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Strongly correlated one-dimensional systems are paradigms for theoretical condensed-matter

physics, since various predictions such as spin-charge separation and topological phase tran-

sitions can be determined based on mathematically rigid models. Some of these features were

experimentally observed in carbon nanotubes and chiral edge states of quantum Hall systems.

Here, we show the emergence of another one-dimensional system in a nanoscale silicon field-

effect-transistor with a wide and short hole channel when a strong electric field is applied at

low temperatures. We observed the quantum dipoles, which form at the ultra-thin gate inter-

face and exhibit a phase transition, and the drain current showed a clear, negative differential

conductance due to the screening of electric fields by antiferroelectric ordering. We have also

found new current plateaus against drain voltages, which corresponds to the magnetisation

plateau theoretically predicted by the one-dimensional spin model. We obtained phase dia-

grams of the field-induced phase transitions by gate-induced doping.
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1. Introduction16

Strongly correlated electron systems1, 2) exhibit a variety of exotic phenomena such as17

fractional quantum Hall effects,3) Bose-Einstein condensation (BEC)4, 5) of excitons, high18

critical temperature (Tc) superconductivity,6) Mott transitions,6) magnetism,7) quantum phase19

transitions,8) and topological phase transitions.2, 7) In general, it is quite difficult to solve quan-20

tum many-body problems, because of the infinite degrees of freedom under the quantum21

mechanical superposition principle.1, 2) Classical computers using silicon (Si) complemen-22

tary metal-oxide-semiconductor (CMOS) field-effect-transistors (FETs)9) are not sufficient23

enough to completely solve these problems, and quantum simulators10, 11) will be powerful24

tools for analysing these systems in the future. Quantum simulators have also been proposed25

for elucidating the early universe using lattice gauge theories and quantum electrodynam-26

ics.12)
27

The essential element and, thus, the grand challenge in fabricating a quantum simula-28

tor is the preparation of a pseudo spin (namely, a quantum bit, which is known as a qubit),29

which can point within the plane perpendicular to the (pseudo) magnetic field to allow the30

superposition state.10, 11) Many architectures can be used to generate the pseudo-spin, and31

significant progress has been achieved both theoretically and experimentally in systems us-32

ing superconducting circuitries,13, 14) ultracold atoms,15) exciton-polariton condensates,5) inte-33

grated photonic waveguides,16) photonic crystals,17) and entangled photons.18) Most of these34

technologies13–15) are based on low temperature operations, and even photonic systems16–18)
35

will require superconducting single-photon detectors operating at low temperatures.19) As the36

integration density of qubits20, 21) increases over time, CMOS circuitries operating at low tem-37

peratures will be required to facilitate error-tolerant operations of quantum simulators.20, 21)
38

To ensure the reliability of the circuitries, we must make sure to understand the transport39

mechanisms in nanoscale CMOSFETs at low temperatures. The advantages of using Si tech-40

nologies9) for quantum applications20, 22) include their tremendous integration capabilities in41

addition to the state-of-the-art fabrication infrastructures, which will be available throughout42

the world for mass production.43

Si CMOSFETs using two-dimensional (2D) electron and hole gas systems23) are funda-44

mental building blocks in modern digital computing for information and communications45

technologies (ICT) based on the Boolean logic.9, 24) In recent years, booster technologies46

such as high-κ/metal-gate stacks,25) strained-Si,26) and FinFETs27) were successfully intro-47

duced to continue the scaling of Moore’s law.24) Now, Si technologies are among the most48
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advanced nanotechnologies, which means the world envisioned by Feynman28) sixty years49

ago has come to fruition. An n-channel Si MOSFET was also used to identify the plateaus in50

Hall conductance under the application of strong magnetic fields at low temperature.23, 29–31)
51

Moreover, single electron spin20, 22) and an elementary charge state32, 33) in Si are also candi-52

dates for generating qubits.20, 34)
53

Motivated by a possible future application in a CMOS circuit for a quantum simulator in54

the future, we evaluated a scaled Si MOSFET at low temperatures. To our surprise, we have55

found unusual anomalous transport properties in a wide and short-channel p-MOSFET when56

a high transverse electric field is applied. This means that we have made a one-dimensional57

(1D) hole channel. In addition, we examined the transport perpendicular to the 1D system.58

1D systems are ideal for investigating strongly correlated electron systems, since various the-59

oretical methods are available, including bosonisation,35, 36) Bethe ansatz,37) and the renormal-60

isation group.38) Therefore, reliable predictions are available,39–48) regardless of the absence61

of long-range order due to large quantum and thermal fluctuations.49) Experimentally, 1D62

Tomonaga-Luttinger liquid (TLL) properties, which are characterised by the spin-charge sep-63

aration, were found in carbon nanotubes,50, 51) chiral edge states,52) GaAs quantum wires,53, 54)
64

and Si nanowires.55) In these previous experiments, the transport properties were examined65

in the longitudinal direction along the 1D system under weak electric fields to observe the66

nonlinear transport properties.50–55)
67

Here we show quantum dipoles at the gate interface are responsible for the observed field-68

induced phase transition from thermally excited classical transport to quantum transport in the69

nano-scale Si transistor. An electric dipole is the dual of a magnetic spin, since Einstein’s spe-70

cial theory of relativity ensures the equivalence of electricity and magnetism under Lorentz71

transformation.56) In reality, this duality is broken in many cases due to the absence of mag-72

netic monopoles57) at least in the low energy scale important for condensed-matter physics,73

where material properties are dominated by electrons. Therefore, various quantum spin states74

such as ferro- and Anti-Ferro(AF)-magnets are known in strongly correlated magnetic sys-75

tems,7, 42, 52, 58) while electric counterparts using quantum dipoles are missing59) due to the lack76

of an elementary particle with the internal dipole freedom. Regardless of the limited number77

of elementary particles, however, various exotic excitations have been emerged in solid states,78

e.g., Cooper pairs in superconductors,6, 60, 61) fractional charged composite quasi-particles79

in quantum Hall systems,3, 23, 29, 30, 62, 63) massless Dirac fermions in graphene,64) vortex-anti-80

vortex pairs in topological phase transitions of Berezinskii-Kosterlitz-Thouless (BKT),65–67)
81

to name a few. The idea of this work is to make a quantum dipole as a composite bound82
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state of an electron-hole pair. We show the interactions between dipoles were described by83

a quantum dipole model equivalent to a 1D spin-half model. This reveals the emergence of84

a new, 1D, strongly correlated, many-body system using Si, in which the carrier concentra-85

tions and electric fields are highly and reliably tunable. We found a new current plateau by86

gate-induced doping in the transistor, and the plateau will be correlated with a magnetisation87

plateau theoretically predicted in a spin system.44–47)
88

2. Experimental Details89

2.1 Anomalous transport in 1D channel at the edge90

We used a p-channel (a channel for holes, which are positive charged carriers) MOSFET91

with a gate length (L, all abbreviations and variables are summarised in Table A-1) of 55 nm92

and a width (W) of 10 µm, which has a high aspect ratio of (approximately 180, Figs. 1 (a)93

- 1 (c)). We chose a device with a wide channel to form a 1D channel along the gate (Fig.94

1 (c)), and a short channel was used to apply a high transverse electric field. By applying95

the larger drain voltages to the channel, we could push the channel further away from the96

drain edge due to the smaller voltage difference between the gate and the drain voltages. As97

a result, the channel is confined at the source edge due to the higher electric field from the98

gate to the source electrodes, which are separated by the extremely thin silicon-oxynitride99

(SiON) layer with an equivalent oxide thickness (EOT, tox) of 2.4 nm (Fig. 1 (b)). This is the100

so called pinch-off of the channel,9) and holes are accumulated along the source edge. The101

2D quantum mechanical confinements in long-channel CMOS are observed even at room102

temperature,9, 23) and if L is sufficiently small we expect another confinement in 1D after the103

pinch-off of the channel. Our system is unique in that the higher the transverse electric field,104

the stronger the 1D confinement. Therefore, we expected to observe 1D properties under the105

higher transverse electric fields, while the weak longitudinal electric fields are usually used to106

probe the nonlinear transport properties.50–54) These inverted holes are injected into the pinch-107

off region as highly energetic hot holes, which allows us to use Id as a probe to examine the108

electronic state of the 1D channel. Therefore, partners (holes) of electrons, which form the109

dipole pairs (excitons), are continuously changing even though the average dipole moments110

remain finite at the source edge in the saturation region. The transistor’s typical drain current111

(Id) dependence of the transistor on the gate voltage (Vg) is shown in Fig. 1 (d). We found a112

remarkable kink at 5 K, but such an anomaly was not observed at 298 K.113

4/50



J. Phys. Soc. Jpn. FULL PAPERS

Fig. 1. (Color) 1D channel formation in a Si p-MOSFET. (a) A cross sectional image. After the pinch-off, the

inverted holes are accumulated at the source edge. (b) A cross sectional image of the device at the gate stack.

Dipoles generated by the depletion charges and channel holes are formed at the interface due to the high electric

fields. (c) A plane-view image of the device. (d) Typical Id − Vg curves at 5 K and 298 K.

2.2 Negligible impact of local heating114

First, we confirmed that the kink did not originate from the local heating (Figs. 2 and 3).115

We used a cryogen-free low-temperature measurement system (Cryogenic limited), which116

uses the expansion of the compressed helium gas for cooling. The variable temperature insert117
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Fig. 2. (Color) Stable transistor characteristics of a Si p-MOSFET at 5 K. (a), (b) Expanded Id-Vd charac-

teristics. No hysteresis was found. The threshold voltage shift during the measurement was less than 0.1 mV,

which proves the quality of the interface of the industrial grade MOS was excellent. (c) Id-Vd characteristics in

the loop measurements. At each Vg, Vd was increased from 0 V to -1 V, and then decreased from -1 V to 0 V in

steps of 0.01 V. The root mean square noise level was below 10 pA.

allows the sample temperatures to be varied between 1.6 K and 325 K. The temperature of the118

sensor is located very close to the sample. The cooling power is up to 1.5 W at 4 K, which is119

orders of magnitude higher than the maximum power consumption of our device of 2.5 mW.120

As for the material of the Si substrate, the thermal conductivity increases with decreasing121

temperature as the temperature decreases below room temperature due to reduced isotope and122

umklapp scattering of phonons; the thermal conductivity reached its maximum at 28 K, and123

below that temperature, it decreases due to boundary scattering.68) The thermal conductivity124

at 5 K is slightly higher than it is at room temperatures.68) Therefore, we expected the impact125

of local temperature increases to be limited for our experiments conducted between room126

temperature and 5 K. Nevertheless, we have checked the possible impact of the local heating,127

since our device is on the nanoscale, and it was not easy to determine if the local temperature128

increase caused the unusual transport properties that were observed.129

We used an industry standard semiconductor parameter analyser (B1500, Keysight Tech-130

nologies) to measure the current-voltage characteristics. First, we performed a loop measure-131

ment by sweeping Vd from 0 V to -1 V and then sweeping back from -1 V to 0 V at various132
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Fig. 3. (Color) High precision measurements of a Si p-MOSFET at 5 K. (a) Id-Vd characteristics. The Id sam-

pling time under the application of Vd and Vg was the 2 µs. At a dwelling time of 2 s (20 ms), the measured

output data of Id at each Vd and Vg was the average of 1 M (10 k) sampling points. No qualitative change was

found with the dwell time, which means there is no transient behaviour at this time scale. (b) Drain transcon-

ductances as functions of Vd and Vg. No qualitative difference with the dwell time was found; however a better

signal-to-noise ratio was found in data acquired at a dwell time of 2 s, because of the longer integration time for

the measurements at each voltage.

fixed values of Vg (Fig. 2). When the temperature in the device changed during the sweeps,133

the Id-Vd curves from the forward and backward sweeps would not coincide, since Id is highly134

sensitive to T after the onset of the transition. We confirmed perfect agreements during the135

sweeps (Fig. 2), and thus, we did not find any evidence of the local heating from the loop136

measurements.137

We have also checked for local heating by changing the sweep speed (Fig. 3). The sam-138

pling time to acquire Id was 2 µs, and we changed the dwell time from 2 s to 20 ms to obtain139

Id averaging over 1 M and 10 k sampling points. If the local temperatures changed on this140

time scale, we should see differences in measurements at different dwell times. However, we141

could not identify any noticeable changes except for the higher signal-to-noise ratio for the142

measurement at the longer dwell time (2 s) due to the larger sampling number. Therefore,143

we excluded the local heating from being the major mechanism of the observed anomalous144

transport properties.145
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Fig. 4. (Color) Turn-on characteristics of a Si p-MOSFET at low temperatures. (a) Linear scale. (b) Log scale.

Anomalous transport properties were observed below 25 K. The increase in Id at approximately Vd = −0.6 V

was more prominent at lower temperatures, and the on-current at Vg = Vd = −1.0 V continuously decreased, as

the temperature was decreased. Clearly, the changes in the Id − Vd curves cannot be explained by the parallel

threshold voltage shift from floating-body effects. New transport mechanisms are responsible to account for the

substantial changes at low temperatures.

2.3 Absence of hysteresis or floating-body effects146

The changes in the slope of the experimental Id − Vd curves cannot be explained by con-147

ventional floating-body effects due to carrier freezing-out at low temperatures, either, since148

hysteresis should be accompanied by floating-body effects due to unstable body bias.69, 70)
149

We have carefully confirmed that there is no hysteresis at all over the entire voltage regime;150

we investigated by loop measurements (Fig. 2) and changing scan speed with the highest151

accuracy possible in our measurement system (Fig. 3). In fact, the changes in the relation-152

ship due to the floating body effects are not usually observed in p-MOSFETs, due to the153

smaller coefficient expected for the avalanche breakdown; they have only been reported for154

n-MOSFETs.69, 70) Moreover, the maximum voltage difference was 1.0 V, which is not enough155

to generate electron-hole pairs by an avalanche breakdown in Si even if the Coulomb inter-156

actions were considered71) because the band gap energy is 1.1 eV. Another extrinsic scenario157

was the linear kink effect,72) or in other words, the gate-induced floating body effect,73) which158

results from direct tunnelling of holes from the conduction band to produce electrons in the159

floating n-well due to the charge neutrality. However, this also requires a significant band160

bending to overcome the band gap energy of Si, and therefore a Vg of more than 1.1 V is161

required.72, 73) Even if the body bias was affected by the carrier freezing-out, only a small162

shift in the threshold voltage should be observed, which would result in the parallel shift of163

the Id −Vg curves. However, the absence of the floating-body effect is evident in the log scale164
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Fig. 5. (Color) Field-induced phase transition in a p-MOSFET at low temperatures. Transition from classical

to quantum transport. At low fields, the Id−Vd curves overlapped completely, indicating quasi-ballistic transport

with virtually no change in scattering processes with changing temperature. At high fields, the Id − Vd curves

substantially changed with clear changes in slope at the onset of the pinch-off.

plot shown in Fig. 4 (b), where the change in the slope cannot be explained by the threshold165

voltage shift, and the anomalies appeared as we decreased the temperature (Fig. 4). Below166

25 K, we found remarkable discontinuities in the slope of the curves at higher Vg. At lower167

temperatures, Id dramatically increased (e.g., at 5 K and Vd = −1 V) beyond the conventional168

subthreshold slope.9) In addition, we confirmed excellent subthreshold characteristics, a clear169

threshold, and promising saturation behaviours above 30 K (Fig. 4); however, at tempera-170

tures lower than 25 K, we found additional incongruities in the Id − Vg curves. Therefore, the171

floating-body effects cannot be responsible for the sudden increase in Id at 5 K.172

2.4 Field-Induced Phase Transition173

The dependences of Id on the drain voltage Vd and temperatures were even more anoma-174

lous (Fig. 5). In the subthreshold and linear regimes, all the Id − Vd curves at various tem-175

peratures between 5 K and 30 K completely overlapped, which confirmed the perfect repro-176

ducibility of the high-quality industrial grade device with no fluctuations in the body bias or177

local heating. This means that the mobility was not affected by reduced temperatures, and the178

device was operating under the quasi-ballistic transport regime. On the other hand, near the179

saturation regime, where the channel at the drain edge was pinched-off (Fig. 1 (a)), the Id−Vd180
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Fig. 6. (Color) Probing hidden order parameters through transport properties. At Vg = -1.0 V and -0.9 V, Id

decreased with decreasing temperatures, while Id increased at Vg = -0.7 V and -0.6 V. Id resembled the order

parameters seen in statistical physics, and phase transitions are continuous and of the second order. The change

in Id was marginal at Vg = -0.8 V, suggesting the existence of a quantum critical point at a lower temperature.

The anomalous behaviours were absent at Vg = -0.5 V.

curves changed dramatically with temperatures (Figs. 5 and 6). We can clearly identify the181

deviations at the anomalies, and they are suggestive of field-induced phase transitions. As182

shown by the clear increase in the slope, at Vg = -0.7 V, Id started to increase substantially183

against Vd, and the increase in Id was more prominent as the temperature was further de-184

creased (Fig. 6). At Vg = -0.9 V, Id decreased with decreasing temperatures (Fig. 6). This is185

quite unusual in classical transport, since the scattering is always reduced upon reducing tem-186

peratures due to the reduction in the thermal fluctuations of phonons, which is the dominant187

factor impacting the relaxation of the carriers.9) The Coulomb scatterings from charged impu-188

rities and interface traps, do not contribute substantially in the saturation regime.9) Therefore,189

it is impossible to explain the behaviour of the Id−Vd curves (Fig. 5) based on a conventional190

drift-diffusion model. We believe that the phase transition is intrinsically linked to a quantum191

mechanical transport. By applying strong electric fields, the channel has changed from being192

2D to 1D in nature due to the pinch-off, and the transport properties shifted from the clas-193

sical transport paradigm to a new quantum transport paradigm, with a field-induced phase194

transition in between.195

In particular, the change in Id with temperature (Fig. 6) is reminiscent of the development196

of an order parameter in statistical physics. Our device is a 1D mesoscopic system with a197

finite volume, and therefore, it will not undergo a classical phase transition under the strict198

definition. In fact, it will be quite challenging to identify order parameters in low dimensional199

systems, where quantum fluctuations are the major factors impacting the fate of the ground200

state.7, 42, 52, 58) Nevertheless, the behaviours of Id with temperatures suggest phase transitions201

are occurring when strong electric fields are applied. Id itself was continuous when the slopes202

of the curves against Vd, Vg, and temperatures changed, but the derivatives of Id have discon-203
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Fig. 7. (Color) Characteristic regimes in anomalous quantum transport at 5 K. (a) Negative differential con-

ductance, which indicates a quantum antiferroelectric state. (b) Current plateau with a pseudo-energy gap. (c)

Steep increase of Id, indicating a ferroelectric state.

tinuities. Therefore, the transition seems to be continuous in origin and second order (Fig.204

6).205

There are 3 distinctive regimes in the Id-Vd curves (Fig. 7), which indicate negative dif-206

ferential conductance (Fig. 7 (a)), current plateau (Fig. 7 (b)), and steep current increase (Fig.207

7 (c)), respectively. A remarkable change in the slope accompanies each transition.208

The contour plots of Id as functions of Vg and Vd are shown in Fig. 8. We can roughly iden-209

tify the phase boundary at the transition; however, Id itself is continuous, which is consistent210

for a second-order phase transition.211

On the other hand, the drain transconductance (gd = ∂Id/∂Vd), and the gate transconduc-212

tance (gg = ∂Id/∂Vg) show clear discontinuities at transitions (Fig. 9). Therefore, the observed213

field-induced phase transitions are of the second order. The anomalies disappear at higher T ,214

indicating the T -induced phase transition is also second order.215
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Fig. 8. (Color) Current stability diagram. Classical diffusion limited transport properties at lower voltages

change at higher voltages, indicating a new quantum transport mechanism. The phase transitions are less obvious

in this contour plot compared with differential conductance due to the continuous nature of the transitions.

Fig. 9. (Color) Anomalous transport properties of the 1D channel near the transition temperature. (a) Tran-

sitions of the transport properties. (b) Drain transconductance, which show the impacts of transverse electric

fields. (c) Gate transconductance, which show the doping effects.

We also found an anomalous transport property in the tunnelling gate leakage current (Ig)216

(Fig. 10). This anomalous increase was found only after the field-induced phase transitions217

with changes in slope at the phase boundaries (Fig. 10), and the anomaly disappeared at tem-218

peratures above the transition temperature. To the best of our knowledge, such an unusual219

increase in the tunnelling currents at low temperatures has not previously been reported. No-220

tably, the observed Ig was more than 4 orders of magnitudes smaller than Id, indicating the221

impacts of Ig on Id is negligible.222
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Fig. 10. (Color) Enhanced gate leakage current near phase transition. (a) Field-induced phase transitions and

exponential increases in the tunnelling currents at lower temperatures. Vg was held constant at -1 V. (b) Gate-

induced phase transitions and exponential increases in the tunnelling currents as the order parameter of the

quantum dipole developed. Vd was held constant at -1 V. A substantial increase in the gate tunnelling leakage

current was observed in the results of the Vg sweep.

3. Theoretical model223

The construction of a comprehensive model to explain our experimental results is beyond224

the scope of the present paper. Instead, we have tried to qualitatively understand the implica-225

tions of the data. Here, we will describe the outline of our quantum dipole model, which can226

be essentially mapped to the same universality class as the attractive Hubbard model and the227

spin XXZ Heisenberg model in many-body problems.1–3, 7, 8, 42, 52, 58, 74–76)
228

To understand the anomalous transport properties, found in our experiments on p-229

MOSFETs, we have considered applying various single-particle models, including Anderson230

localisation,30) floating-body effects,72, 73) ballistic transport, and Bloch oscillation77–79) (Ap-231

pendix B). However, none of these models could account for the deviations in slope upon232

application of the strong electric fields or the temperature dependence, suggesting a phase233

transition. The unique topological structure of our 1D wide channel after the pinch-off was234

a key observation. Among the various many-body models, 1D spin models7, 35–38, 42, 52) ap-235

peared plausible and applicable,7, 39–48, 65–67) but genuine magnetic orders were unlikely to be236

expected in Si with sp3 hybridised orbitals because the Coulomb interactions are not strong,237

and the one-body band structure model is valid. The only pseudo-spin applicable in this sys-238

tem was a quantum dipole, which would be formed at the extremely thin gate dielectric inter-239

face (Fig. 1).240
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3.1 Derivation of quantum dipole model241

In the temperature range of our experiments, carriers were predominantly localised at242

acceptor impurities due to Anderson localisation.30) Therefore, we start from the tight-binding243

Hamiltonian for describing the kinetic energy,244

Hkin = −
∑
i jσ

ti jσc†iσc jσ −
∑

iσ

µσniσ, (1)

where the nearest neighbour transfer energy, tσ, is determined by the effective mass, mσ,245

using tσ = ℏ2/(2mσa2), where a is the average distance between the doped boron (B) atoms246

in the gate, and c†iσ (ciσ) describes a creation (annihilation) operator for a carrier with the the247

pseudo spin (σ), corresponding to a a hole in the channel (↓) and a depletion (B−) charge248

in the gate (↑). Of course, the band degeneracies for heavy holes, light holes, and spin-orbit249

split bands, should be considered as well as real spin degeneracies, but we will ignore them250

for simplicity. niσ is the number operator at the i-th site. The lowest energy levels for ↑ and251

↓ are different, because a depletion energy level for B− (tii↑ = −EB − 2t↑) is located close to252

the valence band edge (Ev), and the energy level of a hole (tii↓ = Ev − 2t↓) is significantly253

affected by the band bending due to Vg towards the inversion of the channel. In a MOSFET,254

the electro-chemical potentials in the gate µ↑ = µg and in the hole channel µ↓ = µh = −µn,255

which are equivalent to the Fermi levels at zero temperature, can be controlled by Vg, and the256

overall charge neutrality condition will be maintained. The opposite sign in µ↓ is due to the257

opposite energy axis for holes compared to the electrons in the n-well. In the absence of an258

external vertical field (Vg = 0 V), the chemical potential must be aligned, µ↑ = µ↓ = µ.259

At the MOS interface, the strong Coulomb interaction works between holes (ni↓) in the260

channel and acceptors (ni↑) in the gate to form dipoles (Fig. 1 (b)), coming from the the261

capacitive coupling through the gate oxide. It can be described as the attractive interaction262

Hint = −U
∑

i

ni↑ni↓, (2)

where U ∼ e2/(2CQ) is the charging energy of the quantum dipole. The interaction is at-263

tractive, because holes are positively charged, while the acceptors are negatively charged,264

so that the Coulomb interaction between them must be negative in the atomic scale. This265

should not be confused with the total energy of the capacitor as a whole in the macroscopic266

scale, which is always positive to ensure that the free energy is the lowest when the ca-267

pacitor is not charged. In a MOS capacitor, this condition of zero charge is satisfied at the268

flat-band voltage9) and not at Vg = 0. The total energy of the capacitor is properly taken269

into account as a boundary condition to satisfy the Gauss’s law, e = CQ|(Vg − Vt)|. At fi-270

14/50



J. Phys. Soc. Jpn. FULL PAPERS

nite Vg, the total capacitive energy, which is the sum of contributions from µσ and −U, is271

e|(Vg − Vt)| − e2/(2CQ) = e2/(2CQ) > 0. Here, the attractive many-body interaction Hamilto-272

nian is describing the local energy gain (−U) of carriers to form quantum dipoles, rather than273

randomly or uniformly distributed throughout the interface. The quantum capacitance of the274

dipole, CQ = CoxS , is estimated from the gate oxide capacitance Cox and the area S of the275

charge distribution. When we estimate the gate oxide capacitance Cox, we must also consider276

the 2D quantisation of the channel along the direction perpendicular to the surface.9, 23, 80) This277

is because the 2D charge centroid of the channel is formed slightly away from the Si/gate in-278

sulator interface, and the extra capacitance is added to the total gate capacitance.9, 23, 80) Con-279

sidering the relative dielectric constants of Si (κSi = 11.7) and SiO2 (κSiO2 = 3.9), and the280

average charge centroid being located approximately 2 nm from the interface, the quantum281

confinement will add an extra effective thickness of tQM = 0.5 nm to the physical thickness282

of the gate insulator (tox = 2.4 nm ). Therefore, we estimated the gate capacitance using283

Cox = ϵ0κSiO2/(tox + tQM), where ϵ0 is the dielectric constant in a vacuum. By combining the284

attractive interaction at the MOS interface, we obtain the attractive Hubbard model2, 6, 7)
285

Hkin + Hint = −
∑
i jσ

ti jσc†iσc jσ − µ
∑

iσ

niσ − U
∑

i

ni↑ni↓. (3)

In the presence of the external electric field, Eext, we must add a term of the dipole inter-286

action, P · E,287

Hext = −Eext
y

∑
i

Py
i − Eext

z

∑
i

Pz
i , (4)

to the Hamiltonian, where Eext is obtained as288

Eext
x = 0 (5)

Eext
y = −Vd

L
(6)

Eext
z = −

Vg − Vt

tox
, (7)

where Vd is the drain voltage and Vt is the threshold voltage for the transistor. Here, the dipole289

operators are defined as290

Px
i =

d
2

(c†i↑c
†
i↓ + ci↓ci↑) (8)

Py
i =

d
2i

(c†i↑c
†
i↓ − ci↓ci↑) (9)

Pz
i =

d
2

(ni↑ + ni↓ − 1), (10)
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where the quantum dipole moment is d = etox. It is straightforward to check the commutation291

relationship292

[Pαi , P
β
i ] = idϵαβγP

γ
i , (11)

whereα, β, and γ are one of the components (x, y, and z), and ϵαβγ is the Levi-Civita sym-293

bol, which is a fully antisymmetric tensor giving 1 (-1) for the even (odd) commutation of294

(α, β, γ) = (x, y, z) and 0 for otherwise.7) The definition of the polarisation operator, Pαi , can be295

checked by the famous particle-hole transformation only for 1 spin component, which would296

map the attractive Hubbard model onto the repulsive Hubbard model,7, 81) and Pαi is consistent297

with the standard definition of the spin operator.298

We have derived the S U(2) commutation relationships of polarisation operators, which299

are essentially the same as the spin commutation relationship, except for one noticeable dif-300

ference; that the constant of the dipole moment can be artificially designed by choosing the301

gate oxide thickness in fabrication technologies. On the other hand, in spin systems, the spin302

angular moment is naturally quantised in the units of fundamental Dirac’s constant ℏ, which303

cannot be changed. Therefore, we can tune the impacts of quantum effects on polarisations by304

engineering. Interestingly, we expect the thicker the oxide thickness, the larger the quantum305

effects, since the larger d corresponds to the larger ℏ. This means that the quantum dipoles306

are easier to allow quantum fluctuations, if the dipole moment is larger. Practically, however,307

quantum dipoles will not be well-defined, if tox is too thick compared with a, so that the308

appropriate choice of tox and carrier densities would be important.309

We briefly mention about the nature of quantum dipoles using fundamental S U(2) states310

at each lattice site. If the B impurity site is doubly occupied, the quantum dipole exists, which311

corresponds to the dipole up state312

| ↑⟩i = c†i↑c
†
i↓|0⟩ (12)

= |1⟩gi |1⟩ci , (13)

and the empty state corresponds to313

| ↓⟩i = |0⟩gi |0⟩ci . (14)

These can be confirmed by calculating Pz
i | ↑⟩i and Pz

i | ↓⟩i in the standard S U(2) matrix for-314

mulation as315

d
2

 1 0

0 −1


 1

0

 = d
2

 1

0

 , (15)
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316

d
2

 1 0

0 −1


 0

1

 = −d
2

 0

1

 . (16)

Therefore, c†i↑c
†
i↓ works as a standard ladder operation to increase the quantum dipole moment.317

Similarly, the quantum superposition state between | ↑⟩i and | ↓⟩i corresponds to the dipole318

states alining to the longitudinal direction x319

| →⟩i = 1√
2

(| ↑⟩i + | ↓⟩i) , (17)

| ←⟩i = 1√
2

(| ↑⟩i − | ↓⟩i) , (18)

and those states aligning along the horizontal direction y are320

|⟲⟩i = 1√
2

(| ↑⟩i + i| ↓⟩i) , (19)

|⟳⟩i = 1√
2

(| ↑⟩i − i| ↓⟩i) , (20)

which are easily checked to be eigenstates of Px
i and Py

i , respectively. According to the S U(2)321

algebra, we can describe arbitrary states by superpositions of | ↑⟩i and | ↓⟩i states.322

Next, we can check the validity of the total Hamiltonian,323

Hkin +Hint +Hext = −
∑
i jσ

ti jσc†iσc jσ − µ
∑

iσ

niσ −U
∑

i

ni↑ni↓ − Eext
y

∑
i

Py
i − Eext

z

∑
i

Pz
i , (21)

in the weak coupling limit, where the charge density is uniformly distributed to give the324

average filling ⟨niσ⟩ = nσ, while U and Eext
z dominate over ti jσ. In this classical mechanical325

case, the average energy is obtained as326

ECM =
⟨H⟩
NL

(22)

= −(Vg − Vt)enσ − Un2
σ, (23)

where NL is the total number of the lattice sites, i.e., the number of B impurities at the MOS327

interface above the channel. By assuming the first derivative is zero,328

∂ECM

∂nσ
= 0, (24)

we obtain329

enσ = −CQ(Vg − Vt) (25)

= CQ|(Vg − Vt)|, (26)

which shows the local validity of the Gauss’s law. Therefore, our Hamiltonian covers the330

standard limit of the classical capacitance, in which the ordering of dipoles is not considered.331
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In a MOSFET, the charge neutrality is always satisfied332

n↑ = n↓. (27)

We can also define the filling fraction n as333

n = n↑ + n↓, (28)

which gives the average number of carriers at each lattice site. If the half of the lattice sites334

are occupied by dipoles, we obtain n = 1, which is in agreement with the standard definition335

of the filling in the Hubbard model.7, 74, 75)
336

In the strong coupling limit, where U is much larger than ti jσ, the attractive Hubbard337

model can be mapped to the quantum AF-electric Heisenberg XXZ model4, 82)
338

H = Jxy
∑
⟨i j⟩

(Px
i Px

j + Py
i Py

j) + Jz
∑
⟨i j⟩

Pz
i P

z
j − Ez

∑
i

Pz
i − Ey

∑
i

Py
i , (29)

where Jxy = 4t↑t↓/(Ud2), Jz = 2(t2
↑ + t2

↓)/(Ud2), and the sum will run over all the nearest339

neighbour bonds. This XXZ model describes the local interaction between quantum dipoles.340

AF ordering is energetically preferred for the exchange interaction, since dipoles can fluctuate341

quantum mechanically. On the other hand, Ising-like ferroelectric ordering is also expected, if342

the external electric fields are large. Here, the horizontal effective electric field was estimated343

as Ey = (Vd − Vc)/L, where Vc is the critical voltage determined by experiments, and the344

vertical electric field345

Ez = Eext
z + Echem

z (30)

= −
Vg − Vt

tox
+ µ

2
d

(31)

=
2
d

(
µ + U

n
2

)
, (32)

where Echem
z is the effective field coming from the chemical potential, and we assumed the346

Gauss’s law (26). This is consistent with the known result7, 75, 82, 83) at the half-filling (n = 1)347

and shows µ = −U/2 and Ez = 0, which must be satisfied due to the particle-hole symmetry348

of the Hubbard model.83) Notably, the effective field in the dipole model is different from the349

external field.350

To understand our experimental data, we considered the above quantum dipole model,351

which describes the dipole, formed at the extremely thin gate dielectric interface due to the352

strong vertical electric field (Fig. 1 (b)). Inversion holes would be trapped by remote charges353

in the gate84) to form dipoles at low temperatures because of the carrier freezing-out due to354

the intrinsic Anderson localisation.30) Therefore, unlike excitons in bilayer quantum hall sys-355
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tems3) and exciton-polariton condensates in quantum wells,5) quantum dipoles cannot move356

freely. The interaction between dipoles is short-range, meaning the sum over i and j will be357

limited to all the nearest neighbour bonds.7) Our quantum dipole model is equivalent to the358

spin model for magnetism, and thus, we can apply various theories that have been developed359

for spin systems to understand the anomalous transports observed in this system.360

3.2 Mean field theory361

We have solved the above Heisenberg XXZ model using a mean field theory, which is362

justified under the application of high electric fields.7, 83) In this limit, the Heisenberg model363

simply becomes the Ising model, and the spin is aligned to the easy axis along the effec-364

tive electric field. We assumed the most simplest situation without anisotropy in exchange365

interactions, Jxy = Jz, and the energy scale was set up according to J = zJxyd2/4, where z is366

number of the nearest neighbour sites. The energy scales of the effective fields were estimated367

by hy = dEy/2 and hz = dEz/2. The energy scale of hy is especially important since it is ap-368

proximately etoxVd/2L, which should be on the order of J ∼ kBTc, where kB is the Boltzmann369

constant. In other words, the molecular field from the dipole will generate the effective drain370

voltage change on the order of J/e(̇2L/tox), and the large ratio, 2L/tox ∼ 38, is the origin of371

the significant change in currents from the onset of the dipole ordering.372

The typical solutions of the Ising model are shown in Fig. 11. We have assumed the373

canonical ensemble, where the density of carriers is not dependent on temperatures at fixed374

voltages, and we solved to determine the chemical potential self-consistently (Fig. 11 (b) and375

11 (c)). The applied effective field was set as negative since the number of empty sites (down376

dipole) was larger than the number of occupied sites (up dipole) for fillings less than the377

half-filling. Near the half-filling, we found the AF ordering below the transition temperature,378

and no AF ordering was observed far away from n = 1 (Fig. 11 (a)). Due to these ordering,379

the horizontal effective field was screened by the AF ordering, but it was enhanced by the380

ferroelectric ordering (Fig. 11 (h)).381

3.3 Transport characteristics382

According to the standard drift-diffusion model,9) the values of the drain current Id in the383

linear and the saturation regions are given by384

Id = WvyCox

(
Vg − Vt − m

Vd

2

)
, (33)

where the body factor m is a value close to 1, and the factor of 1/2 is coming from the385

reduction of the average carrier concentration by the application of Vd (Fig. 12). We have386
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Fig. 11. (Color) Mean field solution for a dipole system. The solid lines are the results for hy = −0.5J at

n = 0.85 and represent the AF ordering, and the dotted lines are results for hy = −J at n = 0.25 and represent

the dipole polarised ferroelectric ordering. The red (blue) curves show the results for A (B) bipartite lattice.

(a) Staggered AF moment. (b) Self-consistently obtained effective fields. (c) Filling fraction, which shows the

consistency of the calculations. (d) Polarisation of the dipole along the applied effective field. (e) Vertical po-

larisation of the dipole. (f) Horizontal polarisation of the dipole. (g) Average vertical molecular field from the

dipole. (h) Average horizontal molecular field from the dipole.
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centrations near the source and drain edges are different due to the application of Vd.
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used an empirical velocity saturation model,9) and the drift velocity, vy, is given by387

vy = µeff
|Ey|

1 + |Ey|/Ec
, (34)

where µeff is the effective hole mobility and the critical electric field is Ec = vsat/µeff at a388

saturation velocity of vsat = 7 × 106 cm/s. We could calculate parameters such as µeff and Vt389

by the fitting to the experimental data at 30 K.390

3.4 Connection between XXZ model and transport properties391

We have discussed about the longitudinal ordering of quantum dipoles by an XXZ model,392

but the transport properties were measured along the transverse direction perpendicular to393

the 1D channel. The properties of quantum dipoles can be probed by the transport through394

the effective fields changed by the on-set of phase transitions. After the field-induced phase395

transition, Ey in Eq. (34) is replaced with the mean-field including the molecular field396

Ey
MF = Ey −

∑
⟨ j⟩

Jxy⟨Py
j⟩, (35)

which is calculated by the Heisenberg/Ising model. Examples of the calculated effective Ey
MF397

are shown in Fig. 11 (h). The AF ordering reduces Ey
MF, while ferroelectric ordering increases398

Ey
MF. Therefore, the carrier velocity vy and thus Id would be significantly affected by phase399

transitions. The energy scales estimated from experiments are shown in Appendix C.400

3.5 Simulated results for the impact of quantum dipole on carrier transport401

Fig. 13 (a) shows a calculated typical calculated drain current (Id) as a function of the402

drain voltage (Vd). Id saturates at the pinch-off (Fig. 1 (a)), and Id does not increase with403

further increases in Vd due to the reduction in the carrier concentration at the drain edge.9)
404

However, according to the velocity saturation model,9) the carrier velocity is not actually405

saturated at the pinch off (Fig. 13 (b)). Therefore, there is room for the Id to increase with406

an increase in the velocity from the molecular dipole field even after the pinch-off. In fact, if407

the filling fraction (n) is low under the application of a modest gate voltage (Vg), Id increases408

after the onset of the dipole-polarised ferroelectric state (Fig. 13 (c)). Experimentally, this409

corresponds to the observed sharp increase of Id against Vd (Fig. 7 (c)). In contrast, if the410

carrier concentration is closer to the half filling (n = 1), on the other hand, Id decreased upon411

increasing Vd due to the screening of electric field by the AF-electric ordering (Fig. 13 (d)).412

Therefore, the negative differential conductance is expected from the AF ordering, while the413

further increases in Vd will align the staggered moment along the field, which increases Id at414

higher Vd (Fig. 13 (d)). Experimentally, the negative differential conductance was observed415
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Fig. 13. (Color) Simulated impact of quantum dipoles on the transport properties in a p-MOSFET. (a) Typical

Id − Vd behaviour near the saturation. (b) Velocity saturation model. The dotted line shows the velocity curve

without a pinch-off. (c) Simulated Id with the enhanced velocity from the dipole molecular field. The dotted line

shows Id without the ferroelectric ordering. (d) Simulated Id with the reduced velocity from the screening of the

electric field by antiferroelectric ordering. The dotted line shows Id without the antiferroelectric ordering.

under the application of the larger Vg (Fig. 7 (a)).416

We have further simulated Id − Vd characteristics by using extracted experimental pa-417

rameters. The calculated results (Fig. 14) are in reasonable agreement with the experimental418

trends, regardless of the mean field approximation.419

Above 30 K, the dipoles are not ordered, so the transport is determined by standard drift420

and diffusion. Below 25K, phase transitions are expected due to the ordering of the dipoles. In421

particular, if the carrier concentration is high, AF ordering is expected, and the staggered po-422

larisation will develop as we decreased T (Fig. 11 (a)). Due to this AF ordering, the negative423

differential conductance is expected at lower T (red curves in Fig. 14), which is consistent424

with the extended AF regions experimentally observed in the drain transconductance (Fig.425

9). We could also successfully simulate ferroelectric states when the carrier concentration is426
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Fig. 14. (Color) Simulated transport properties for a Si p-MOSFET. The experimental parameters such as

mobility and the threshold voltage were extracted from experimental data at 30 K by least square fitting. The

critical drain voltage for the field-induced transition was also extracted from experimental data at each temper-

atures. Then, the molecular dipole fields were calculated from the mean-field theory of the Heisenberg model,

and a standard velocity saturation model and transistor formulas were used to calculate Id-Vd behaviour. The

AF-electric ordering resulted in the negative differential conductance, while the ferroelectric ordering enhances

the carrier velocity.

low (blue curves in Fig. 14). In these states, dipoles are polarised due to the strong transverse427

fields coming from Vd. These dipoles will produce the effective molecular field (dotted line428

in Fig. 11 (h)) to increase the carrier velocity.429

4. Results and Discussion430

4.1 Ferroelectric and antiferroelectric states431

There are at least three important regimes in our Id − Vd curves (Fig. 15). At lower Vg,432

we found an abrupt increase of Id with a kink at the threshold (Fig. 15 (c)). We assigned this433

phase to be a quantum ferroelectric phase, which was induced by the high electric field, Ey,434

due to the scaled channel length (L). In this state, the quantum dipole is aligned along the435

y direction, and the neighbouring dipoles increase the effective electric field. This molecular436

mean field will increase the average dipole moment, ⟨Py⟩, and Id will increase accordingly. We437

confirmed this hypothesis using simulations (Fig. 13 (c)). In this phase, the U(1) symmetry438

in the XY plane is broken, and the none-zero off-diagonal order parameter corresponds to the439

BEC4, 82) of the excitons in our 1D channel. The lifetime of our exciton are long due to the440

physical separation provided by the gate oxide and the indirect band gap character of Si. This441

paring state is similar to the Cooper pair in a superconductor, but our composite particle has442

neutral charge instead of the ±2e for the Cooper pair.443

The next important feature is the negative differential conductance observed at the higher444

Vg (Fig. 15 (a)). This is quite unusual since Id usually continuously increases against Vd when445
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Fig. 15. (Color) Quantum states in the 1D channels. (a) Quantum antiferroelectric state. The negative differ-

ential conductance was observed due to the charge ordering along the source edge. (b) New current plateau.

Disordered singlet states would be responsible for the emergence of the energy gap in the system. (c) Ferroelec-

tric state. This state corresponds to the Bose-Einstein condensation of excitons at the MOS interface.

the drain edge of the channel becomes pinched-off. According to our quantum dipole model,446

we can attribute the quantum AF-electric state due to the enhanced effect of Jz (Fig. 13 (d)).447

In this state, the dipole order along z is expected, and the dipoles cannot move freely inside448

the XY plane. In fact, dipoles occupy alternating sites and leave every other site unoccupied,449

which means that this state corresponds to the charge-density-waves (CDWs) state.7) Due to450

the local singlet formation along z, the dipole moment along y was reduced, which caused Id451

to decrease as well. However, if we apply an even higher Ey, the energy scale is increased452

by the external field, so the dipole begins to align along the y-direction, which caused the453

increase of Id at higher Vd.454
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Fig. 16. (Color) Comparisons of transport characteristics with renormalisation flows. (a) Experimental Id−Vd

data of p-MOSFET at 5K. (b) Theoretical renormalisation flows using the XXZ model. As the energy scales

are reduced by reducing Vd, ferroelectric states are renormalised to quantum antiferroelectric states, if Vg is

sufficiently large. If the carrier concentration is low, the state is renormalised to a Tomonaga-Luttinger liquid

state.

4.2 Renormalisation group flow455

We can confirm above pictures by applying the renormalisation group flow,7, 38, 67) known456

for the XXZ model (Fig. 16). The mean field approximation cannot be justified when the457

electric fields are weak and the quantum fluctuations are large.2, 7, 67, 74–76) In that interesting458

intermediate regime, the low energy properties of the XXZ Heisenberg model are described459

by the sine-Gordon model, the properties of which can be explained by the renormalisation460

group theory.2, 7, 67, 74–76) Assuming the Luttinger parameter (K) and the coupling constant (G),461

the system can be renormalised by the change in the length (l) scale as462

dK
dl

= −cG2 (36)

dG
dl

= 2(1 − 2K)G, (37)

where c is a numerical constant. The flows are described by simple hyperbolic curves that463

satisfy464

G2 − (2K − 1)2

c
= c0, (38)
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Table I. Comparisons among BKT, Quantum Hall, and Quantum dipole systems.

System BKT Quantum Hall Quantum Dipole

Device Superfulid films Hall bar p-MOSFET

Materials He, Al Si, GaAs, Graphene Si

Dimension 2D 2D and 1D at the edge 1D

Field Many-body interaction Magnetic field (> 10 T) Electric field (> 1 MV/cm)

Localization Effective local spin Impurities in a channel Remote charges in a gate

Quantisation Spin Landau level Dipole

Excitation Charges Fractional charges Magnetic monopole

Vortex Binding/Un-binding Composite fermions/bosons Excited in space-time

Phase transition Temperature induced Field induced Temperature/field induced

Hamiltonian XY Chern-Simons XXZ

Characteristics Universal jump at Tc Plateau in Hall conductance Plateau in drain currents

Topological phases Edge states Negative conductance

No long-range order Chiral Luttinger liquid Exciton BEC

where c0 is the integration constant. The typical renormalisation flow at c = 2 is described465

in Fig. 16. Our Id − Vd characteristics are resemble to these flows. Our Id − Vd curves are466

essentially equivalent to the change in the energy scales and thus correspond to the renor-467

malisation group flow. This means that the quantum AF-electric state is favourable when the468

energy scale is reduced at higher doping concentrations. By increasing the energy scale with469

increasing Vd, the state could shift from AF-electric to ferroelectric states opposite to the low470

energy scaling flow. The comparisons with other systems are summarised in Table I.471

4.3 Plateau472

The last critical feature was a new current plateau, which was discovered at interme-473

diate Vg (Fig. 15 (b)), where a disordered singlet phase or an XY phase is expected.7) We474

think this phenomenon is related to the magnetisation properties of the spin models upon475

the application of the transverse magnetic fields.7, 39, 42, 44–47) The emergence of plateaus sug-476

gests the formation of the energy gap between the ground state and the excited state, which477

is extremely important, since it is intricately related to the new state of matter as an order478

parameter, as seen in superconductivity, magnetisation, and integer/fractional quantum Hall479

effects. In particular, field-induced magnetisation plateaus were theoretically predicted in the480

frustrated spin half systems.44–46) This means that the formation of the Haldane gap in half-481

integer spin systems occurs under certain conditions,44–46) where the gapless excitations were482

originally predicted, which is in contrast to the gapped excitation in integer spin systems.39)
483
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Fig. 17. (Color) Phase diagrams of the 1D channel under strong electric fields. (a) Changes in the transport

properties against energy scales similar to the renormalisation flow. (b) Field-induced transitions probed by

gd within the quantum antiferroelectric (AF), plateau, XY, and ferroelectric (F) regimes. Tomonaga-Luttinger

liquid (TLL) properties are expected at the lower boundary. (c) Impact of carrier doping in the gate on the 1D

transport. The quantum critical point is expected in the lowest energy scale.

There are several mechanisms for the gap formation, such as spontaneous dimerisation7, 39)
484

and frustrating interactions44–47) that are intriguingly governed by the Oshikawa-Yamanaka-485

Affleck criterion.47) In our device, the exact origin of the plateaus is unclear and is far beyond486

our mean-filed analysis, but we can think about the band degeneracies in the valence band of487

Si are a possible origin. These extra degrees of freedom complicate the interactions among488

holes belonging to the different sub-bands with different effective masses. The formation of489

a local pseudo-spin singlet state among the valleys of sub-bands valleys and/or true degrees490

of freedom in the spin to form a magnetic singlet might also be related to the origin of the491

plateaus.492

4.4 Phase Diagrams493

The Id − Vd characteristics, drain transconductance (gd = ∂Id/∂Vd), and gate transcon-494

ductance (gg = ∂Id/∂Vg) are shown in Figs. 9 and 17. No anomalies were observed at tem-495

peratures higher than 30 K, and the field-induced phase transition was observed below 25 K.496

The qualitative features of the Id − Vd curves were successfully simulated (Fig. 13). We can497
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clearly identify the phase boundaries between the classical and quantum transport regimes498

in gd and gg (Fig. 17). At lower temperatures, we can identify the AF-electric phase and the499

plateau regime in gd, but there is no negative differential conductance in gg. This observa-500

tion indicates that high Ey at a higher carrier density is needed to generate the AF-electric501

phase, while Id always increases upon increasing of the hole concentrations by Vg. The phase502

boundaries for the quantum transport decreased within the Vd − Vg planes as we decreased503

the temperature (Fig. 9), and the AF-electric regime was expanded (Fig. 17). This is consis-504

tent with the renormalisation group flow (Fig. 16 (b)),7, 38, 67) and thus, the TLL behaviour is505

expected at the boundary of the ferroelectric phase at lower temperatures (Fig. 17 (b) at 5 K).506

We could not determine a clear quantum phase transition between the AF-electric, XY, and507

ferroelectric phases, presumably because the quantum critical point and the renormalisation508

fixed line exist at zero temperature,7) and quantum critical behaviour can only be observed509

at finite temperatures.58) In our system, there exists intrinsic disorders due to random dopant510

configurations unequal lattice spacing. Impacts of disorders are discussed in Appendix D.511

4.5 Impacts of magnetic fields512

To identify the internal magnetic structure of the quantum dipole, we have also applied513

high magnetic fields at 5 K (Fig. 18). This experiment was inspired by the Meissner effect and514

a breakdown of superconductivity under the applications of high magnetic fields.1, 2, 7, 74–76) In515

a superconductor, Cooper pairs form local singlets, which will be broken if the applied mag-516

netic field is sufficiently high. Depending on the types of superconductivity, the breakdown517

may accompany the first order phase transition (type-I) or it may generate the intermediate518

phase (type-II), in which the magnetic domains with flux vortices are formed. The latter is519

especially interesting at lower dimensions since the Berezinskii-Kosterlitz-Thouless (BKT)520

transition,65–67) which is characterised by an infinite order phase transition with a universal521

jump in the order parameter at the transition, is expected due to the paring of the vortex and522

anti-vortex.523

Fig. 18 shows our experimental results. We could not identify clear changes upon the524

applications of magnetic fields up to 12 T. This indicates that we could not substantially525

impact the origin of the transport anomalies. The result implies that the magnetic structure of526

the quantum dipole does not have a major effect on the transport, but further investigations527

are needed to determine the exact internal structure of the quantum dipole.528
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Fig. 18. (Color) Phase diagrams of the 1D channel under various magnetic fields at 5K. The panels of the

figure show the results of the application of the magnetic fields of 0, 4, 8, and 12 T, respectively. (a) Transitions

in the transport properties. (b) Drain transconductance, which shows the impacts of transverse electric fields. (c)

Gate transconductance, which shows the doping effects.

4.6 Impacts of body bias on phase diagrams529

According to the renormalisation flow7, 38, 67) (Fig. 16 (b)), to see the antiferroelectric530

phase more clearly, we should reduce the energy scale of the system and increase Ez (or531

Jz). Following the theoretical predictions, we have reduced temperatures down to 5 K and532

obtained phase diagrams under the applications of the forward body bias (Vb) to the n-well,533

which reduced the threshold voltage of the transistor to increase Ez (Fig. 19). As a result, the534

antiferroelectric phase, which has a negative gd (the blue regions in Fig. 19 (b)), expanded535

substantially, as we reduced Vb. This means that we could successfully confirmed the body536

contact to observe the expected impacts of the body bias on stabilising the AF-electric phase537

under the application of stronger vertical electric fields (Fig. 19), which is consistent with538

the renormalisation group flow (Fig. 16 (b)). Therefore, the phase diagrams and the generic539

trends were consistent with theoretical predictions based on the XXZ model.7, 38, 67)
540

4.7 Anomalous gate leakage currents541

We also found an additional piece of evidence confirming the formation of quantum542

dipoles in Ig (Figs. 10 and 20). Usually, Ig has no or very weak temperature dependence due to543
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Fig. 19. (Color) Phase diagrams of the 1D channel under strong electric fields controlled by the body biasing.

Measurements were made at 5K. (a) Transitions in the transport properties. (b) Drain transconductance, which

shows the impacts of enhanced vertical electric fields. The antiferroelectric phase boundaries expanded as we

increased the forward bias on Vb from -0.5 V to -1.0 V. (c) Gate transconductance, which shows the doping

effects.

the intrinsic quantum nature of the direct tunnelling currents, which can be understood within544

the framework of the one-body Schrödinger equation.2, 9, 74, 75) On the other hand, many-body545

interactions among dipoles are necessary to understand the observed exponential increases in546

the tunnelling currents with decreasing temperatures. The local increase in the electric field547

perpendicular to the MOS interface, Ez, from the development of the local order parame-548

ter ⟨Pz
j⟩ must be considered. Ig exponentially increases with Vg (Fig. 20 (b)), which means549

the extra contributions to Ez
i from the molecular mean fields would significantly affect Ig.550

This was especially true at lower temperatures and higher Vg , where ⟨Pz
j⟩ develops. Another551

anomaly was observed in the Vd dependence (Fig. 20 (a)). As we reduced Vd from 0 V to552

-1 V at fixed Vg, the voltage difference between Vg and Vd decreased; however, Ig exponen-553

tially increased, instead. This increase in the current with decreasing external electric field554

is quite unusual. The only way to explain this increase in Ig is based on the local increase555

in the effective electric field upon the development of ⟨Pz
j⟩. This is a firm evidence showing556

the quantum dipoles are controlling the quantum transport at low temperatures (Figs. 10 and557

20). The enhancement of the resonant tunnelling was previously observed in a double layer558

quantum Hall ferromagnet.85) The observed enhancement under the application of the low in-559
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Fig. 20. (Color) Enhanced gate leakage current by quantum dipole formation after phase transition. (a) Field-

induced phase transitions and exponential increases in the tunnelling currents at lower temperatures. Vg was

held constant at -1 V. (b) Gate-induced phase transitions and exponential increases in the tunnelling currents as

the order parameter of the quantum dipole developed. Vd was held constant at -1 V. The anomalous increase in

the current was attributed to the increase in the local electric field due to the dipole order.

terlayer voltage has been reported to be a result of the collective excitaions of the Goldstone560

mode.85) Our device may have some similarities to the bilayered quantum Hall systems3, 85)
561

and coupled quantum wires,86, 87) in which the interactions between excitons are important.562

In our device, electrons and holes are physically separated by the gate insulator, and a simi-563

lar separation is expected in a coupled quantum wires.86, 87) The physical separation was also564

controlled by a double quantum well heterostructure.85) One notable difference in our system565

is the indirect band gap nature of Si, which makes it more difficult to investigate by exci-566

tonic recombination processes due to the inefficient light emissions; however, the long life567

time may help to expect the correlated many-body effects. Addressing the dynamics of the568

dipoles in our device is beyond the scope of this paper, but researchers working on excitions569

will be able to investigate the dynamics in time resolved experiments in the future. Another570

difference of our device relative to III-V systems is the cleanliness of the channel. In our571

p-channel MOSFET, B impurities are heavily doped up to 1020 cm−3 because the solid solu-572

bility of impurities in this system is orders of magnitude higher than it is in III-V materials.9)
573

Therefore, the poly-Si gate electrode is dirty, and we expect the short mean-free path to be574

approximately 10 nm. At low T , these impurities will strongly trap the quantum dipoles due575

to the Anderson localisation30, 88) and these dipoles cannot move freely. On the other hand, the576

channels of III-V materials are much cleaner, and thus ballistic transport would be expected577

at low T and excitons can move freely. To the best of our knowledge, transport properties578
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of III-V materials that are similar to what we observed in our materials have not been re-579

ported. These differences between Si and III-V materials might be the cause of the observed580

anomalous transport properties.581

4.8 Similarity to phase diagrams of cuprates582

We also generated phase diagrams against temperature, Vd, and Vg (Fig. 21). The signif-583

icant advantage of our system compared with other strongly correlated electron systems is584

the ability to control the phases solely by changing the voltages. We found that the transi-585

tion temperature depends on the applied field condition (Fig. 21), and both antiferroelectric586

and ferroelectric phases were stabilised at Vd = −0.6 V (Fig. 21 (b)) . In particular, the587

phase diagram upon changing the carrier density at Vd = −0.6 V (Fig. 21 (b)) resembles the588

phase diagram of high-Tc superconducting cuprates.6) This can be understood by the map-589

ping of the repulsive Hubbard model to the attractive Hubbard model under a magnetic field590

by the particle-hole transformation of one spin (up or down).7, 82) In this respect, quantum591

antiferroelectric (CDW) and ferroelectric (BEC) phases in our device would correspond to592

the antiferromagnetic Mott insulator and d-wave superconductivity in cuprates.6) The trans-593

port dynamics in 1D is also ultimately linked to a 2D system, since a quantum system of594

1D space-time is equivalently mapped to the corresponding statistical system of 2D space at595

a finite temperature.7) Furthermore, the current plateau would be relevant to the pseudo-gap596

phase,6) which is considered to be crucial to understand the mechanism of the high-Tc su-597

perconductivity. It was quite surprising for us to see a quantum ferroelectric state, which is598

equivalent to the exciton BEC, at relatively high transition temperature of 25 K, but physics599

responsible for the phase would be correlated to the similar mechanism in high-Tc cuprates.600

The recoveries of Fermi liquid behaviours6) at doping concentrations far away from n = 1601

are also similar to our classical transport at lower gate-induced doping. We also observed602

the re-entrant nature of the phase transitions towards the emergence of the plateau regime at603

Vd = −0.5 V (Fig. 21 (b)), which corresponds to the magnetisation plateau7, 39, 42, 44–47) in the604

half spin magnetic models.605

5. Conclusion606

We discovered a novel transport property of a Si MOS field-effect transistor that has a607

wide and short p-channel at low temperatures. Anomalies were found after the pinch-off608

of the channel where 1D quantum dipoles were formed at the source edge of the channel.609

We found three important regimes; a quantum antiferroelectric phase, pseudo-gap phase, and610
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Fig. 21. (Color) Temperature-fields phase diagrams of the 1D channel at L =55 nm. (a) Field-induced phases.

The quantum dipoles were aligned by strong transverse electric fields. (b) Transitions of anomalous transport

states by carrier doping. The quantum antiferroelectric state was realised near half-filling, while the ferroelectric

state was realised at lower doping. The plateau regime was found in between the antiferroelectric and ferroelec-

tric states and corresponds to the pseudo-gap phase.

ferroelectric phase, which exhibit negative differential conductance, plateaus, and increases611

in the drain currents due to the condensations of excitons, respectively. The qualitative fea-612

tures of our device can be explained by an XXZ Heisenberg antiferroelectric quantum dipole613

model in conjunction with known theoretical models. Considering the impressive tunability614

of the electronic states by high electric fields, quantum dipole systems using conventional Si615

transistors will offer a new platform for investigating 1D strongly correlated systems. Our616

experimental results suggest that the scaling of Si technologies is opening up a new era for a617

quantum regime after a phase transition from a classical regime.618
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Appendix A: Technical Terms631

Considering interdisciplinary nature of this research, we provide the list of abbreviations632

and variables in Table A-1.633

Table A·1.: List of abbreviations and variables.

Name Symbol

Annihilation operator for the conduction band bkc

Annihilation operator for the depletion charge ck↑

Annihilation operator for the valence band bkv

Annihilation operator for the valence band hole ck↓

Anti-Ferro AF

Attractive interaction U

Average area of the lattice site S = a2

Average dipole moment along x ⟨Px⟩
Average dipole moment along y ⟨Py⟩
Average dipole moment along z ⟨Pz⟩
Average distance between boron atoms a

Average exchange energy J

Average filling for pseudo spin σ nσ

Average filling fraction n = n↑ + n↓

Average random z-field ⟨∆Ei
z⟩

Axis along the source-to-drain direction x

Axis along the gate y

Axis perpendicular to the substrate z

Berezinskii-Kosterlitz-Thouless BKT

Bose-Einstein condensation BEC

Charge-Density-Waves CDWs

Channel length L
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Name Symbol

Channel width W

Complementary Metal-Oxide-Semiconductor CMOS

Conduction band ϵc

Correlation length ξ

Creation operator for the conduction band electron b†kc

Creation operator for the depletion charge c†k↑
Creation operator for the valence band electron b†kv

Creation operator for the valence band hole c†k↓
Chemical potential for electrons µn

Chemical potential for the gate electrode µg

Chemical potential for holes µh

Coupling constant G

Critical temperature Tc

Critical drain voltage at the kink Vc

Critical electric field for the pinch off Ec

Destruction operator for the conduction band electron bkc

Destruction operator for the depletion charge ck↑

Destruction operator for the valence band electron bkv

Destruction operator for the valence band hole ck↓

Drift velocity vy

Dielectric constant in the vacuum ϵ0

Dirac’s constant ℏ

Drain current Id

Drain transconductance gd = ∂Id/∂Vd

Drain voltage Vd

Effective electric field by the chemical potential Echem
z

Effective electric mean-field along y Ey
MF

Effective mass m∗

Effective mobility µeff

Effective oxide thickness due to quantum confinement tQM

Elementary charge e

Electric field of the quantum dipole model along x Ex

Electric field of the quantum dipole model along y Ey

35/50



J. Phys. Soc. Jpn. FULL PAPERS

Name Symbol

Electric field of the quantum dipole model along z Ez

Energy level for boron EB

Energy for classical mechanical MOS model ECM

Equivalent Oxide Thickness (EOT) tox

Exchange interaction J

Exchange interaction in the xy-plane Jxy

Exchange interaction along z Jz

External electric field along x Eext
x

External electric field along y Eext
y

External electric field along z Eext
z

Field-Effect-Transistor FET

Gate oxide capacitance Cox

Gate transconductance gg = ∂Id/∂Vg

Gate voltage Vg

Hamiltonian for external fields Hext

Hamiltonian for gate Hgate

Hamiltonian for interaction energy Hint

Hamiltonian for kinetic energy Hkin

Hamiltonian for quantum XXZ model H

Hamiltonian for randomness HRandom

Hamiltonian for random z-field HZF

Hamiltonian for random planer exchange HPE

Hamiltonian for random z-z exchange HZE

Hamiltonian for substrate Hsub

Information Communications Technologies ICT

i-th lattice site i

j-th lattice site j

Length scale for renormalization l

Levi-Civita fully antisymmetric tensor ϵαβγ

Local dipole moment di = eti
ox

Local gate oxide thickness ti
ox

Local lattice spacing ai

Local quantum capacitance Ci
Q = Coxa2

i
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Name Symbol

Local variation of gate oxide thickness ∆ti
ox

Local variation of lattice spacing ∆ai

Luttinger parameter K

Mean squared random field strength D = ⟨(∆Ei
z)

2⟩
Metal-Oxide-Semiconductor MOS

Metal-Oxide-Semiconductor Field-Effect-Transistor MOSFET

Nearest neighbour transfer energy for the gate t↑

Nearest neighbour transfer energy for the substrate t↓

Number operator at the i-th site ni

Number of the lattice sites NL

One-dimensional 1D

Polarisation operator along x Px
i

Polarisation operator along y Py
i

Polarisation operator along z Pz
i

Pseudo down spin for the gate ↓
Pseudo up spin for the gate ↑
Pseudo spin σ

Quantum bit Qubit

Quantum capacitance of the dipole CQ = CoxS

Quantum dipole moment d = etox

Random planer exchange interaction ∆Jxy
i j

Random z-field ∆Ei
z

Random z-z exchange interaction ∆Jz
i j

Relative dielectric constant of Si κSi = 11.7

Relative dielectric constant of SiO2 κSiO2 = 3.9

Saturation velocity vsat

Silicon Si

Silicon-oxynitride SiON

Temperature T

Threshold voltage Vt

Tomonaga-Luttinger Liquid TLL

Transfer energy ti jσ

Two-dimensional 2D
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Name Symbol

Valence band ϵv

Valence band edge Ev

Wavevector k

Appendix B: Attempt to Explain Experiments by Bloch Oscillations634

We have considered Bloch oscillations as one of possible scenarios to explain these phe-635

nomena. The accelerated carriers can oscillate within a band under a constant applied electric636

field, which might explain the negative differential conductance.637

To begin with, we calculate the mobility µ and the source-drain current Id when Bloch638

oscillation is included. Following Esaki and Tsu,77) we first calculate the mobility µ with639

semiclassical equations640

ℏ
dk
dt

= eE, (B·1)

dv
dt
=

1
ℏ2

d2εk

dk2 eE, (B·2)

where k and v are the carrier wavenumber and velocity in its 1D propagation direction, re-641

spectively, including a time (t) dependence, E is the electric field applied between the source642

and the drain, εk is the carrier energy dispersion, ℏ is Planck’s constant h divided by 2π, and e643

is the electric charge. For simplicity, we employ the energy dispersion defined in one dimen-644

sion: εk = W̃(1−cos ka)/2, where W̃ is the band width, which is related to the carrier effective645

mass m as W̃ = 2ℏ2/(ma2), where a is the Si lattice constant. Integration of Eq. (B·1) with t646

for a constant E gives k = eEt/ℏ, where the integration constant is set to be zero at t = 0.647

The drift velocity vd of the carriers is then given by648

vd =

∫ ∞

0

dv
dt

e−
t
τ dt, (B·3)

where it is defined as the carrier acceleration dv/dt multiplied by a damping factor e−t/τ
649

with an integration from t = 0 to ∞. This definition contains the relaxation of the carrier650

acceleration due to carrier scattering within a time τ to the dissipative environment.89)
651

Inserting Eq. (B·2) with εk and k defined above into Eq. (B·3) and using the definition of652

the mobility µ (i.e., vd = µE), we obtain653

vd =

∫ ∞

0

1
ℏ2

d2εk

dk2 eE e−
t
τ dt

=
W̃a2

2ℏ2 eE
∫ ∞

0
cos(ka) e−

t
τ dt

38/50



J. Phys. Soc. Jpn. FULL PAPERS

=
eE
m

∫ ∞

0
cos

(eEt
ℏ

a
)

e−
t
τ dt

= µE, (B·4)

where654

µ =
eℏ2

mτ
1

(eEa)2 + (ℏ/τ)2 . (B·5)

Note that it has been shown that another derivation using the Boltzmann transport equation655

gives the same result as in Eqs. (B·4) and (B·5).78, 79)
656

Next, we calculate the source-drain current Id using Eq. (B·5). The source-drain current657

Id at a low source-drain electric field is given by658

Id = Cox(Vg − Vth)Wvd

= µCox(Vg − Vth)WE, (B·6)

where Cox is the capacitance per gate area, Vg is the gate voltage, Vth is the threshold voltage,659

and W is the channel width. With the source-drain voltage Vd and the channel length L, the660

source-drain electric field E is of the form: E = Vd/L. Substituting Eq. (B·5) for Eq. (B·6),661

we get662

Id =
eℏ2

mτL
Cox(Vg − Vth)WVd

(eVd a/L)2 + (ℏ/τ)2 , (B·7)

where E = Vd/L was used. In Fig. B-1, we show Eq. (B·7) as a function of Vd, where VPeak
d =663

ℏL/(eτa) is a voltage that gives a peak current IPeak
d . To determine the numerical value of664

VPeak
d = ℏL/(eτa), we insert ℏ = 1.055 × 10−34 J · s, L = 55 nm, e = 1.602 × 10−19 C, and665

a = 0.543 nm. As for τ, since it fluctuates from 0.1 ps to ∼ 1 ps, depending on experimental666

conditions,90–92) we use an intermediate value 0.5 ps. We then obtain VPeak
d = 0.13 V. This667

value is smaller than VPeak
d ≈ 0.4 - 0.6 V observed in the experiment. Owing to the uncertainty668

in the value of τ, it could fit the experimental value.669

As seen in Fig. B-1, at Vd higher than VPeak
d , Id decreases with Vd, which exhibits a neg-670

ative differential conductance. This may partially explain the observed negative differential671

conductance in Fig. 15 (a). However, the experimental results show clear kinks, which might672

be the on-set of Bloch oscillation, while we cannot explain the threshold characteristics to673

start the Bloch oscillation. Another difficulty is the Vg dependence of the currents. We cannot674

explain the plateau (Fig. 15 (b)) nor the increase of the slope in Id (Fig. 15 (c)). Moreover, we675

cannot explain the observed change upon changing temperatures. Essentially, Bloch oscilla-676

tion is based on one-body free-particle motion, and it does not drastically change the transport677

properties. Therefore, the theoretical model must be developed further in order to understand678
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our experimental results.679
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Fig. B·1. (Color) Calculated drain current Id vs drain voltage Vd. There is a peak at VPeak
d = ℏL/(eτa), which

gives a current IPeak
d = (ℏ/2ma)Cox(Vg − Vth)W.

Appendix C: Estimation of energy scales680

The average lattice constant (a) of our quantum dipole model was estimated from the681

average distance between depletion charges (boron) in the polycrystalline-Si gate, whose682

carrier concentration was Ng ∼ 1 × 1020 cm−3, and it was found to be a = N−1/3
g ∼ 2.2 nm,683

which was comparable to tox. Assuming S = a2, we estimated the attractive interaction, U =684

e2/(2CQ) = e2/(2CoxS ) ∼ 1.2 eV. The areal density of the dipole was 1/a2 = N2/3
g ∼ 2.2×1013

685

cm−2. At Vg = −1 V, the hole density was nh ∼ CoxVg/(−e) = 8.9 × 1012 cm−2, which was686

slightly less than the half filling (n = 1). If we estimate the transfer energy, tσ, from the Fermi687

energy at nh = 5 × 1012 cm−2, assuming typical density of states,9, 23) we obtain t↑ ∼ t↓ ∼ 29688

meV. Then, the exchange energy was estimated to be approximately 4t2
σ/U = 2.8 meV (33 K),689

which was comparable to the transition temperature (25 K). In the simulation, we assumed a690

slightly larger value of J = 7 meV with a number of the nearest neighbour sites of z = 4. This691

is coming from the overestimation of the transition temperature within the mean field theory.692

When we applied the high Ey along the drain, we found a field-induced phase transition,693

and there is no anomaly in the transport properties at low Ey. We believe that the high hor-694

izontal electric field enhanced the quantum nature of the dipole.93) This can be understood695

based on the finite life time, τ, of the dipole due to various scatterings in the channel. If Ey is696
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Fig. C·1. (Color) Lifetime of quantum dipoles extracted from the experimental transport data in a p-

MOSFET. The extracted lifetime of a quantum dipole is shown as a function of the gate voltage at low temper-

atures. The dotted line shows the relaxation time estimated from the mobility at 80K. The lifetime is limited

by Coulomb interactions at low carrier concentrations, and it is limited by surface roughness scattering at high

vertical fields.

not sufficiently high, the dipole cannot be aligned to the y direction, and our description using697

dipoles will not be justified.698

To predict the field-induced phase transition for the dipole ordering, Vd must be larger699

the critical voltage Vc, which is the drain voltage at the anomaly seen in Fig. 9, to overcome700

the damping coming from the finite relaxation lifetime, τ, of the dipole. Therefore, quan-701

tum dipoles will become well-defined excitations, only when the expectation value, ⟨Py⟩, is702

sufficiently large703

⟨Py⟩Ey > etoxVc/2L = ℏ/τ, (C·1)

compared with the damping. The estimated τ from the experimentally obtained Vc is shown in704

Fig. C-1, and it was comparable to the relaxation time measured from the mobility measure-705

ment94) at 80 K. Therefore, we required a critical drain voltage Vc to overcome the damping,706

and τ was estimated to be around 0.03− 0.07 ps, which is consistent with the relaxation time,707

estimated from the mobility (Fig. C-1).708
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Appendix D: Impacts of random dopant fluctuations and variations in the gate oxide709

thickness710

So far, we have discussed our experimental data using a very simplified toy model, that711

assumes a perfect periodic superlattice made of impurities. Obviously, this is idealised and is712

far from the realistic experimental situation, in which dopants are randomly distributed7, 95–98)
713

and the gate oxide thickness varies locally due to the surface roughness23, 99) on the atomic714

scale. In fact, it is well known that the impact of disorders due to the Anderson localisation715

is stronger in lower dimensional systems and especially in a 1D system.88) In the quantum716

XXZ spin models, the impacts of random magnetic fields and random exchange interactions717

were theoretically investigated in detail.7, 95–98) Theoretically, random magnetic fields signif-718

icantly changed the long-range order of the phase diagram, while Ising orders were robust719

against random exchange interactions by the renormalisation group theory.95) In this section,720

we discuss about the impacts of randomness on our device.721

In our p-MOSFET, the B impurities are randomly distributed in the gate electrode, and722

the locations of the impurities define the lattice sites, i, for the quantum XXZ dipole model.723

Therefore, the lattice spacing, ai, is not constant at all and depends on the location, i. Another724

important variations in a MOSFET are the local thickness variations of the gate oxide thick-725

ness due to the roughness at the Si surface23) as well as the remote-surface-roughness at the726

gate electrode.99) Local roughness on the order of 0.2 nm is considered to be inevitable,23, 99)
727

and therefore, we must consider the dependence of the local gate oxide thickness, ti
ox, depen-728

dence on i, which results in the local variation of the dipole moment, di = eti
ox. B impurities729

are also randomly distributed along the vertical direction, z, perpendicular to the MOS inter-730

face, which also adds to the variation in di.731

Therefore, to take these variations into account, we must consider732

a → ai = a + ∆ai (D·1)

tox → ti
ox = tox + ∆ti

ox, (D·2)

where ∆ai and ∆ti
ox are the local variations of the lattice spacing and gate oxide thickness,733

respectively. Then, the starting Hamiltonian must be modified to be734

Hkin +Hint +Hext = −
∑
i jσ

ti jσc†iσc jσ −µ
∑

iσ

niσ −
∑

i

Uini↑ni↓ − Eext
y

∑
i

Py
i −

∑
i

Eext
i,z Pz

i , (D·3)

where the local Coulomb attractive interaction, Ui, and the local vertical external field, Eext
i,z ,735
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depend on i. Here, the dipole operators must also be redefined as736

Px
i =

di

2
(c†i↑c

†
i↓ + ci↓ci↑) (D·4)

Py
i =

di

2i
(c†i↑c

†
i↓ − ci↓ci↑) (D·5)

Pz
i =

di

2
(ni↑ + ni↓ − 1), (D·6)

where di is used instead of its average, d. The commutation relationship becomes737

[Pαi , P
β
i ] = idiϵαβγP

γ
i . (D·7)

Ui and Eext
i,z are given by738

Ui =
e2

2Ci
Q

(D·8)

Eext
i,z = −

Vg − Vt

ti
ox
, (D·9)

where Ci
Q = Coxa2

i is the local quantum capacitance. Experimentally, both variations of739

∆ti
ox/tox and ∆ai/a are expected to be less than 10 %, since we would be able to identify740

significant device degradations in mobility and other parameters,9, 23, 99) if there were signifi-741

cant variations. Thus, the Hamiltonian can be expanded in series by assuming these variations742

are small. The leading order perturbation of randomness to the Hamiltonian is given by743

HRandom = HZF + HPE + HZE, (D·10)

where HZF, HPE, and HZE are random z-field, random planer exchange, and random z-z ex-744

change contributions,95) respectively. We can thus obtain745

HZF = −
∑

i

∆Ei
zP

z
i (D·11)

HPE =
∑
⟨i j⟩
∆Jxy

i j (Px
i Px

j + Py
i Py

j) (D·12)

HZE =
∑
⟨i j⟩
∆Jz

i jP
z
i P

z
j, (D·13)

where the random z-field, ∆Ei
z, and the planer exchange interaction, ∆Jxy

i j , and the z-z ex-746

change interaction, ∆Jz
i j are given by747

∆Ei
z =

2
d

(
−µ∆ti

ox

tox
+ Un

∆ai

a

)
(D·14)

∆Jxy
i j = Jxy

(
2
∆ai

a
− 3
∆ti

ox

tox

)
(D·15)
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∆Jz
i j = Jz

(
2
∆ai

a
− 3
∆ti

ox

tox

)
. (D·16)

Among these contributions, HZF is the most important, since even a small amount of748

disorders will destroy the long-range Ising orders according to the renormalisation group749

theory.95) No matter how small the ∆Ei
z is, the effect is relevant on the Ising phases. Therefore,750

we cannot expect that the long range orders can survive under the random dopant fluctuations751

and the variations in the local gate oxide thickness.752

However, this does not exclude short-range orders of dipoles that covers only a few im-753

purity sites. In fact, according to the exact diagonalisation study of the XXZ model,96) the754

correlation length, ξ, can be as large as 10a to 300a, depending on the mean squared random755

field strength, D = ⟨(∆Ei
z)

2⟩, while the average random z-field is zero, ⟨∆Ei
z⟩ = 0. This is756

enough long for us to predict the local effective molecular field, Ey
MF of Eq. (33), since the757

interaction is dominated by the dipoles at the nearest neighbours. In other words, the small758

domains of AF and ferroelectric orders will produce the transverse electric fields, which af-759

fect the drain currents. Therefore, true long-range orders are not required to understand the760

experimental data. ξ is expected to be especially large, when the ferroelectric anisotropy is761

large,96) meaning that a larger domain size is expected for the ferroelectric ordered state.762

On the other hand, ∆Jxy
i j and ∆Jz

i j are irrelevant for Ising orders.95) Thus, the long-range763

ordered phases of AF and ferroelectric states exist, and there are phase boundaries between764

a random singlet phases. Therefore, in the absence of HZF, we should expect quantum phase765

transitions between Ising ordered phases and the random singlet phases. Experimentally, there766

is no clear evidence of a quantum phase transition from changing Vd and Vg. This is consis-767

tent with the above picture, that shows HZF is not negligible, and the long-range orders are768

destroyed. In the absence of the long-range order, we should observe a crossover among769

short-range ordered states of the AF, ferroelectric, and random singlet states. Therefore, we770

believe that the observed dipole orders are short-range in nature, and the random dopant fluc-771

tuations and local thickness variations substantially explain the observed crossover without a772

quantum phase transition.773

Appendix E: Reproducibility of phase diagrams774

We have also confirmed the reproducibility of the observed phase diagrams using a tran-775

sistor with the different channel length (75 nm, Fig. E-1).776
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Fig. E·1. (Color) Phase diagrams of the 1D channel under strong electric fields. A p-channel MOSFET with

L =75 nm and W =10 µm was used to evaluate the reproducibility of the results presented in the main text. (a)

Transitions in the transport properties with changing temperatures. (b) Field-induced transitions probed by gd.

(c) Impact of carrier doping by the gate on the 1D transport.
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