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Abstract

Macroscopic quantum entanglement reveals an unforeseen mechanism for proton transfer across hydrogen bonds in the solid state. We utilize
neutron scattering techniques to study proton dynamics in the crystal of potassiumhydrogencarbonate (KHCO3) composed of small planar
centrosymmetric dimer entities (HCOj), linked by moderately strong hydrogen bonds. All protons are indistinguishable, they behave as fermions,
and they are degenerate. The sublattice of protons is a superposition of macroscopic single-particle states. At elevated temperature, protons are
progressively transferred to secondary sites at =0.6 A from the main position, via tunnelling along hydrogen bonds. The macroscopic quantum
entanglement, still observed at 300 K, reveals that proton transfer is a coherent process throughout the crystal arising from a superposition of

macroscopic tunnelling states.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The potassiumhydrogencarbonate (KHCO;) crystal is a
nonferroelectric (nonmagnetic) prototype for proton transfer
across hydrogen bonds in centrosymmetric dimers. This is
commonly represented as a thermally activated interconversion
between tautomers. NMR [1,2], quasi-elastic neutron scatter-
ing [3] and spectroscopy studies [4,5], converge to the
conclusion that proton transfer occurs via tunnelling across a
quasi-symmetric double minimum potential. Two stochastic
mechanisms have been proposed: the pairwise synchronous
transfer and the uncorrelated two-stepwise single proton
transfer. In this paper, we propose a coherent two-stepwise
process through macroscopic tunnelling.

Previous studies of the KHCO; crystal have revealed long-
life macroscopic quantum coherence for entangled pairs of
protons [6-8]. Neutron diffraction shows, in addition to Bragg
peaks, rods of diffuse scattering due to macroscopic states.
Decoherence is cancelled by perfect dynamical separation of
protons from rest of the lattice. So far, experiments were
carried out at 14 K, a temperature at which protons are ordered.
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Proton transfer is observed above = 150 K. We report evidence
that quantum coherence survives at room temperature [9]. This
is of dramatic consequences with respect to our view of protons
in this system and, most likely, in many others.

The organization of this paper is as follows. In Section 2,
the crystal structure determined at 300 K evidences
thermally activated proton transfer across hydrogen bonds.
Simultaneously, the rods of intensity are largely temperature-
independent. The theoretical framework for quantum entangle-
ment is presented in Section 3. We define macroscopic
single-particle states for pseudoprotons and calculate the
differential cross section for comparison with experiments. In
Section 4, we introduce the quantum superposition of
macroscopic tunnelling states and we emphasize the role of
decoherence in the transfer dynamics.

2. Neutron diffraction experiments
2.1. Crystal structure

Measurements of an approximately cubic single crystal
(3X3X3 mm®) were conducted with the Stoe four-circle
diffractometer 5C2 at the Orphée reactor (Laboratoire Léon-
Brillouin) [10]. The temperature was controlled to £+ 1 K.

The structure at 300 K is similar to those previously
reported [8,11,12]. The nonferroelectric crystal is monoclinic,
space group P2,/a (C5,), with four KHCO; entities per unit
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cell. The planar centrosymmetric dimer entities (HCO,), lie
practically in the (301) planes and hydrogen bonds are also
virtually parallel to the same direction (Fig. 1). The increase of
the unit cell dimensions with temperature is marginal.

At 30 K all protons are crystallographically equivalent and
indistinguishable. They are localized at a single site (configur-
ation I, see arrows in Fig. 1) and there is no evidence for
disordering. At 300 K, the probability density is distributed in a
ratio of 0.18:0.82 among two crystallographically distinct sites
located at = +0.3 A off-centre of the hydrogen bond. The
secondary sites (configuration IT) are also crystallographically
equivalent and indistinguishable. I and II are related through
translation (a/2, b/2, 0). Remarkably, there is no change in peak
positions and no evidence for additional peaks. Only intensities
are affected. Consequently, proton transfer does not alter the
crystal lattice and the geometry of the CO?J™ entities.
Configurations I and II are distinct in direct space and
isomorphous in reciprocal space.

The sum of probability densities at the proton sites is unity at
300 K. This is at odds with a random distribution of local
tautomers [1-3] that should destroy long range correlations at
elevated temperatures. If it were the case, a significant amount of
the coherent scattering should collapse into off-Bragg peaks
diffuse scattering [ 13] and a decrease of the total density should be
observed. Contrariwise, neutron diffraction suggests that proton
transfer does not destroy the spatial coherence and the crystal
could be a mixture of the isomorphous configurations.

Fig. 1. Schematic view of the crystalline structure of KHCOj3 at 300 K. The thin
solid lines represent the unit cell. Apart from proton positions and thermal
ellipsoids, the structure is identical to that at 14 K [8]. The arrows point to the
sites exclusively occupied by protons at low temperature. Top: projection onto
the plane normal to ¢. The dotted lines joining protons are guides for the eyes to
emphasize the superstructure due to quantum coherence of the proton sublattice
(see text). Bottom: projection onto the plane normal to b (for the interpretation
of the reference to the colour in this legend, the reader is referred to the web
version of this article).

2.2. Quantum coherence

The maps of intensity for cuts perpendicular to (b*)
corresponding to (a*, c*) reciprocal planes presented in
Fig. 2. were measured with the SXD instrument at the ISIS
pulsed neutron source [14].

The diffraction pattern at 30 K (Fig. 2A) is practically
identical to that previously measured at 15 K [8]. In addition to
Bragg’s peaks, there is an anisotropic continuum of intensity,
centered at Q=0 [15], due to incoherent scattering, and well
separated ridges of diffuse scattering. Measurements carried
out with a bigger crystal confirmed that there is no significant
multiple scattering events.

Streaks of diffuse scattering are commonly observed for
disordered systems. However, for hydrogenous materials
observation with neutrons is difficult because of the large
incoherent scattering [13]. Such streaks are enhanced for
deuterated samples, thanks to the more favourable ratio for
coherent and incoherent cross sections. Clearly, the ridges in
question for KHCOj are different in nature: they are observed at
low temperature, although there is no disordering, and they are
no longer observed for KDCOg, in spite of the increase of the
coherent cross-section. Moreover, they are little sensitive to
proton transfer. In fact, they have all the characteristics
anticipated for coherent scattering by the sublattice of protons
undergoing quantum correlation [8]: (i) they are clearly
separated from Bragg peaks; (ii) orientations correspond to
momentum transfer Q, perpendicular to dimer planes; (iii)
positions at O, = +(10.251+0.25) A~ are in accordance with
the spacing of double-lines of protons (see below); (iv) the width
along (b*) is similar to that of Bragg peaks. (The ridges have
rod-like shapes.)

At 300 K, Bragg peaks and incoherent scattering are largely
depressed at large |Q|-values, a normal consequence of the
increase of temperature. In contrast, the ridges of intensity are
better visible, and there are clearly three of them. With
hindsight, the ridge going through the centre already exists at
low temperature, but barely visible. The broadening along O,
suggests a decrease of the coherence length of the sublattice of
protons.

To summarize this section, the salient experimental
conclusions (EC) are featured as follows:

EC1 proton sites for each of the distinct configurations I or
IT are indistinguishable;

EC2 interconversion does not alter the spatial coherence;
EC3 in the absence of disordering, ridges of intensity reveal
quantum correlations.

3. Quantum entanglement in a lattice of hydrogen bonded
centrosymmetric dimers

Different theoretical frameworks have been proposed for
the rods of intensity observed at low temperature [6-8,16—
19]. All of them are based on the fact that protons behave
as fermions and, therefore, undergo quantum entanglement.
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Fig. 2. Diffraction patterns of KHCO; at 30 K (A) and 300 K (B) in the (a*, ¢*) plane. The arrows point to the ridges of intensity at 0 and = £ 10 A" from the
origin. They lie along a direction parallel to z, and as such are perpendicular to the plane of dimers (dashed lines), which contain the x and y directions defined in
Fig. 1. The insert visualizes the correspondence between the direct and reciprocal lattices (for the interpretation of the reference to the colour in this legend, the reader

is referred to the web version of this article).

However, quantum correlations, either for isolated pairs
[16,19], or for collective dynamics of pairs thought of as
composed bosons [8] are not in accordance with the
persistence of rods of diffuse scattering at room tempera-
ture, for the intensity should be depressed by the Debye-—
Waller factor. These theories must be amended and, for this
purpose, we start with the following premises [9]:

(i) For each configuration of the sublattice, proton sites
are indistinguishable.

(i) Dynamics are amenable to normal coordinates.

(iii) Protons are fermions.

(iv) For each configuration, protons are degenerate. The
overlap of the vibrational wave functions is
rigorously negligible and so is the exchange energy
[17]. Spin—spin interaction is also negligible.

These premises are firmly based on experiments. (i) Is
established by diffraction (ECI1). (ii) Is a relevant
approximation for vibrational dynamics, especially in the
ground state. (iii) Accounts for quantum correlations (EC3)
[6-8]. This unusual feature suggests a decoupling of protons
from the chemical environment, in accordance with EC2,
presumably due to hydrogen bonding. At the present stage
of knowledge, we are not able to rationalize the physical or
chemical origin of the decoupling. This should be regarded
as an intrinsic feature of the KHCO; crystal that requires
further investigations.

Finally, (iv) is a consequence of the rather large
distances (=2.22 A) between nearest-neighbour protons.
This is at variance with the proposal by Keen and Lovesey
(KL) [16] and Lovesey [19] that quantum entanglement
arises from the overlap integral S of the nuclear wave
functions. However, this assumption is irrelevant; a
straightforward estimate gives S~107°> at 14K [17].
Clearly, S=0 for all practical purposes.

3.1. The crystal of protons

Consider an ideal crystal composed of very large numbers
N4, Np, N. (1= N,N,N.), of unit cells labelled j, k, [ along the
crystal axes (a), (b), (c), respectively. For each unit cell there
are two dimer entities (labelled A and B in Fig. 1) related
through the (a, ¢) glide plane. These dimers are indexed as jk/
and j/kl, respectively, with, not forgetting they are indis-
tinguishable, j=j’. We start with the vibrational Hamiltonian
for configuration I at T=0

Ho = Iy + Hy + Cha (D

where #y and #, represent the sublattices of protons and
heavy atoms (KCO3), respectively, and Cyy, is a coupling term.
In the harmonic approximation (ii) normal coordinates &, are
linear combinations of the normal coordinates x, and X for #(y
and #,, respectively: £, =", 5" c,x,X,. The gaussian wave
functions ¥, o(&,) are not factorable and cannot be antisymme-
trized with respect to proton permutations. The fermionic
nature is totally hidden, in conflict with (iii). Antisymmetriza-
tion is possible if, and only if, Cy, = 0 [6,8]. Hence, proton
dynamics are totally decoupled from those of heavy atoms.

In order to explicit #y, we have to distinguish intra and
inter-dimer coupling terms. The former splits the modes into u
and g symmetry species [20]. The observed splitting for the
three proton modes (Av/v=5%) is a proof that the centre of
symmetry holds at the time scale of proton dynamics. On the
other hand, incoherent inelastic neutron scattering (INS)
emphasizes that inter-dimer coupling terms are negligible
[21]. Dynamics can be thus represented with virtually isolated
centrosymmetric pairs of protons labelled 1jkl, 2jkI, 1j'kl and
2j'kl, respectively. The harmonic Hamiltonian is then

N, N, M.
Hu= D > > > Hu+Hut a=xyorz ()
j=i'=1k=1I1=1 «
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Hiyy =—(P %jkla +P %jkla) + *mwga[(aljkl _a()jk[)z
2m 2
+ (s + o)’ + 22y — )’
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J T Higo < Higg.

Pjkio and Pojy, are Kinetic momenta. Coordinates oz, and
Qyji; are projections onto the a direction of proton positions,
defined with respect to the projection of the centre of symmetry
of the pair jkl. The frequency of uncoupled oscillators at
equilibrium positions = o, is fwy,. The coupling term shifts
the equilibrium positions at +a, i =T jul (1 + 44,). The last
line in (2) means that Hj, is related to Hj, by substituting J
to j. For a dimer, normal coordinates (o, o) and
conjugated momenta (Pyzs, Pyjx)

1
sk = E (i — i)

1
Pgjrie = E(P Vjkla — Pajkia)s 3)

1
Qgjkg = ﬁ(aljkl + i),

ikl = %(P 1jkla T Pojkia)s

split Hjy, into uncoupled harmonic oscillators at frequencies #
Waa = Ty, and fiwg, = wg+/1 + 44, respectively, each with
an effective mass m=1 amu. The wave functions ¥{(e,;;) and
Yoy — V2 2a;,) are nonlocal and nonfactorable. Protons are
fully entangled into EPR-like states [22]. Then, we define the
spatial wave functions either symmetrical or antisymmetrical
with respect to permutation [6]

P

Opjir = 7 H W () ¥ (i — 2000
o
4

S /
T H Vo)W ooy + ﬁaojk!) ,
[2%
and the antisymmetrized state vectors including spin states:

1
1®0jii+) ®—=11112) — L1120

\/5
1T1l2) +—

|Ojkl + )y =

(&)

|0jkl — )y = |@ojk1—)® 114 + Lt

1

V3 V2

Eq. (3) defines ‘pseudoprotons’ («g, Ps) and (a,, P,)
corresponding to symmetric or antisymmetric displacements of
two half protons, respectively. The Pauli principle imposes (g,
Py) be asinglet-like and (e, P,) a triplet-like state, but, in contrast
to magnetic systems, there is no spin—spin interaction, hence no
splitting. Quantum entanglement is energy-free. It is dictated by
the centre of symmetry and does not depend on the actual value of
Ay in (2).

Pseudoprotons become separable in excited vibrational
states at >, [(ge + 1/2)hwy, + (s + 1/2)hwy,]. The nonlocal

dynamics is preserved but the spin-symmetry is no longer
required. This accords with a fundamental precept of quantum
mechanics; energy transfer automatically destroys quantum
entanglement.

Consider now the whole proton sublattice. According to (i),
the ‘bosonization’ of dimers, analogous to Cooper pairs in
superconductivity, or “He pairs in superfluidity, is not
sufficient. Antisymmetrization must be realized for permu-
tation of any two protons, wherever in the crystal, which
automatically annihilates any wave across the sublattice.
Hence, phonons are forbidden. The proton sublattice has no
internal dynamics. It can be termed ‘superigid’. This
macroscopic behaviour does not depend on any interaction
between protons. It is dictated exclusively by the translational
symmetry of the lattice.

Pseudoproton states can be thought of as superpositions of
macroscopic single-particle states that are linear combinations
of the state vectors (5):

Nc Nb Na
[07s) = ‘ > 1lojkin) + slojkin) ). (©6)
n =1 k=1 j=j'=1

Here, 7=+ for singlet and triplet states, s= + 1 for A or B
symmetry species, respectively. The whole sublattice is a
superposition of the degenerate and nonseparable states

0) = V1) [07s). (7)

Local coordinates are totally hidden and permutation is now
meaningless. These nonlocal states avoid any conflict with the
symmetry postulate of quantum mechanics. They are not
factorable and, according to (iv), there is no energy band
structure.

Macroscopic entanglement is intrinsically decoherence-
free. Upon irradiation by photons, neutrons, etc. transient
disentanglement may single out some pseudoproton states as
[ e [7ea) ® I7i5). However, after decaying to the ground state,
re-entanglement occurs automatically at no energy cost, by
virtue of indistinguishability. Massive decoherence is therefore
cancelled out. Energy-free ‘re-entanglement’ on the time-scale
of proton dynamics (~ 107" to 10™'* s) is the key mechanism
keeping the sublattice at thermal equilibrium with the
surroundings, despite the decoupling from heavy atoms and
the lack of internal dynamics. Similarly, the sublattice of
protons can adapt itself to structural changes with temperature
and pressure. Note that even at room temperature, the thermal
population of the lowest excited state for protons at
~1000 cm ™~ ' is rather small (~ 1072). The quantum
entanglement of the ground state is prevailing, but the
coherence length decreases as the temperature is increased.
This, and possibly other mechanisms, accord with the
broadening of the diffraction pattern visible at room
temperature in Fig. 2.

For the deuterated analogue, KDCO;, Egs. (4)—(7) are not
necessary. The wave function [ [, W§(au)¥o(agu —\/Eocojkl)
is symmetrical with respect to permutation and spin correlation
is not required. There is no entanglement. Dynamics are
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represented as nonlocal pseudodeuterons according to (3) and
phonons are allowed. Needless to say, the numbers of degrees
of freedom are identical for the two systems. The main
consequence of entanglement is to shrink the allowed Hilbert
space from ~12" for bosons to ~121 for fermions. (Note,
there are 12 degrees of freedom per unit cells.)

3.2. Quantum interferences

Neutron scattering can be decomposed into distinct events.
First, Bragg diffraction corresponding to nodes of the
reciprocal lattice. Except at very particular nodes, decoherence
upon momentum transfer takes place and the probability
density is measured. Peak intensities are proportional to the
Debye—Waller factor that is the Fourier transform of the self-
correlation function [23].

Second, incoherent scattering, essentially by protons, gives
an anisotropic continuum of intensity, with a Gaussian-like
shape centered at Q=0.

Third, quantum coherence is probed when components Q,,
0,, or Q. correspond to nodes of the reciprocal sublattice of
protons. Then, the coherent scattering cross section is
dramatically increased by a factor of =45, compared to that
for Bragg diffraction.

The rods of diffuse scattering can be rationalized as follows.
Protons in dimer planes are aligned along directions parallel to
y (see dotted lines in Fig. 1) and quantum entanglement along
this direction is equivalent to double lines of correlated
scatterers with some similarity to well known double-slits
experiments [6]. Neutron diffraction by such double-lines gives
interference fringes [7]. Pursuing the same line of reasoning,
macroscopic states in (x, y) planes form coherent grating-like
structures in two dimensions that give sharp reflections for
particular values of O, and Q,. Finally, diffraction by the whole
sublattice gives sharp peaks with dramatically enhanced
intensities. All these events are effectively observed but a full
discussion is beyond the frame of the present article. We shall
limit the presentation to the ridges of diffuse scattering in
Fig. 2.

In dimer planes, double-lines parallel to y (with an interline
separation 2xj = 0.6 A) form a grating-like structure that can
be further decomposed into two subgratings corresponding to
dimers A and B, respectively. The lattice periodicity of the
subgratings is D, = a/cos 42°=20.39 A. The differential cross-
section for coherent scattering along Q,, incoherent scattering
along Q., and Q,=0is

c

N, N. N,
:11_;2 - Z Z i: Z | Z {byjulexp i0,(iD; —x0)
T T k=1 1=1 j=j'=1

+7,7:exp 10,(iD; + x0)] + 7,7,0xp i(Q,D,/2)

Xbyjlexp 10,('D, —x0) + 747; exp i0,('D, + xp) I}
Xexp(—2W,).
(8)

Here, exp(—2W,) is the Debye—Waller factor along z, and
byji; 1s the scattering operator. The differential cross section
diverges at Q,=4n,w/x) =+n,10 A~ for T;=Ty (in-phase
scattering by double lines). Then, Q,D.= +n 687 and
7473 exp 1(Q,D,/2)=1. Neutrons are scattered in-phase by the
two subgratings. The rods of intensity in Fig. 2 correspond to
n,=0, 1. (Rods anticipated at larger Q, values are beyond
the measured range.) Note that the phase matching condition,
namely x{, be commensurable with D,, is intrinsic to the crystal
structure.

Alternatively, for anti-phase scattering by double-lines, Q,
=+ (n,+ 1/2)7t/x and 7;%# 7 Then, 7,7; exp i(Q,D./2)=—1
Neutrons diffracted anti-phase by the two subgratings cancel
out. There is no evidence indeed for such ridges at about +5 or
+15AL

In conclusion, the ridges of diffuse scattering at low
temperature are comprehensively interpreted as diffraction by
the superigid sublattice of entangled protons.

4. Temperature effects: macroscopic resonant tunnelling
states

At 300 K, the rods are virtually unaffected in position and
direction, indicating that the essential features of the superigid
lattice are preserved. This accords with a superposition of
macroscopic states, say |I) and |II), corresponding to
configurations I and II, respectively (Fig. 3). |I) is identical
to (7). Proton dynamics can be treated exactly in the same way
for configuration II in order to construct single particle states
III). The two configurations are not degenerate but the grating-
like structures are identical and diffraction by the superlattice is
unaffected by proton transfer.

According to quantum laws, the superposition of superigid
states cannot account for proton transfer dynamics, because
energy transfer yields disentanglement. Then, symmetric and

Fig. 3. Schematic view of entangled states |I) (bottom) and |II) (top) for
coherent transfer of protons (for the interpretation of the reference to the colour
in this legend, the reader is referred to the web version of this article).
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Fig. 4. Schematic view of the virtual disentangled state
2712 [ITT,)® L)+ |L,)®IL)]. Each site is occupied by a half-proton (for the

interpretation of the reference to the colour in this legend, the reader is referred
to the web version of this article).

antisymmetric pseudoprotons become separable. The
entangled states, each with 1271-fold degeneracy, split into
four disentangled states, each with 671-fold degeneracy:

IL)®IL) at0; )
22 IM)®IL) £ IL)®IIL)]  at hvy;

IIL)®II) at 27w,

The states |I) and |I,)®|I) on the one hand, |II) and
IIT,)®|IL;) on the other, are degenerate. Disentanglement/
re-entanglement is energy-free. In the intermediate state, a
pseudoproton is transferred across hydrogen bonds (Fig. 4).
For the sake of simplicity, we suppose that the two
intermediate states are degenerate, although a splitting
would not change the overall scheme. The interconversion
dynamics can be represented as a disentanglement/re-
entanglement mechanism:

) @1} £ [LY®TL) < D)+ |TI). (10)

The energy level scheme for proton transfer dynamics is
presented in Fig. 5. This is a two-stepwise process, each step
corresponding to the transfer of a pseudoproton preserving
the centre of symmetry. The ground state splitting observed
with INS [21] can be therefore assigned to the intermediate
state: hvg; =216 cm ™ .

The superposition of entangled states at thermal equilibrium
[W(T)) = Cy(DIT) + Cy(T)IT), (11

with Cj(T)+ Ci(T) =1 gives the relative population of the
less occupied site as

Ch(T) = 2p3,(T)[1 + p3(D1, (12)

where pg(T) = exp(—hvy,/kT). The estimate (:‘%I ~(0.21 at
300 K is in reasonable agreement with measurements (0.22).

Alternatively, a superposition of the disentangled states would
be

+27"2Co (D[S L) + L) ® )]

+ e (1)) ®TL), (13)
with C3,(T) + C3,(T) + C3,(T) = 1. The population of the less

A}

~
~
N

Mo o[8[, O]

hV01/,x"

- J— JR—

I ®
[P Lol

Fig. 5. Energy level scheme for entangled (left) and disentangled (right)
configurations.

occupied site

0 (T) = [poi(T) + 2p (DIP(T), (14)

with P(T)= 1+ py,(T) + p3,(T), would be =0.40 at 300 K,
quite in variance with the observation. This emphasizes the
impact of macroscopic entanglement onto the thermodyn-
amics. The population degree of the intermediate state at v, is
clearly negligible and does not obey Boltzmann’s law. This
state is virtual; it does not exist if it is not ‘measured’. In
contrast, entangled states exist if they are not observed.
Consequently, the double minimum potential function for
single proton transfer is also virtual. (Presumably, it cannot be
modelled with ab initio or whatsoever calculations.)

5. Conclusion

Neutron scattering experiments on KHCO; offer an
opportunity to realize diffraction experiments by entangled
double-lines of protons. At any temperature up to 300 K, the
sublattice of protons is a superigid macroscopic quantum
object. These experiments add crystalline solids to the list of
substances with ‘super’ properties, along with liquids (super-
fluidity), vapour (Bose-Einstein condensate) and electrons
(superconductivity).

The cornerstones of our theoretical framework are: (i)
indistinguishability, (ii) time periodicity, (iii) the fermionic
nature of protons, and (iv) degeneracy. The dynamics is
rationalized with nonlocal pseudoprotons in macroscopic
single-particle states. The superigid sublattice of pseudopro-
tons is perfectly decoupled from rest of the crystal and
decoherence-free.

Up to room temperature, a number of pseudoprotons on the
scale of Avogadro’s constant is in a superposition of single-
particle tunnelling states corresponding to distinct crystal
configurations. There is no stochastic disordering and no
transition from quantum to classical regime. Disentanglement
gives rise to a virtual state for the transfer of pseudoprotons
across a nonlocal double minimum potential. This view of
proton transfer dynamics could be of importance to physics,
chemistry and biology.
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