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Quantum proton entanglement on a nanocrystalline silicon surface
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We investigate the quantum entangled state of two protons terminating on a silicon surface. The entangled
states were detected using the surface vibrational dynamics of nanocrystalline silicon with inelastic neutron
scattering spectroscopy. The protons are identical, therefore the harmonic oscillator parity constrains the spin
degrees of freedom, forming strongly entangled states for all the energy levels of surface vibrations. Compared
to the proton entanglement previously observed in hydrogen molecules, this entanglement is characterized by
an enormous energy difference of 113 meV between the spin singlet ground state and the spin triplet excited
state. We theoretically demonstrate the cascade transition of terahertz entangled photon pairs utilizing proton
entanglement. A combination of proton qubits and a modern silicon technology can result in a natural unification
of computing platforms, thereby achieving unprecedented levels of massive parallelism processing.
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I. INTRODUCTION

Entangled states represent one of the most dramatic con-
ceptual changes when transitioning from classical to quantum
physics [1–3]. To date, many approaches have been adopted
to create entangled states, such as utilizing superconduct-
ing states [4–7], atomic ion traps [8–11], electrons and/or
holes in semiconductors [12–15], molecular spins [16–18],
and nitrogen-vacancy centers in diamond [19–21]. However,
these methods present several engineering challenges, such as
limitations in the fabrication of a large number of qubits, the
requirement of maintaining ultralow temperatures below 1 K,
or the necessity to use chemically and isotopically ultrapuri-
fied materials.

The utilization of surfaces or interfaces can yield useful
functionalities for the above quantum technologies such as
scalability, transduction, and networking. In particular, the
use of surfaces is inevitable for nanomechanical resonators
[22–24], high spatial resolution sensing [25,26], as well as
atom- and ion-chip traps and superconducting qubits. How-
ever, owing to the existence of unpaired electron spins on the
surface of the host material, they generally suffer from deco-
herence [27–29]. Therefore, to obtain stable coherent qubits,
it is necessary to determine the spin states of surface atoms.
The most powerful technique for investigating spin states is
inelastic neutron scattering (INS).
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Herein, we show that measurements of the scattering func-
tion via INS spectroscopy help us determine the vibrational
dynamics of two protons terminating on the surface (SiH2

surface) of nanocrystalline silicon (n-Si). We present evidence
of the quantum entangled states of the two protons. These
entangled states are characterized by an anomalous coherent
scattering process with an incoherent scattering cross section.
This evidence is shown by an interference pattern in the
scattering spectra at the odd number (nodd ) energy levels of
SiH2 scissor (SC) modes, whereas normal coherent scattering
occurs at the even number (neven ) energy levels of the modes.
These features are lost when the indistinguishability is broken
by partially substituting protons with deuterons.

A crucial aspect of this research is that the protons are
identical, and the harmonic oscillator parity constrains the
spin degrees of freedom. This constraint leads to the for-
mation of strongly entangled states for all the energy levels
of SiH2 vibrations. Furthermore, compared to the previously
reported proton entanglement (hydrogen molecule) [30,31],
this entanglement is characterized by a significantly larger
energy difference of 113 meV between the spin singlet ground
energy level (n = 0) and the spin triplet excited energy level
(n = 1). We briefly discuss a theoretical demonstration of
the cascade transitions of terahertz (THz) entangled photon
pairs utilizing proton entanglement. These solid-state entan-
gled proton qubits atomically arranged on the surface of Si
could result in a natural unification of computing platforms,
thereby achieving unprecedented levels of storing, processing,
and transferring technologies.
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FIG. 1. (a) Schematic of n-Si composed of 377 Si atoms (blue balls) and 196 H atoms, with a diameter of 2.4 nm. The n-Si surface
consists of SiH (green balls) or SiH2 terminations (red balls). The ratio of SiH2 to SiH terminations is modeled as 1:1 to coincide with the
Fourier-transform infrared spectrum measurements. (b) Schematic to analyze SiH2 vibration dynamics. The position of each atom (Si : r1,
H : r2, and H : r3) is expressed by introducing the displacement vectors u1, u2, and u3 from the equilibrium positions R1, R2, and R3 as
r1 = u1 + R1, r2 = u2 + R2, and r3 = u3 + R3. The force constants of Si-Si and Si-H bonds and H-H interactions are expressed as k1, k2, and
k3, respectively. (c) Entanglement energy levels using scissor modes. The evenly spaced energy levels have wave functions (�) composed of
the product of the harmonic oscillator and proton spin. For E = 0 and 226 meV, the scissor modes have spin singlet states (angular momentum
J = 0), and for E = 113 meV the scissor mode has spin triplet states (J = 1, m = −1, 0, +1). A cascade transition of 27-THz entangled
photon pairs can be achieved utilizing the scissor modes. Here, |Rnn−1〉 (blue arrow) and |Lnn−1〉 (red arrow) denote the transition from the n to
n − 1 level with right and left circulation polarization, respectively.

II. EXPERIMENT AND RESULTS

INS measurements were performed on a time-of-flight
MARI chopper spectrometer at the ISIS Facility at the Ruther-
ford Appleton Laboratory. We measured the contour plots of
the dynamic structure factor S(Q, h̄ω) [scattering intensity (S),
energy (h̄ω), and momentum-transfer (Q) axis] for n-Si at 50
K with an incident neutron energy Ei = 0.3 eV. For the INS
measurements, 1 g of powdered n-Si was used to fabricate
samples by electrochemical anodization [32–34]; they were
wrapped in aluminum foil and rolled into a cylindrical shape
to minimize the extinction effect. For powdered n-Si, pure
proton (100%: n-Si:H), or a mix of deuteron and proton (85%
and 15%, respectively) terminated samples (n-Si : H0.15D0.85)
were fabricated using electrochemical anodization. Isotope
substitution of the termination was performed by mixing the
proton and deuteron electrolyte [33]. The isotope concentra-
tion was selected such that the H-Si-D vibrational modes were
observed, whereas the H-Si-H vibrational modes were not
observed in S(Q, h̄ω). The diameter of both the n-Si:H and
n-Si : H0.15D0.85 is in the range 0.8–5 nm, with an average
diameter of approximately 2.4 nm [34–36].

Figure 1(a) shows the schematic of n-Si composed of 377
Si atoms and 196 H atoms, with a diameter of 2.4 nm. The
surface of n-Si is composed of approximately 50% SiH (green
balls) and 50% SiH2 terminations (red balls). Previous studies
on the Fourier-transform infrared spectrum measurements for
n-Si obtained a similar ratio (SiH : SiH2 = 1 : 1) for surface
terminations [36,37]. Herein, we focused on the vibrational
dynamics of SiH2, as shown in Fig. 1(b), as two-proton en-
tanglement was clearly observed in the vibrational modes
[38,39] of SiH2. As an example of the entanglement states,

the energy level diagram, vibrational wave functions, and
spin states of the SC modes are schematically summarized in
Fig. 1(c).

Figure 2 shows the INS data of n-Si. Figure 2(a) shows the
contour plot of S (Q, h̄ω) for h̄ω in the range 90–140 meV and
the momentum transfer (Q) in the range 3–15 Å–1. The figure
shows a series of vibrational levels, which represent the first
(1N = 81 meV) and second (2M = 138 meV) excited SiH
bending modes [38], and the 1SC mode (1SC = 113 meV)
[38,39]. The 1SC mode was sliced at 113 meV with a sliced
energy width of 5 meV. S(Q, h̄ωSC = 113 meV) has a spec-
tral peak at Q = 6.8 Å–1 and exhibits a clear interference
pattern, indicated by solid red circles in Fig. 2(c). The plot
of the Fourier-transformation (FT) of the sliced S(Q, h̄ωSC =
113 meV) is indicated by red circles in Fig. 2(d), which show
a clear spectral peak at 2.5 Å. This FT spectral peak at 2.5 Å
suggests a strong correlation between the protons of H-Si-H
species. We can consider various structures for the 1 × 1
(100):H terminated surface such as a symmetric or a canted
dihydride structure [40]. The evidence that the SC vibra-
tional modes are described by the harmonic oscillator without
anharmonicity (described in Analysis section) suggests that
the vibrational dynamics is free from surrounding hydrogen
interaction, and thus we consider that almost all the structure
of H-Si-H species takes the canted dihydride form.

Contrary to the 1SC mode, the 2SC mode, which occurs
between the third excited 3M (217 meV) and 3N (237 meV)
bending modes [38], is nearly undetectable among the back-
ground scattering, as shown in the S(Q, h̄ω) of Fig. 2(b). This
disappearance is clearly displayed by the sliced S(Q, 2h̄ωSC =
226 meV) plot, indicated by solid blue circles in Fig. 2(c).
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FIG. 2. Two-dimensional S(Q, h̄ω) plots of (a) 1SC (113 meV) and (b) 2SC (226 meV) modes. (c) Sliced S(Q) spectrum of 1SC mode (red
circles) and 2SC mode (blue circles) derived from the two-dimensional S(Q, h̄ω) plots. The red and blue lines are theoretically fitted S(Q) curves
with the effects from proton entanglement for 1SC and 2SC modes. The dotted red (inset) and blue lines are theoretically calculated S(Q) curves
without the entanglement effect (distinguishable case) for comparison. (d) FT spectra of both sliced (red circles) and theoretically fitted (blue
line) S(Q) for the 1SC mode. Inset shows the first excited energy states of SiH2 vibrations. Here the red or blue lines represent triplet or singlet
states, and E (n1X + n1Y + n1Z = 1) = 58 meV, E (n2X + n2Y = 1) = 82 meV, E (n3X + n3Y = 1) = 113 meV, E (n2Z = 1) = 265 meV, and
E (n3Z = 1) = 269 meV.

When the INS data of n-Si : H0.15D0.85 was measured, the
corresponding isotopically shifted SC mode (1DSC; 97 meV
[33]), shown in the S(Q, h̄ω) of Fig. 3(a), did not exhibit the in-
terference pattern in the sliced S(Q, h̄ωDSC = 97 meV). Both
the sliced S(Q, h̄ωDSC = 97 meV) and FT spectra, plotted
as red circles in Figs. 3(c) and 3(d), indicate the disap-
pearance of the interference. Additionally, the S(Q, h̄ω) of
the 2DSC mode (2h̄ωDSC = 194 meV) exhibits intense scat-
tering, whose intensity is approximately 60% that of the
second excited 2N bending mode (2N = 159 meV) [38], as
shown in Fig. 3(b). This is clearly exhibited by the sliced
S(Q, 2h̄ωDSC = 194 meV), plotted as solid blue circles in
Fig. 3(c). Here, we note that the scattering cross section of the

protons in the INS measurements is over ten times larger than
that of the deuterons (σscatt

(D)/σscatt
(H) ≈ 7.64/82.03 [41]),

therefore the S(Q, h̄ω) obtained here predominantly originates
from the protons, despite the lower proton concentration.

These results can be summarized as follows: for the SC
modes, (a) the intense scattering exhibits an interference pat-
tern at the nodd energy levels (Fig. 2), (b) the scattering spectra
at the neven energy levels are not detectable (Fig. 2), and (c)
these features disappear when the indistinguishability is bro-
ken by partially substituting protons with deuterons (Fig. 3).
These results provide direct evidence that the vibrational and
proton spin wave functions are correlated owing to the in-
distinguishability of the two protons. This correlation forms

245401-3



TAKAHIRO MATSUMOTO et al. PHYSICAL REVIEW B 103, 245401 (2021)

(a) (b)

(c)

5 7 9 11 13 15

Q [Å-1]

[
ygrenE

Ve
m

]

100

120

110

90

80

70

3

1DSC

1N

8 10 12 14 16 18

Q [Å-1]

2N

[
ygrenE

Ve
m

]

160

170

180

190

200

210

6

2DSC

0 5 10 15 20

0

0.2

0.4

0.6

0.8

)
Q(S

Q (A-1)Q (Å-1)

(d)

0 2 4 6 8 10

ytisnetnI

d (Å)

150

200

250

300

0

50

100

FIG. 3. Two-dimensional S(Q, h̄ω) plots of (a) 1DSC (97 meV) and (b) 2DSC (194 meV) modes. (c) Sliced S(Q) spectrum of 1DSC mode
(red circles) and 2DSC mode (blue circles) derived from the two-dimensional S(Q, h̄ω) plots. The red and blue lines are theoretically fitted S(Q)
curves consisting of both the distinguishable case (dotted red or blue line) and other scattering components (broken red line: Si-O bending,
broken blue line: Si-D stretching). (d) FT spectra of both sliced (red circles) and theoretically fitted (blue line) S(Q) for the 1DSC mode. The
peak at 2.5 Å disappeared owing to loss of the proton entanglement effect. Inset shows the first excited energy states of SiHD vibrations, where
E (n1X + n1Y = 1) = 52 meV, E (n1Z = 1) = 58 meV, E (n2X + n2Y = 1) = 72 meV, E (n3X + n3Y = 1) = 97 meV, E (n2Z = 1) = 192 meV,
and E (n3Z = 1) = 267 meV.

strongly entangled states between the spin triplet for the nodd

energy levels and the spin singlet for the neven energy levels
in a harmonic potential, as shown in Fig. 1(c). In particular,
the experimental results indicating an almost undetectable
scattering intensity for the 2SC mode and a considerably
enhanced scattering intensity for the 2DSC mode are direct
evidence that a mixture of singlet and triplet spin states does
not occur and the 2SC mode only has a spin singlet state. (The
ground state has a spin singlet state, and the scattering from
the ground state to the 2SC state is dominated by a spin nonflip
process.)

III. ANALYSIS

Here, we analyze the two-proton dynamics in coordina-
tion with the Si motion. The model shown in Fig. 1(b)
represents lateral vibrations in the X-Y plane and longitudi-
nal vibrations along the Z axis. The position of each atom
(Si(1) : r1, H(2) : r2, : H(3) : r3) can be expressed by intro-
ducing the displacement vectors u1, u2, and u3 from the
equilibrium positions R1, R2, and R3, as follows: r1 = u1 +
R1, r2 = u2 + R2, and r3 = u3 + R3, where the superscript 1
indicates Si(1), and the superscripts 2 and 3 indicate H(2) and
H(3), respectively. In this model, the Schrödinger equation can
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be written as
3∑
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z
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(ξνρ ) (φnνρ
(ξνρ ) is the harmonic

oscillator wave function), ωνρ is the eigenvalue frequen-
cies depending on the force constants (k1ρ, k2ρ, k3ρ ) and the
masses of Si (μ1) or H(μ2), E is the energy eigenvalue, and
ρ denotes the X, Y, or Z coordinates. Here, ξνρ is the normal
coordinate described with the displacement vectors as
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μ3u3ρ )

}
,

(2)

ξ2ρ = 1√
γ 2

ρ + 1

{
−γρ

√
μ1u1ρ + 1√
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μ2u2ρ + √
μ3u3ρ )

}
,

(3)

ξ3ρ = 1√
2

(
√

μ2u2ρ − √
μ3u3ρ ), (4)

where γρ is the parameter determined by both the force
constants and the masses [38] in order to reproduce the exper-
imentally observed vibrational frequencies. We note here that
when μ2 = μ3, the normal coordinates in Eqs. (2)–(4) can be
separated into the two symmetrical parts (ξ1ρ, ξ2ρ ), and one
antisymmetrical part (ξ3ρ ) for the exchange of proton coor-
dinates (u2ρ ↔ u3ρ ). The wave function at the state λ (initial
or final), |�λ〉, is described by the product of the vibrational
state |�λ〉 described by the harmonic oscillators and the spin
state of nuclei |σλ〉 as |�λ〉 = |�λ〉 ⊗ |σλ〉. Here we note that
the spin of Si is 0 [41], therefore the scattering of neutron is
affected by the spins of protons.

Finally, the scattering matrix elements S(Q, h̄ω) can be
described as

S(Q, h̄ω)=
∑

i

∑
f

3∑
α=1

3∑
β=1

pib
( f i)
αβ 〈�i|exp(iQ · rα )|� f 〉∗

× 〈� f |exp(iQ · rβ )|�i〉δ(h̄ω − E f + Ei ), (5)

where the subscripts i and f represent the initial and final
state, respectively; pi is the statistical weight; rα is the position
vector of nucleus α; and b( f i)

αβ is the scattering coefficient
calculated from the nuclear spin wave functions |σλ〉 for each
nucleus (α, β = 1 for Si and 2, 3 for H) [42–44].

The proton is a spin 1/2 fermion and two protons should
form an antisymmetric wave function to facilitate the ex-
change of their coordinates. When we apply parity operator
P23 to the normal coordinates shown in Eqs. (2)–(4), where
P23 exchange between proton 2 and 3 coordinates, we obtain
P23ξ1ρ = ξ1ρ , P23ξ2ρ = ξ2ρ and P23ξ3ρ = −ξ3ρ . In this case,
the harmonic oscillators that contain the n3ρ = nodd energy
levels of the SC mode have the following antisymmetry:
P23�nodd = −�nodd . This antisymmetry entails symmetrical
triplet nuclear spin states. For all other energy levels except
n3ρ = nodd, such as n = n1ρ , n2ρ , and n3ρ = neven levels, the
harmonic oscillators have the following symmetry: P23�n =

�n. This symmetry entails antisymmetrical singlet nuclear
spin states. The calculated energy levels and the spin states for
the first excited states are summarized in the inset of Fig. 2(d),
where the red line or blue line represents triplet states or
singlet states with the energy levels of E (n1X + n1Y + n1Z =
1) = 58 meV, E (n2X + n2Y = 1) = 82 meV, E (n3X + n3Y =
1) = 113 meV, E (n2Z = 1) = 265 meV, and E (n3Z = 1) =
269 meV.

The energy difference between the singlet ground state and
the triplet excited state is 113 meV, which is enormous com-
pared to that observed in hydrogen molecules (approximately
10 meV between ortho- and parahydrogen states [30,31]). The
transition from the triplet excited state to the singlet ground
state is forbidden by the spin orthogonality. In this case, the
transition from the 1SC state to the ground state is possible
by the magnetic dipole interactions. The lifetime of this state
seems to be very long and our analysis shows that the lifetime
is more than 1 ms. Although the experimental evaluation of
the transition matrix element of the electromagnetic interac-
tion is necessary, we consider that this feature is promising for
the generation of population inversion, induced THz radiation
by magnetic dipole interaction [45–47], qubits operations,
and/or quantum memories.

The calculated results of the b( f i)
αβ coefficients in Eq. (5)

for the 1SC level are presented in Table I, singlet to triplet.
The b( f i)

αβ coefficients for the 2SC level are also presented in
Table I, singlet to singlet. One particularly interesting point
from the analysis was the difference of the magnitude of the
cross terms such as b( f i)

23 and b( f i)
32 at the 1SC or 2SC level.

For the scattering from the 1SC level, the coherent scattering
occurs between two protons with 2.5 Å distance, however
its scattering cross sections, especially the diagonal terms
as well as the cross terms, are described by the incoherent
scattering cross section σinc

(H) [42–44]. On the other hand,
for the scattering from the 2SC level, the coherent scattering
occurs between two protons, and the scattering is described by
the non-spin-flip coherent process as shown in Table I, singlet
to singlet [42–44]. Therefore the scattering intensity as well
as the amplitude of the interference in the 2SC level are small
to be observed.

The solid red line in Fig. 2(c) and the solid blue line
in Fig. 2(d) show the theoretically calculated S(Q, h̄ω =
113 meV) and the FT spectrum, respectively, including the
effects of proton entanglement. A powder average operation
[38,48,49], which represents the averaging of the absolute
square of the transition matrix elements over the solid angle
between Q and the displacement vector of each nucleus, was
performed to obtain these theoretical curves. The interference
behavior of the spectrum was reproduced and the theoreti-
cal curves accurately fit the experimental results. The peak
at 2.5 Å in the FT spectra represents the distance between
two protons, which was confirmed theoretically. For compar-
ison, we also plotted the theoretical S(Q, h̄ω = 113 meV),
without the effects from entanglement, as the dotted red
line in the inset of Fig. 2(c). Here, the coefficient b( f i)

αβ was
selected based on Table I, distinguishable case, where we
replace σscatt

(D) to σscatt
(H) and (σcoh

(D))1/2 to −(σcoh
(H))1/2.

Without the entanglement, the interference disappeared ow-
ing to the negligible size of the off-diagonal coefficient
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TABLE I. Relation between scattering coefficients b( f i)
αβ (1: Si, 2: H, and 3: H) and cross sections (σinc: incoherent, σcoh: coherent, σscatt :

coherent + incoherent) used in Eq. (5). The two matrices of singlet to triplet and singlet to singlet are for calculating S(Q, h̄ω) from the singlet
ground state to the triplet excited state (1SC mode), and the singlet ground state to the singlet excited states (2SC mode). The matrix without
the effect of entanglement is denoted as the distinguishable case (1: Si, 2: H, and 3: D).

β = 1 β = 2 β = 3

b( f i)
αβ Singlet-Triplet

α = 1 0 0 0
α = 2 0 σ

(H)
inc −σ

(H)
inc

α = 3 0 −σ
(H)
inc σ

(H)
inc

b( f i)
αβ Singlet-Singlet

α = 1 σ
(Si)
coh −

√
σ

(Si)
coh · σ

(H)
coh −

√
σ

(Si)
coh · σ

(H)
coh

α = 2 −
√

σ
(Si)
coh · σ

(H)
coh σ

(H)
coh σ

(H)
coh

α = 3 −
√

σ
(Si)
coh · σ

(H)
coh σ

(H)
coh σ

(H)
coh

b( f i)
αβ Distinguishable

α = 1 σ
(Si)
scatt −

√
σ

(Si)
coh · σ

(H)
coh

√
σ

(Si)
coh · σ

(D)
coh

α = 2 −
√

σ
(Si)
coh · σ

(H)
coh σ

(H)
scatt −

√
σ

(H)
coh · σ

(D)
coh

α = 3
√

σ
(Si)
coh · σ

(D)
coh −

√
σ

(H)
coh · σ

(D)
coh σ

(D)
scatt

compared with the diagonal coefficient (σcoh
(H)/σscatt

(H) ≈
1/40 [41]).

The disappearance of the S(Q) in the 2SC level [226 meV,
blue circles in Fig. 2(c)] is due to the symmetry of the wave
function. Because the spin state of the 2SC level is singlet
(n3ρ = neven ), scattering occurs from the singlet ground states
to the singlet excited states. The scattering does not change
the neutron spin and is characterized by the coherent scat-
tering cross section, therefore the spectrum disappeared in
the 2SC level (σcoh

(H)/σscatt
(H) ≈ 1/40 [41]). To reproduce

the theoretical S(Q) in the 2SC level, we utilized the b( f i)
αβ

denoted in Table I, singlet to singlet. The discrepancy between
the experimental plots (blue circles) and the theoretical curve
(blue line) originates for the following reasons: (a) the exis-
tence of the background scattering components from the other
energy levels, such as 3M and 3N bending modes, (b) the
relaxation of spin orthogonality, and/or (c) the existence of
anharmonicity due to the interaction between the surrounding
protons. It is likely that the weak infrared absorbance of the
1SC mode compared to the strong absorbance of the SiH
bending mode (the ratio of absorbance is approximately 10–4

[33,50,51]) originates from the above (b) and/or (c) reasons.
For comparison, the theoretical S(Q, h̄ω = 226 meV) with-
out the effects from entanglement is plotted as the dotted blue
line in Fig. 2(c). [The coefficient b( f i)

αβ was selected based
on Table I, distinguishable case, where we replace σscatt

(D)

to σscatt
(H) and (σcoh

(D))1/2 to −(σcoh
(H))1/2.] Had the effects

from entanglement not been present, the 2SC level would have
exhibited a strong incoherent scattering spectrum.

When the antisymmetry for the exchange of the co-
ordinates of the two proton particles is broken, and this
condition is fulfilled using the deuteron substitution, the
theoretically calculated lines [red and blue dotted lines in

Fig. 3(c)] clearly reproduce the disappearance of the an-
tisymmetry. The experimental results demonstrate that the
intense scattering behaviors of both the 1DSC and 2DSC
levels, shown in Fig. 3(c), and the disappearance of the in-
terference in the 1DSC level, shown in the FT spectra (red
circles: experiment, blue line: theoretical curve) of Fig. 3(d),
are theoretically confirmed as stemming from the loss of the
entanglement. Thus the disappearance of the antisymmetry
due to deuteron substitution provides further confirmation that
the two proton particles are in a quantum entangled state.
Here, the calculation of S(Q) for both the 1DSC and 2DSC
levels was based on the b( f i)

αβ in Table I, distinguishable case
[42–44]. The calculated energy levels for the first excited
states are summarized in the inset of Fig. 3(d), where E (n1X +
n1Y = 1) = 52 meV, E (n1Z = 1) = 58 meV, E (n2X + n2Y =
1) = 72 meV, E (n3X + n3Y = 1) = 97 meV, E (n2Z = 1) =
192 meV, and E (n3Z = 1) = 267 meV.

IV. DISCUSSION

At a glance, both symmetric and antisymmetric
states are present in each scissor vibrational state, and
both spin singlet and triplet states seem to be mixed.
These phenomena are known as inversion doubling of
light molecules due to the internal spatial inversion
of their nuclear conformations by tunneling [52–55].
However, in our case, the spatial inversion hardly occurs
due to the rigid bonding of SiH2 to the crystalline Si
surface, and the parity of the normal modes are clearly
separated. For example, the symmetrical or antisymmetrical
vibrational states can be correlated to the spin states as
|�S〉 = |�S〉|0〉1| Singlet〉2,3 or |�A〉 = |�A〉|0〉1| Triplet〉2,3

where |�S〉 = 1/
√

2(|1, 2, 3〉 + |1, 3, 2〉) and |�A〉 =
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1/
√

2(|1, 2, 3〉 − |1, 3, 2〉) (1: Si, 2: H, 3: H) [42,43,52–
55], and the doublet is assumed to be degenerated. However,
when we transform these vibrational states to the eigenstates,
these states can be described by using the normal coordinates
ξ1, ξ2, ξ3 and the quantum number n as �S (n; ξ1, ξ2, ξ3) =
1/

√
2(〈n; ξ1, ξ2, ξ3|1, 2, 3〉 + 〈n; ξ1, ξ2, ξ3|1, 3, 2〉), or

�A(n; ξ1, ξ2, ξ3) = 1/
√

2(〈n; ξ1, ξ2, ξ3|1, 2, 3〉 − 〈n; ξ1, ξ2,

ξ3|1, 3, 2〉). We note here that the 〈n; ξ1, ξ2, ξ3|1, 2, 3〉
is described by the Hermit functions, so the parity is
clearly separated. For example, when n3ρ = nodd energy
levels (odd number SC modes), 〈n; ξ1, ξ2, ξ3|1, 2, 3〉 =
−〈n; ξ1, ξ2, ξ3|1, 3, 2〉, �S (n; ξ1, ξ2, ξ3) disappeared and only
triplet states exist in these states. On the other hand, all
the other energy levels except n3ρ = nodd, such as n = n1ρ ,
n2ρ , and n3ρ = neven energy levels, 〈n; ξ1, ξ2, ξ3|1, 2, 3〉 =
〈n; ξ1, ξ2, ξ3|1, 3, 2〉, and �A(n; ξ1, ξ2, ξ3) disappeared. Only
singlet states are observed in these states. Therefore, the
mixture of the spin states does not occur, and the vibrational
modes of the X, Y direction are clearly separated as the
two singlet states (58 and 82 meV) and the one triplet state
(113 meV) as shown in the inset of Fig. 2(d). On the other
hand, for the modes of the Z direction, the energy separation
between the singlet state (265 meV) and the triplet state (269
meV) is small; therefore, the symmetric and antisymmetric
states of the Z direction are observed as one state by INS
measurements. All the energies, the spin states, and the
possible transition types are denoted in the inset of Fig. 2(d).

The obtained quantum entangled states (both the singlet
states and triplet states) can be used to generate a cascade
transition of entangled THz photon pairs through the magnetic
dipole interaction, because the experimentally determined en-
ergy levels and the spin states correspond to a pair of spin half
particles confined together in a harmonic potential [56–58].
For example, evenly spaced energy ladders with the singlet
spin states for neven energy levels and the triplet spin states for
nodd energy levels are ideal sources of the cascade transition
of THz entangled photons (27 THz), as shown in Fig. 1(c).
In this case, the entangled photon states |�20〉 from n = 2 to
n = 0 become |�20〉 = 1/

√
2(|L21〉|L10〉 + |R21〉|R10〉), where

|Rnn−1〉 and |Lnn−1〉 denote the transition from the n to n − 1
energy level with the right and left circulation polarization,
respectively. Additionally, by exciting the SC mode to the
higher energy 2n level, the cascade transitions of the entan-
gled photon pairs |�2n0〉 can be created as follows: |�2n0〉 =

n⊗
j=1

|�2 j 2 j−2〉, where the photons have the same energy. We

note here that the transition from the singlet state to the triplet
state is forbidden by the spin orthogonality. In this case, the
excitation might be performed by using an electron beam or
two photon absorption process. By constructing a THz cavity
whose operation principle is similar to that of the hydrogen
maser (magnetic dipole interaction) [45–47], we consider that

it is possible to obtain strong induced emission of the entan-
gled THz photons. The possibility of the qubits that demand
the DiVincenzo criteria [59] are now under experimental in-
vestigation by measuring the longitudinal (T1) and transverse
(T2) relaxation times for both the 1SC and 2SC states.

V. CONCLUSION

In conclusion, the results obtained by the INS measure-
ments provide direct evidence that the vibrational and proton
spin wave functions are correlated, and strongly entangled
states are formed for all the energy levels of infrared vi-
brations. This entanglement is characterized by an enormous
energy difference of 113 meV between the spin singlet ground
state and the spin triplet excited state. We theoretically demon-
strated the cascade transition of THz entangled photon pairs
utilizing proton entanglement. These results of entanglement
states are obtained from the Si(100) 1 × 1 surface. However,
we consider that other types of semiconductor surfaces such as
C(100) 1 × 1 and Ge(100) 1 × 1 are also possible candidates
for the proton entanglements.

By using polarized neutrons, it is possible to distinguish the
different excitation process for the 1SC and 2SC mode more
precisely because, according to our analysis, the excitation of
1SC should be a spin flip excitation, while the 2SC excitation
corresponds to a non-spin-flip process. Furthermore, the 1SC
mode is triply degenerated; this degeneracy can be resolved by
using a neutron spectrometer with a much higher resolution
through the application of a magnetic field. The spin polar-
ized neutron scattering experiments, the resolution of triply
degenerated states, as well as the temperature dependence of
the interference property will provide additional information
pertaining to the physical properties of the 1SC mode. These
topics are currently under investigation and they will be re-
ported in a subsequent study.

The qubits proposed here, which are composed of a pair
of spin half particles in a harmonic potential, have similar
physical nature as the established qubits composed of photons
or atoms. We believe that the combination of the entangled
proton qubits and sophisticated Si technologies could offer a
useful platform for information, communication, and compu-
tation technologies.
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