itulnd29/QPz8KgreSww6WDOuOh7SBJGQ9JRVDHSjwRBgcdIz5tepX5vRoSkPLxT84i4ARqH1KcYKS0NTdOZEpXcnDtxhITg94uhWbYqzQxwSeq1nDRtaFesDGWQoz00P50Rx3FAQoUZknJgW5FyEyQUxYwsSk4sSYTwFI3JQNMQBUS6SXb5Ap5pZQR9LnSFCmbqz4kEBVLOA093BkhN5G8vFf/yBrHyG25CwyhWJMTLRX7MoOIwjQGOqCBYsbkmCAuqb4V4ggTCSoe1ssUTSEeU5vL9PPyfdKsV+7JSva2VW408oSI4AafgAtigDlrgGrRBB2AwA4/gCTwbD8aL8Wq8LVsLRj5zDFZgvH8Bq+mcpg==</latexit>
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VSD = 200µV
<latexit sha1_base64="w4C5nyPLEsiiYxzyO4a/M8NVSCI="></latexit>
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d
et
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V
p
g

<latexit sha1_base64="OHtpZhG1k9njxymQ89XVe/u0WAE=">AAACL3icbVDLSsNAFJ34rPVVdSlIsAiualIFuyy40V0F+4A2hMlk0g6dTMLMjVhCdn6NO9F/ETfi1l9w5aQtYlsPDJx7zr3cO8eLOVNgWe/G0vLK6tp6YaO4ubW9s1va22+pKJGENknEI9nxsKKcCdoEBpx2Yklx6HHa9oZXud++p1KxSNzBKKZOiPuCBYxg0JJbOvJv3F6IYSDD1KeQnfmt3zruZ26pbFWsMcxFYk9JGU3RcEvfPT8iSUgFEI6V6tpWDE6KJTDCaVbsJYrGmAxxn3Y1FTikyknH/8jME634ZhBJ/QSYY/XvRIpDpUahpzvzE9W8l4v/ed0EgpqTMhEnQAWZLAoSbkJk5qGYPpOUAB9pgolk+laTDLDEBHR0M1s8iYc6phlNsUQweMjDsuejWSStasU+r1RvL8r12jS2AjpEx+gU2egS1dE1aqAmIugRPaEX9Go8G2/Gh/E5aV0ypjMHaAbG1w/d2atU</latexit>



One-hole energy spectrum

|K "i , |K 0 #i
<latexit sha1_base64="9lNNL3BT5+K2isYnMjz7HS39VYc=">AAACHnicbVDNSgMxGMzWv1r/Vj16WVpED1J2q2CPBS+Clwr2B7pLyabZNjSbLEnWUpbefQyfwKs+gTfxqg/ge5jt7sG2DgQmM9/wJeNHlEhl299GYW19Y3OruF3a2d3bPzAPj9qSxwLhFuKUi64PJaaE4ZYiiuJuJDAMfYo7/vgm9TuPWEjC2YOaRtgL4ZCRgCCotNQ3y+4Yq+TOjSMoBJ/MLrL7mTvgE5ZJfbNiV+05rFXi5KQCcjT75o9OozjETCEKpew5dqS8BApFEMWzkhtLHEE0hkPc05TBEEsvmf9lZp1qZWAFXOjDlDVX/yYSGEo5DX09GUI1ksteKv7n9WIV1L2EsChWmKFsURBTS3ErLcYaEIGRolNNIBJEv9VCIyggUrq+hS2+gLqktBdnuYVV0q5Vnctq7f6q0qjnDRXBCSiDc+CAa9AAt6AJWgCBJ/ACXsGb8Wy8Gx/GZzZaMPLMMViA8fULuvOkFQ==</latexit>

|K #i , |K 0 "i
<latexit sha1_base64="Eg4QdKAAfrH+tPJM7PYavg9mnbk=">AAACHnicbZDLSsNAFIYn9VbrLerSTWgRXUhJqmCXBTeCmwr2Ak0ok+mkHTqZCTMTSwnd+xg+gVt9AnfiVh/A93DSZGFbDwz8fP85c2Z+P6JEKtv+Ngpr6xubW8Xt0s7u3v6BeXjUljwWCLcQp1x0fSgxJQy3FFEUdyOBYehT3PHHN6nfecRCEs4e1DTCXgiHjAQEQaVR3yy7Y6ySO3fAJwwKwSezi4ycuXGUgb5Zsav2vKxV4eSiAvJq9s0ffR2KQ8wUolDKnmNHykugUARRPCu5scQRRGM4xD0tGQyx9JL5X2bWqSYDK+BCH6asOf07kcBQymno684QqpFc9lL4n9eLVVD3EsKiWGGGskVBTC3FrTQYa0AERopOtYBIEP1WC42ggEjp+Ba2+ALqiNJcnOUUVkW7VnUuq7X7q0qjnidUBCegDM6BA65BA9yCJmgBBJ7AC3gFb8az8W58GJ9Za8HIZ47BQhlfv7uypBU=</latexit>

B?
<latexit sha1_base64="j5In2XSeNhj2Tft2jNrv+xba7gs=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgKexGwRyDXjxGMA9IljA76U2GnZ0dZmaFsOTkF3jVL/AmXv0SP8D/cJLswSQWNBRV3XR3BZIzbVz32ylsbG5t7xR3S3v7B4dH5eOTtk5SRaFFE56obkA0cCagZZjh0JUKSBxw6ATR3czvPIHSLBGPZiLBj8lIsJBRYqzUuR30JSg5KFfcqjsHXideTiooR3NQ/ukPE5rGIAzlROue50rjZ0QZRjlMS/1UgyQ0IiPoWSpIDNrP5udO8YVVhjhMlC1h8Fz9O5GRWOtJHNjOmJixXvVm4n9eLzVh3c+YkKkBQReLwpRjk+DZ73jIFFDDJ5YQqpi9FdMxUYQam9DSlkCRCMzU5uKtprBO2rWqd1WtPVxXGvU8oSI6Q+foEnnoBjXQPWqiFqIoQi/oFb05z8678+F8LloLTj5zipbgfP0C40+Xxg==</latexit>

Bk
<latexit sha1_base64="SXQb5uTEEwMY8uDRXH2VcEv6lTU=">AAACBXicbVDLSgNBEJyNrxhfUY9eBoPgKexGwRyDXjxGMA/YLGF20psMmZ1ZZmaFsOTsF3jVL/AmXv0OP8D/cJLswSQWNBRV3XR3hQln2rjut1PY2Nza3inulvb2Dw6PyscnbS1TRaFFJZeqGxINnAloGWY4dBMFJA45dMLx3czvPIHSTIpHM0kgiMlQsIhRYqzk3/Z7CVGEc+D9csWtunPgdeLlpIJyNPvln95A0jQGYSgnWvuem5ggI8owymFa6qUaEkLHZAi+pYLEoINsfvIUX1hlgCOpbAmD5+rfiYzEWk/i0HbGxIz0qjcT//P81ET1IGMiSQ0IulgUpRwbiWf/4wFTQA2fWEKoYvZWTEc2AmpsSktbQkXGYKY2F281hXXSrlW9q2rt4brSqOcJFdEZOkeXyEM3qIHuURO1EEUSvaBX9OY8O+/Oh/O5aC04+cwpWoLz9QsKGpmE</latexit>

�so
<latexit sha1_base64="i4tMiZpQMLJajokIw+0zE0G21Is=">AAACDnicbVDLSsNAFJ3UV62vWJdugkVwVZIq2GVBFy4r2Ac0IUymN+3QyYOZG7GE/oNf4Fa/wJ249Rf8AP/DpM3Cth64cDjnXu7heLHgCk3zWyttbG5t75R3K3v7B4dH+nG1q6JEMuiwSESy71EFgofQQY4C+rEEGngCet7kJvd7jyAVj8IHnMbgBHQUcp8zipnk6lX7FgRS1w4ojmWQqmjm6jWzbs5hrBOrIDVSoO3qP/YwYkkAITJBlRpYZoxOSiVyJmBWsRMFMWUTOoJBRkMagHLSefaZcZ4pQ8OPZDYhGnP170VKA6WmgZdt5hHVqpeL/3mDBP2mk/IwThBCtnjkJ8LAyMiLMIZcAkMxzQhlkmdZDTamkjLM6lr64kk6Acx7sVZbWCfdRt26rDfur2qtZtFQmZySM3JBLHJNWuSOtEmHMPJEXsgredOetXftQ/tcrJa04uaELEH7+gWduZ0V</latexit>

|K "i
<latexit sha1_base64="v5pJTc3JhIqvUuMfWN1JvB+3nfo=">AAACC3icbZBLSgNBEIZ74ivGR0ZdumkMgqswEwWzDLgR3EQwD8gMoafTSZr0dA/9UMKQI3gCt3oCd+LWQ3gA72FPMguT+EPBz19VVPFFCaNKe963U9jY3NreKe6W9vYPDsvu0XFbCSMxaWHBhOxGSBFGOWlpqhnpJpKgOGKkE01usn7nkUhFBX/Q04SEMRpxOqQYaRv13XIwITq9C0yCpBRPs75b8areXHDd+LmpgFzNvvsTDAQ2MeEaM6RUz/cSHaZIaooZmZUCo0iC8ASNSM9ajmKiwnT++Aye22QAh0La4hrO078bKYqVmsaRnYyRHqvVXhb+1+sZPayHKeWJ0YTjxaGhYVALmFGAAyoJ1mxqDcKS2l8hHiOJsLaslq5EEllCGRd/lcK6adeq/mW1dn9VadRzQkVwCs7ABfDBNWiAW9AELYCBAS/gFbw5z8678+F8LkYLTr5zApbkfP0CZM6b4g==</latexit>

|K #i
<latexit sha1_base64="CwX8dZrIZWwtiVrRJ0h3E1awW08=">AAACDXicbVDLSsNAFJ34rPWV6tLNYBFclaQKdllwI7ipYB/QhjKZTtqhk0mYubGU0G/wC9zqF7gTt36DH+B/OGmzsK0HLhzOuYd7OX4suAbH+bY2Nre2d3YLe8X9g8OjY7t00tJRoihr0khEquMTzQSXrAkcBOvEipHQF6ztj28zv/3ElOaRfIRpzLyQDCUPOCVgpL5d6o0ZpPe9QTSRRKloMuvbZafizIHXiZuTMsrR6Ns/Jk2TkEmggmjddZ0YvJQo4FSwWbGXaBYTOiZD1jVUkpBpL52/PsMXRhngIFJmJOC5+jeRklDraeibzZDASK96mfif100gqHkpl3ECTNLFoSARGCKc9YAHXDEKYmoIoYqbXzEdEUUomLaWrviKmI6yXtzVFtZJq1pxryrVh+tyvZY3VEBn6BxdIhfdoDq6Qw3URBRN0At6RW/Ws/VufVifi9UNK8+coiVYX78LSZzJ</latexit>

|K 0 #i
<latexit sha1_base64="XhRImtI1bXxfd7B5vORUTeOEsoQ=">AAACDnicbVDLTsJAFJ3iC/FVcelmIjG6Ii2ayJLEjYkbTARMoCHTYQoTptNm5lYkDf/gF7jVL3Bn3PoLfoD/4QBdCHiSm5ycc0/uzfFjwTU4zreVW1vf2NzKbxd2dvf2D+zDYlNHiaKsQSMRqQefaCa4ZA3gINhDrBgJfcFa/vB66rcemdI8kvcwjpkXkr7kAacEjNS1i50hg/T2rNOLRpIoFY0mXbvklJ0Z8CpxM1JCGepd+8ekaRIyCVQQrduuE4OXEgWcCjYpdBLNYkKHpM/ahkoSMu2ls98n+NQoPRxEyowEPFP/JlISaj0OfbMZEhjoZW8q/ue1EwiqXsplnACTdH4oSASGCE+LwD2uGAUxNoRQxc2vmA6IIhRMXQtXfEVMSdNe3OUWVkmzUnYvypW7y1KtmjWUR8foBJ0jF12hGrpBddRAFD2hF/SK3qxn6936sD7nqzkryxyhBVhfv3KTnPo=</latexit>

|K 0 "i
<latexit sha1_base64="xjhaVauV8ixGaZ09HC6XOU96xbw=">AAACDHicbZDLSsNAFIZPvNZ6i7p0M1hEVyWpgl0W3AhuKtgLNKFMppN26CQTZiaVEvoKPoFbfQJ34tZ38AF8D6dtFrb1hwM//zmHc/iChDOlHefbWlvf2NzaLuwUd/f2Dw7to+OmEqkktEEEF7IdYEU5i2lDM81pO5EURwGnrWB4O+23RlQqJuJHPU6oH+F+zEJGsDZR17a9IdXZ/YWXJlhK8TTp2iWn7MyEVo2bmxLkqnftH68nSBrRWBOOleq4TqL9DEvNCKeTopcqmmAyxH3aMTbGEVV+Nvt8gs5N0kOhkKZijWbp340MR0qNo8BMRlgP1HJvGv7X66Q6rPoZi5NU05jMD4UpR1qgKQbUY5ISzcfGYCKZ+RWRAZaYaANr4UogsUE05eIuU1g1zUrZvSpXHq5LtWpOqACncAaX4MIN1OAO6tAAAiN4gVd4s56td+vD+pyPrln5zgksyPr6BcvGnBM=</latexit>E

<latexit sha1_base64="A9ujb19bex/GOycgen9DF1XQDoM=">AAACEHicbVDLSgNBEJz1GeMr6lGQxSB4CrvxYG4GRPCYgHlAEsLspDcZMju7zPSKYcnRkzfRf8lJ8eof+A3+gScnj4NJLGgoqrrp7vIiwTU6zpe1srq2vrGZ2kpv7+zu7WcODqs6jBWDCgtFqOoe1SC4hApyFFCPFNDAE1Dz+tdjv3YPSvNQ3uEgglZAu5L7nFE0Uvmmnck6OWcCe5m4M5K9ehuVvx9PRqV25qfZCVkcgEQmqNYN14mwlVCFnAkYppuxhoiyPu1Cw1BJA9CtZHLo0D4zSsf2Q2VKoj1R/04kNNB6EHimM6DY04veWPzPa8ToF1oJl1GMINl0kR8LG0N7/LXd4QoYioEhlClubrVZjyrK0GQzt0XzWHJ8mHsk8RTtAw5NWO5iNMukms+5F7l82ckWC2SKFDkmp+ScuOSSFMktKZEKYQTIE3khr9azNbLerY9p64o1mzkic7A+fwEe1KJs</latexit>



Spin-relaxation measurement:
                                                Elzerman read-out

Gächter, L. M. and Garreis R. et al,
PRX Quantum 3, 020343 (2022).

Technique:
Elzerman, J. M. et al,
Nature 430, 431–435 (2004).

time

charge detector signal

30ms
<latexit sha1_base64="8wheUYCDwotFF8gT5rVJzNufSGc=">AAACInicbZDLSsNAFIZn6q3eW126CRbBjSVpBbsRCm50p2hVSINMpid26GQSZs6IJfQx3OrGp3EnrgQfxqR2Yas/DHz85zKHP0ylMOi6n7Q0N7+wuFReXlldW9/YrFS3rk1iNYcOT2Sib0NmQAoFHRQo4TbVwOJQwk04OCnqNw+gjUjUFQ5TCGJ2r0QkOMPc8ruXZ1nTHWWxGd1Vam7dHcv5C94EamSi87sqpd1ewm0MCrlkxviem2KQMY2CSxitdK2BlPEBuwc/R8ViMEE2vnnk7OVOz4kSnT+Fztj9PZGx2JhhHOadMcO+ma0V5n8132LUCjKhUoug+M9HkZUOJk4RgNMTGjjKYQ6Ma5Hf6vA+04xjHtPUpoI0QziwioNGJhQOj1FbCDIjrBL4WITmzUb0F64bda9Zb1wc1tqtSXxlskN2yT7xyBFpk1NyTjqEk4Q8kWfyQl/pG32nHz+tJTqZ2SZTol/f6MOknA==</latexit>



Spin-relaxation times

Electrical read-out fidelity: >99%

Histogram of detector voltage
during read phase

Number of detected blips
as a function of load time

Spin decay rates
for different magnetic fields

T1 = 50ms
<latexit sha1_base64="m+l7HbjM4gIKGwNMsmpCvCv3R5w=">AAACInicbVDLSgNBEJz1GaPRjR69DIaAp7AbEXMRAoLoLWJekIQwO5kkQ2Znl5leNSz5FG8S/8OjN/Ek+CWenDwOJrGgoajqprvLCwXX4Dhf1tr6xubWdmInubuX2j+w04dVHUSKsgoNRKDqHtFMcMkqwEGweqgY8T3Bat7gauLXHpjSPJBlGIas5ZOe5F1OCRipbafLbRdf4ub9bXzujGJfj9p2xsk5U+BV4s5Jpph6i7LXyXGpbf80OwGNfCaBCqJ1w3VCaMVEAaeCjZLNSLOQ0AHpsYahkvhMt+Lp6SOcNUoHdwNlSgKeqn8nYuJrPfQ90+kT6OtlbyL+5zUi6BZaMZdhBEzS2aJuJDAEeJID7nDFKIihIYQqbm7FtE8UoWDSWtiieSQ5PC08EnuKDBhMwnKXo1kl1XzOPcvl70xqBTRDAh2jE3SKXHSBiugGlVAFUfSIntEYvVov1rv1YX3OWtes+cwRWoD1/Qtli6bZ</latexit>

Largest spin relaxation time:                                at B = 1.7T
<latexit sha1_base64="O+RiWUaeuQskE4hymI9BQLGqLa4=">AAACIHicbVC7TgJBFJ3FF+KDVUsTM5GYWJFdLKAxEm20g8grAUJmhwEmzM5uZu4ayYbSr7Az+g9U1nbGUn/BP7ByeRQCnuQmJ+fcm3vvcXzBNVjWpxFbWV1b34hvJra2d3aT5t5+RXuBoqxMPeGpmkM0E1yyMnAQrOYrRlxHsKrTvxr71TumNPdkCQY+a7qkK3mHUwKR1DKTl/gcN25vQjudHYalYctMWWlrArxM7BlJXbyOit8PR6NCy/xptD0auEwCFUTrum350AyJAk4FGyYagWY+oX3SZfWISuIy3Qwnhw/xSaS0ccdTUUnAE/XvREhcrQeuE3W6BHp60RuL/3n1ADq5ZsilHwCTdLqoEwgMHh6ngNtcMQpiEBFCFY9uxbRHFKEQZTW3RfNAcrifeyR0FOkzGIdlL0azTCqZtH2WzhStVD6HpoijQ3SMTpGNsiiPrlEBlRFFAXpEz+jFeDLejHfjY9oaM2YzB2gOxtcv7Z+ndQ==</latexit>

Gächter, L. M. and Garreis R. et al,
PRX Quantum 3, 020343 (2022).



Two-hole ground and excited states

Two-hole ground state:
Spin triplet!

Triplet–Singlet splitting

�Eexch = 350µeV
<latexit sha1_base64="D8mkOo8V6RstjP3NyxvDsz8iltk="></latexit>

Kurzmann, A. et al,
Phys. Rev. Lett. 123, 026803 (2019).

at B = 0
<latexit sha1_base64="YytHJJ70N09+5gQe/G/4BsRyeN4=">AAACKHicbZDLSgMxFIYT73erLt0Eq+DGMlMF3RSKblwqWBXaoZxJTzWYyQzJiViGPolb3fg07sStT+JM7cLbD4GP/1xy+ONMK0dB8M4nJqemZ2bn5hcWl5ZXVitr65cu9VZiS6Y6tdcxONTKYIsUabzOLEISa7yK707K+tU9WqdSc0GDDKMEbozqKwlUWN3KaieJ04ccSGwfN4LtYbdSDWrBSOIvhGOosrHOumucd3qp9Akakhqca4dBRlEOlpTUOFzoeIcZyDu4wXaBBhJ0UT66fCh2Cqcn+qktniExcr9P5JA4N0jiojMBunW/a6X5X63tqX8U5cpkntDIr4/6XgtKRRmD6CmLkvSgAJBWFbcKeQsWJBVh/dhUkgXCPW8kWgJlaNAg6zHKnfJG0UMZWvg7or9wWa+F+7X6+UG1eTSOb45tsi22y0J2yJrslJ2xFpPMs0f2xJ75C3/lb/z9q3WCj2c22A/xj09ovaXA</latexit>



Single-dot two-hole energy spectrum

|SvT
�
s i

<latexit sha1_base64="uKxNcbJdxdNB4JT2qAbw+pSwmag=">AAACMXicbVA9SwNBEN3z+9uojWCzKIKN4S6KWgo2lorGBHLx2NtskiW7e8fuXDAcVwn+GjvR/2FpJ7b+Ayv3kiAm+mDg8d4MM/PCWHADrvvmTExOTc/Mzs0vLC4tr6wW1tZvTJRoyso0EpGuhsQwwRUrAwfBqrFmRIaCVcLOWe5XukwbHqlr6MWsLklL8SanBKwUFLDfYZBeBb4k0NYy7WbXP9xkt/tZUNhxi24f+C/xhmTndPMIXunh/UVQ+PIbEU0kU0AFMabmuTHUU6KBU8GyBT8xLCa0Q1qsZqkikpl62v8kw7tWaeBmpG0pwH3190RKpDE9GdrO/Egz7uXif14tgeZJPeUqToApOljUTASGCOex4AbXjILoWUKo5vZWTNtEEwo2vJEthieKw93II2moic0xD8sbj+YvuSkVvYNi6dKmdoIGmENbaBvtIQ8do1N0ji5QGVH0gB7RM3pxnpw35935GLROOMOZDTQC5/MbanKvWg==</latexit>

|SvT
(0)
s i

<latexit sha1_base64="tZGLxJQ6ifVUXIsYO6iBsuf2Jog="></latexit>

|SvT
+
s i

<latexit sha1_base64="hmuLWvSZuxZjFDvtfSL7oT91X5o=">AAACMXicbVBNSwMxEM36/W3Vi+AlKIIglN0q6lHw4lHR2kK3Ltk0bUOT7JLMFsuyJ8Ff4030f3j0Jl79B57MtkVs9cHA470ZZuaFseAGXPfNmZicmp6ZnZtfWFxaXlktrK3fmCjRlJVpJCJdDYlhgitWBg6CVWPNiAwFq4Sds9yvdJk2PFLX0ItZXZKW4k1OCVgpKGC/wyC9CnxJoK1l2s2uf7jJbvezoLDjFt0+8F/iDcnO6eYRvNLD+4ug8OU3IppIpoAKYkzNc2Oop0QDp4JlC35iWExoh7RYzVJFJDP1tP9Jhnet0sDNSNtSgPvq74mUSGN6MrSd+ZFm3MvF/7xaAs2TespVnABTdLComQgMEc5jwQ2uGQXRs4RQze2tmLaJJhRseCNbDE8Uh7uRR9JQE5tjHpY3Hs1fclMqegfF0qVN7QQNMIe20DbaQx46RqfoHF2gMqLoAT2iZ/TiPDlvzrvzMWidcIYzG2gEzuc3ZxivWA==</latexit>

|T�
v Ssi

<latexit sha1_base64="Zdn8uSd9hODORzJ5Ct2U8XrNdUc=">AAACMXicbVBNSwMxEM36/W3Vi+AlKIIXy24V9Sh48ahobaFbl2yatqFJdklmi2XZk+Cv8Sb6Pzx6E6/+A09m2yK2+iDw8t4MM/PCWHADrvvmTExOTc/Mzs0vLC4tr6wW1tZvTJRoyso0EpGuhsQwwRUrAwfBqrFmRIaCVcLOWe5XukwbHqlr6MWsLklL8SanBKwUFLDfYZBeB74k0NYy7Wa3+1c/P5NlQWHHLbp94L/EG5Kd080jeKWH9xdB4ctvRDSRTAEVxJia58ZQT4kGTgXLFvzEsJjQDmmxmqWKSGbqaf+SDO9apYGbkbZPAe6rvztSIo3pydBW5iuacS8X//NqCTRP6ilXcQJM0cGgZiIwRDiPBTe4ZhREzxJCNbe7YtommlCw4Y1MMTxRHO5GDklDTWyOeVjeeDR/yU2p6B0US5c2tRM0wBzaQttoD3noGJ2ic3SByoiiB/SIntGL8+S8Oe/Ox6B0whn2bKAROJ/fZv6vWg==</latexit>

Triplet-Singlet
Transition



|Svi
<latexit sha1_base64="cbAOJ8qBWuLcmeW8EGUAaKpM9P0=">AAACA3icbVDLSgNBEJz1GeMr6tHLYBA8hd0o6DHgxWNE85BkCbOT3mTIzOwyMxsIS45+gVf9Am/i1Q/xA/wPZ5M9mMSChqKqm+6uIOZMG9f9dtbWNza3tgs7xd29/YPD0tFxU0eJotCgEY9UOyAaOJPQMMxwaMcKiAg4tILRbea3xqA0i+SjmcTgCzKQLGSUGCs9dUdg0ofeeNorld2KOwNeJV5OyihHvVf66fYjmgiQhnKidcdzY+OnRBlGOUyL3URDTOiIDKBjqSQCtJ/ODp7ic6v0cRgpW9Lgmfp3IiVC64kIbKcgZqiXvUz8z+skJrzxUybjxICk80VhwrGJcPY97jMF1PCJJYQqZm/FdEgUocZmtLAlUMRmk+XiLaewSprVindZqd5flWvVPKECOkVn6AJ56BrV0B2qowaiSKAX9IrenGfn3flwPueta04+c4IW4Hz9AtzgmOA=</latexit>

|K�i
<latexit sha1_base64="4g9PfsMR1IVdQ4qKa4F0UAQ79Qg=">AAACA3icbVDLSgNBEJyNrxhfUY9eBoPgxbAbBT0GvAheIpiHJGuYnUySITOzy0yvEJYc/QKv+gXexKsf4gf4H84mezCJBQ1FVTfdXUEkuAHX/XZyK6tr6xv5zcLW9s7uXnH/oGHCWFNWp6EIdSsghgmuWB04CNaKNCMyEKwZjK5Tv/nEtOGhuodxxHxJBor3OSVgpYfOiEFy+3g26RZLbtmdAi8TLyMllKHWLf50eiGNJVNABTGm7bkR+AnRwKlgk0InNiwidEQGrG2pIpIZP5kePMEnVunhfqhtKcBT9e9EQqQxYxnYTklgaBa9VPzPa8fQv/ITrqIYmKKzRf1YYAhx+j3ucc0oiLElhGpub8V0SDShYDOa2xJoYrNJc/EWU1gmjUrZOy9X7i5K1UqWUB4doWN0ijx0iaroBtVQHVEk0Qt6RW/Os/PufDifs9ack80cojk4X79aH5iO</latexit>

|Svi
<latexit sha1_base64="cbAOJ8qBWuLcmeW8EGUAaKpM9P0=">AAACA3icbVDLSgNBEJz1GeMr6tHLYBA8hd0o6DHgxWNE85BkCbOT3mTIzOwyMxsIS45+gVf9Am/i1Q/xA/wPZ5M9mMSChqKqm+6uIOZMG9f9dtbWNza3tgs7xd29/YPD0tFxU0eJotCgEY9UOyAaOJPQMMxwaMcKiAg4tILRbea3xqA0i+SjmcTgCzKQLGSUGCs9dUdg0ofeeNorld2KOwNeJV5OyihHvVf66fYjmgiQhnKidcdzY+OnRBlGOUyL3URDTOiIDKBjqSQCtJ/ODp7ic6v0cRgpW9Lgmfp3IiVC64kIbKcgZqiXvUz8z+skJrzxUybjxICk80VhwrGJcPY97jMF1PCJJYQqZm/FdEgUocZmtLAlUMRmk+XiLaewSprVindZqd5flWvVPKECOkVn6AJ56BrV0B2qowaiSKAX9IrenGfn3flwPueta04+c4IW4Hz9AtzgmOA=</latexit>

|T�
v i

<latexit sha1_base64="+eTy6C+2oitepwcpLVdUSGbY+Ik=">AAACEHicbVDLSsNAFJ3UV62v+Ni5CRbBjSWpgi4LblxW6AuaGCbTSTt0ZhJmJoUa8hN+gVv9Anfi1j/wA/wPJ20WtvXAhcM593IPJ4gpkcq2v43S2vrG5lZ5u7Kzu7d/YB4edWSUCITbKKKR6AVQYko4biuiKO7FAkMWUNwNxne5351gIUnEW2oaY4/BISchQVBpyTdP3DFWact3GVQjwdJJ9niZ+WbVrtkzWKvEKUgVFGj65o87iFDCMFeIQin7jh0rL4VCEURxVnETiWOIxnCI+5pyyLD00ln6zDrXysAKI6GHK2um/r1IIZNyygK9mYeUy14u/uf1ExXeeinhcaIwR/NHYUItFVl5FdaACIwUnWoCkSA6q4VGUECkdGELXwIBdU15L85yC6ukU685V7X6w3W1US8aKoNTcAYugANuQAPcgyZoAwSewAt4BW/Gs/FufBif89WSUdwcgwUYX78xjJ3o</latexit>

|K�i
<latexit sha1_base64="4g9PfsMR1IVdQ4qKa4F0UAQ79Qg=">AAACA3icbVDLSgNBEJyNrxhfUY9eBoPgxbAbBT0GvAheIpiHJGuYnUySITOzy0yvEJYc/QKv+gXexKsf4gf4H84mezCJBQ1FVTfdXUEkuAHX/XZyK6tr6xv5zcLW9s7uXnH/oGHCWFNWp6EIdSsghgmuWB04CNaKNCMyEKwZjK5Tv/nEtOGhuodxxHxJBor3OSVgpYfOiEFy+3g26RZLbtmdAi8TLyMllKHWLf50eiGNJVNABTGm7bkR+AnRwKlgk0InNiwidEQGrG2pIpIZP5kePMEnVunhfqhtKcBT9e9EQqQxYxnYTklgaBa9VPzPa8fQv/ITrqIYmKKzRf1YYAhx+j3ucc0oiLElhGpub8V0SDShYDOa2xJoYrNJc/EWU1gmjUrZOy9X7i5K1UqWUB4doWN0ijx0iaroBtVQHVEk0Qt6RW/Os/PufDifs9ack80cojk4X79aH5iO</latexit>

|K�i
<latexit sha1_base64="4g9PfsMR1IVdQ4qKa4F0UAQ79Qg=">AAACA3icbVDLSgNBEJyNrxhfUY9eBoPgxbAbBT0GvAheIpiHJGuYnUySITOzy0yvEJYc/QKv+gXexKsf4gf4H84mezCJBQ1FVTfdXUEkuAHX/XZyK6tr6xv5zcLW9s7uXnH/oGHCWFNWp6EIdSsghgmuWB04CNaKNCMyEKwZjK5Tv/nEtOGhuodxxHxJBor3OSVgpYfOiEFy+3g26RZLbtmdAi8TLyMllKHWLf50eiGNJVNABTGm7bkR+AnRwKlgk0InNiwidEQGrG2pIpIZP5kePMEnVunhfqhtKcBT9e9EQqQxYxnYTklgaBa9VPzPa8fQv/ITrqIYmKKzRf1YYAhx+j3ucc0oiLElhGpub8V0SDShYDOa2xJoYrNJc/EWU1gmjUrZOy9X7i5K1UqWUB4doWN0ijx0iaroBtVQHVEk0Qt6RW/Os/PufDifs9ack80cojk4X79aH5iO</latexit>

VSD = -1 mV
no blockade

VSD = +1 mV
valley
singlet-triplet
blockade

Pauli valley-blockade

Pauli valley blockade at B = 0 T

Tong, C. et al, Phys. Rev. Lett. 128, 067702 (2022).

|K+i
<latexit sha1_base64="FVvIf0OD6LBSlxPTMv8DkeT4Puk=">AAACGHicbVDLSsNAFJ34rPVVdSlIsAiCUJK6sDsLbgQ3LdiHtLFMppN26GQSZm7EErr0C9yJ/kdX4k7cuvMb/ANXTtoubOuBC4dz7uXee9yQMwWW9WUsLC4tr6ym1tLrG5tb25md3aoKIklohQQ8kHUXK8qZoBVgwGk9lBT7Lqc1t3eR+LU7KhULxDX0Q+r4uCOYxwgGLd00exTiq9uTQSuTtXLWCOY8sScke/46LH8/HAxLrcxPsx2QyKcCCMdKNWwrBCfGEhjhdJBuRoqGmPRwhzY0FdinyolHBw/MI620TS+QugSYI/XvRIx9pfq+qzt9DF016yXif14jAq/gxEyEEVBBxou8iJsQmMn3ZptJSoD3NcFEMn2rSbpYYgI6o6ktikWCwf3UI7ErsQ4sCcuejWaeVPM5+zSXL1vZYgGNkUL76BAdIxudoSK6RCVUQQT56BE9oxfjyXgz3o2PceuCMZnZQ1MwPn8Bmx2l4w==</latexit>

|K�i
<latexit sha1_base64="4g9PfsMR1IVdQ4qKa4F0UAQ79Qg=">AAACA3icbVDLSgNBEJyNrxhfUY9eBoPgxbAbBT0GvAheIpiHJGuYnUySITOzy0yvEJYc/QKv+gXexKsf4gf4H84mezCJBQ1FVTfdXUEkuAHX/XZyK6tr6xv5zcLW9s7uXnH/oGHCWFNWp6EIdSsghgmuWB04CNaKNCMyEKwZjK5Tv/nEtOGhuodxxHxJBor3OSVgpYfOiEFy+3g26RZLbtmdAi8TLyMllKHWLf50eiGNJVNABTGm7bkR+AnRwKlgk0InNiwidEQGrG2pIpIZP5kePMEnVunhfqhtKcBT9e9EQqQxYxnYTklgaBa9VPzPa8fQv/ITrqIYmKKzRf1YYAhx+j3ucc0oiLElhGpub8V0SDShYDOa2xJoYrNJc/EWU1gmjUrZOy9X7i5K1UqWUB4doWN0ijx0iaroBtVQHVEk0Qt6RW/Os/PufDifs9ack80cojk4X79aH5iO</latexit>

|K+i
<latexit sha1_base64="FVvIf0OD6LBSlxPTMv8DkeT4Puk=">AAACGHicbVDLSsNAFJ34rPVVdSlIsAiCUJK6sDsLbgQ3LdiHtLFMppN26GQSZm7EErr0C9yJ/kdX4k7cuvMb/ANXTtoubOuBC4dz7uXee9yQMwWW9WUsLC4tr6ym1tLrG5tb25md3aoKIklohQQ8kHUXK8qZoBVgwGk9lBT7Lqc1t3eR+LU7KhULxDX0Q+r4uCOYxwgGLd00exTiq9uTQSuTtXLWCOY8sScke/46LH8/HAxLrcxPsx2QyKcCCMdKNWwrBCfGEhjhdJBuRoqGmPRwhzY0FdinyolHBw/MI620TS+QugSYI/XvRIx9pfq+qzt9DF016yXif14jAq/gxEyEEVBBxou8iJsQmMn3ZptJSoD3NcFEMn2rSbpYYgI6o6ktikWCwf3UI7ErsQ4sCcuejWaeVPM5+zSXL1vZYgGNkUL76BAdIxudoSK6RCVUQQT56BE9oxfjyXgz3o2PceuCMZnZQ1MwPn8Bmx2l4w==</latexit>



VSD = -1 mV

VSD = +1 mV
spin
singlet-triplet
blockade

Pauli spin-blockade
|"i

<latexit sha1_base64="UvNhlPulzbbqe12gLTWujHwZdm4=">AAACCHicbZBLSgNBEIZr4ivGV9Slm8YguAozUdBlwI3LCOYBmTH0dDpJk57uobtHCUMu4Anc6gnciVtv4QG8hz3JLEziDwU/f1VRxRfGnGnjut9OYW19Y3OruF3a2d3bPygfHrW0TBShTSK5VJ0Qa8qZoE3DDKedWFEchZy2w/FN1m8/UqWZFPdmEtMgwkPBBoxgY6MHf0xN6icxVko+TXvlilt1Z0KrxstNBXI1euUfvy9JElFhCMdadz03NkGKlWGE02nJTzSNMRnjIe1aK3BEdZDOvp6iM5v00UAqW8KgWfp3I8WR1pMotJMRNiO93MvC/3rdxAyug5SJODFUkPmhQcKRkShDgPpMUWL4xBpMFLO/IjLCChNjQS1cCRW2gDIu3jKFVdOqVb2Lau3uslKv5YSKcAKncA4eXEEdbqEBTSCg4AVe4c15dt6dD+dzPlpw8p1jWJDz9QtH45tW</latexit>

|Ssi
<latexit sha1_base64="bRSncPV5NBdK6zzizKDy/k+dIfs=">AAACA3icbVDLSgNBEJyNrxhfUY9eBoPgKexGQY8BLx4jmockS5idzCZDZmaXmV4hLDn6BV71C7yJVz/ED/A/nE32YBILGoqqbrq7glhwA6777RTW1jc2t4rbpZ3dvf2D8uFRy0SJpqxJIxHpTkAME1yxJnAQrBNrRmQgWDsY32R++4lpwyP1AJOY+ZIMFQ85JWClx96YQXrfN9N+ueJW3RnwKvFyUkE5Gv3yT28Q0UQyBVQQY7qeG4OfEg2cCjYt9RLDYkLHZMi6lioimfHT2cFTfGaVAQ4jbUsBnql/J1IijZnIwHZKAiOz7GXif143gfDaT7mKE2CKzheFicAQ4ex7POCaURATSwjV3N6K6YhoQsFmtLAl0MRmk+XiLaewSlq1qndRrd1dVuq1PKEiOkGn6Bx56ArV0S1qoCaiSKIX9IrenGfn3flwPuetBSefOUYLcL5+AdgYmN0=</latexit>

|Tsi
<latexit sha1_base64="vCVIfIAedPHigxWLmLHXR+ZLzd8=">AAACA3icbVDLSgNBEOyNrxhfUY9eBoPgKexGQY8BLx4j5CXJEmYns8mQmdllZlYIS45+gVf9Am/i1Q/xA/wPZ5M9mMSChqKqm+6uIOZMG9f9dgobm1vbO8Xd0t7+weFR+fikraNEEdoiEY9UN8CaciZpyzDDaTdWFIuA004wucv8zhNVmkWyaaYx9QUeSRYygo2VHvsTatLmQM8G5YpbdedA68TLSQVyNAbln/4wIomg0hCOte55bmz8FCvDCKezUj/RNMZkgke0Z6nEgmo/nR88QxdWGaIwUrakQXP170SKhdZTEdhOgc1Yr3qZ+J/XS0x466dMxomhkiwWhQlHJkLZ92jIFCWGTy3BRDF7KyJjrDAxNqOlLYHCNpssF281hXXSrlW9q2rt4bpSr+UJFeEMzuESPLiBOtxDA1pAQMALvMKb8+y8Ox/O56K14OQzp7AE5+sX2bKY3g==</latexit>

|"i
<latexit sha1_base64="UvNhlPulzbbqe12gLTWujHwZdm4=">AAACCHicbZBLSgNBEIZr4ivGV9Slm8YguAozUdBlwI3LCOYBmTH0dDpJk57uobtHCUMu4Anc6gnciVtv4QG8hz3JLEziDwU/f1VRxRfGnGnjut9OYW19Y3OruF3a2d3bPygfHrW0TBShTSK5VJ0Qa8qZoE3DDKedWFEchZy2w/FN1m8/UqWZFPdmEtMgwkPBBoxgY6MHf0xN6icxVko+TXvlilt1Z0KrxstNBXI1euUfvy9JElFhCMdadz03NkGKlWGE02nJTzSNMRnjIe1aK3BEdZDOvp6iM5v00UAqW8KgWfp3I8WR1pMotJMRNiO93MvC/3rdxAyug5SJODFUkPmhQcKRkShDgPpMUWL4xBpMFLO/IjLCChNjQS1cCRW2gDIu3jKFVdOqVb2Lau3uslKv5YSKcAKncA4eXEEdbqEBTSCg4AVe4c15dt6dD+dzPlpw8p1jWJDz9QtH45tW</latexit>

|"i
<latexit sha1_base64="UvNhlPulzbbqe12gLTWujHwZdm4=">AAACCHicbZBLSgNBEIZr4ivGV9Slm8YguAozUdBlwI3LCOYBmTH0dDpJk57uobtHCUMu4Anc6gnciVtv4QG8hz3JLEziDwU/f1VRxRfGnGnjut9OYW19Y3OruF3a2d3bPygfHrW0TBShTSK5VJ0Qa8qZoE3DDKedWFEchZy2w/FN1m8/UqWZFPdmEtMgwkPBBoxgY6MHf0xN6icxVko+TXvlilt1Z0KrxstNBXI1euUfvy9JElFhCMdadz03NkGKlWGE02nJTzSNMRnjIe1aK3BEdZDOvp6iM5v00UAqW8KgWfp3I8WR1pMotJMRNiO93MvC/3rdxAyug5SJODFUkPmhQcKRkShDgPpMUWL4xBpMFLO/IjLCChNjQS1cCRW2gDIu3jKFVdOqVb2Lau3uslKv5YSKcAKncA4eXEEdbqEBTSCg4AVe4c15dt6dD+dzPlpw8p1jWJDz9QtH45tW</latexit>

|Ssi
<latexit sha1_base64="bRSncPV5NBdK6zzizKDy/k+dIfs=">AAACA3icbVDLSgNBEJyNrxhfUY9eBoPgKexGQY8BLx4jmockS5idzCZDZmaXmV4hLDn6BV71C7yJVz/ED/A/nE32YBILGoqqbrq7glhwA6777RTW1jc2t4rbpZ3dvf2D8uFRy0SJpqxJIxHpTkAME1yxJnAQrBNrRmQgWDsY32R++4lpwyP1AJOY+ZIMFQ85JWClx96YQXrfN9N+ueJW3RnwKvFyUkE5Gv3yT28Q0UQyBVQQY7qeG4OfEg2cCjYt9RLDYkLHZMi6lioimfHT2cFTfGaVAQ4jbUsBnql/J1IijZnIwHZKAiOz7GXif143gfDaT7mKE2CKzheFicAQ4ex7POCaURATSwjV3N6K6YhoQsFmtLAl0MRmk+XiLaewSlq1qndRrd1dVuq1PKEiOkGn6Bx56ArV0S1qoCaiSKIX9IrenGfn3flwPuetBSefOUYLcL5+AdgYmN0=</latexit>

|"i
<latexit sha1_base64="UvNhlPulzbbqe12gLTWujHwZdm4=">AAACCHicbZBLSgNBEIZr4ivGV9Slm8YguAozUdBlwI3LCOYBmTH0dDpJk57uobtHCUMu4Anc6gnciVtv4QG8hz3JLEziDwU/f1VRxRfGnGnjut9OYW19Y3OruF3a2d3bPygfHrW0TBShTSK5VJ0Qa8qZoE3DDKedWFEchZy2w/FN1m8/UqWZFPdmEtMgwkPBBoxgY6MHf0xN6icxVko+TXvlilt1Z0KrxstNBXI1euUfvy9JElFhCMdadz03NkGKlWGE02nJTzSNMRnjIe1aK3BEdZDOvp6iM5v00UAqW8KgWfp3I8WR1pMotJMRNiO93MvC/3rdxAyug5SJODFUkPmhQcKRkShDgPpMUWL4xBpMFLO/IjLCChNjQS1cCRW2gDIu3jKFVdOqVb2Lau3uslKv5YSKcAKncA4eXEEdbqEBTSCg4AVe4c15dt6dD+dzPlpw8p1jWJDz9QtH45tW</latexit>

Tong, C. et al, Phys. Rev. Lett. 128, 067702 (2022).

Pauli spin blockade at B = 800 mT



Double quantum dot with charge sensor

Garreis, R. and Tong C. et al, arXiv:2304.00980



Pulsing scheme for T1-time measurement

Unload Load Anchor Read

use charge sensor
to detect
(1,1)      (0,2) transition
times

$
<latexit sha1_base64="xM/UsUapk3LbOuBV5PPTt60yRuY=">AAACIHicbVA9SwNBEN3zM8aPRC0FOQyCVbjTQjsFG8sETCIkIext5pIle7vH7pwajpT+CjvR/5DK2k4s9S/4D6zcJBYm+mDg8d4MM/OCWHCDnvfuzM0vLC4tZ1ayq2vrG7n85lbVqEQzqDAllL4KqAHBJVSQo4CrWAONAgG1oHc+8mvXoA1X8hL7MTQj2pE85IyilVr5XENAiJp3uki1VjetfMEremO4f4n/Qwqnz8Py593usNTKfzXaiiURSGSCGlP3vRibKdXImYBBtpEYiCnr0Q7ULZU0AtNMx4cP3H2rtN1QaVsS3bH6eyKlkTH9KLCdEcWumfVG4n9ePcHwpJlyGScIkk0WhYlwUbmjFNw218BQ9C2hTHN7q8u6VFOGNqupLYYnkuPt1CNpoGkPcGDD8mej+Uuqh0X/qHhY9gpnJ2SCDNkhe+SA+OSYnJELUiIVwkhC7skjeXIenBfn1XmbtM45PzPbZArOxzfo/ak0</latexit>

time

Garreis, R. and Tong C. et al, arXiv:2304.00980



Measured relaxation times

Largest valley relaxation time:                                at T1 = 680ms
<latexit sha1_base64="b3TS1XWHSVnP3d7BUev7PZ0I5Aw=">AAACKXicbZDLSgMxFIYT79Zbq0s3g0VwY5lR0W4KBTe6U7St0A4lk562oZnMkJwUy9A3casbn8aduvVFnKldaOsPgY//XHL4g1gKg677QRcWl5ZXVtfWcxubW9s7+cJu3URWc6jxSEb6IWAGpFBQQ4ESHmINLAwkNILBZVZvDEEbEal7HMXgh6ynRFdwhqnVzufv216ldXednJfdcRKacTtfdEvuRM48eFMokqlu2gVKW52I2xAUcsmMaXpujH7CNAouYZxrWQMx4wPWg2aKioVg/GRy+tg5TJ2O0410+hQ6E/f3RMJCY0ZhkHaGDPtmtpaZ/9WaFrtlPxEqtgiK/3zUtdLByMlycDpCA0c5SoFxLdJbHd5nmnFM0/qzKSPNEI6t4qCRCYWjCmoLfmKEVQIfs9C82YjmoX5S8k5LJ7dnxWp5Gt8a2ScH5Ih45IJUyRW5ITXCyZA8kWfyQl/pG32nnz+tC3Q6s0f+iH59A4Oxpls=</latexit>

B = 250mT
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Dependence of relaxation times on tunnel coupling

B = 250mT
<latexit sha1_base64="mMrKAh0JgnkYFdncO+2gjRVZ66k=">AAACJXicbZDLSgMxFIYT79Zbq0s3g0VwY5mpim6EohvdKdpaaMeSSU/b0ExmSE7EMvQ93OrGp3EngitfxZnahbb+EPj4zyWHP4ilMOi6n3Rmdm5+YXFpObeyura+kS9s1kxkNYcqj2Sk6wEzIIWCKgqUUI81sDCQcBf0z7P63QNoIyJ1i4MY/JB1legIzjC17s9OmzeXSfnIHSbh7bCVL7oldyRnGrwxFMlYV60Cpc12xG0ICrlkxjQ8N0Y/YRoFlzDMNa2BmPE+60IjRcVCMH4yOnvo7KZO2+lEOn0KnZH7eyJhoTGDMEg7Q4Y9M1nLzP9qDYudEz8RKrYIiv981LHSwcjJMnDaQgNHOUiBcS3SWx3eY5pxTJP6sykjzRD2reKgkQmFg1PUFvzECKsEPmaheZMRTUOtXPIOSuXrw2LlZBzfEtkmO2SPeOSYVMgFuSJVwokmT+SZvNBX+kbf6cdP6wwdz2yRP6Jf311jpU4=</latexit>
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B = 700mT
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What next?

• Measurement of T2 times

• Hybrid devices coupling DQD to superconducting CPW-resonator

• Proximity induced spin-orbit interaction using TMDCs



Summary
• Gate-defined bilayer graphene quantum dots and their states

• Spin relaxation times in single quantum dots

• Valley relaxation times in double quantum dots

Spin relaxation times up to 50 ms

Valley relaxation times up to 650 ms at 1.7 T

Tunable valley g-factor 20-80, Spin orbit coupling 73 µeV
Two-electron ground state is spin triplet
Magnetic field dials between Pauli valley- and spin-blockade






