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Observation of the dynamical structure arising from spatially extended quantum entanglement
and long-lived quantum coherence in the KHCO3 crystal
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The crystal structures of KHCO3 and KDCO3 at 14 K were determined with the single-crystal neutron-
diffraction technique. There is no evidence for proton/deuteron disorder. The diffraction pattern of KHCO3

reveals rods of intensity separate from the Bragg peaks. These rods are not observed for KDCO3. They are
attributed to diffraction by the sublattice of protons forming regular arrays of double slits parallel to the dimer
planes. They reveal quantum coherence in two dimensions for the proton dynamics. It is shown that quantum
statistics for fermions impose quantum entanglement and strict separation of the H dynamics from the lattice.
The main decoherence mechanism for the vibrational states is thus canceled out. The vibrational ground state
is a superposition of fully entangled macroscopic wave functions with long-lived quantum coherence.

DOI: 10.1103/PhysRevB.67.054301 PACS number~s!: 61.12.Ld, 03.65.Ud, 63.20.Pw
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I. INTRODUCTION

The nonlocal nature of quantum entanglement has
mained a subject of great interest since the earliest day
quantum mechanics as it causes many of the paradoxes
lies at the heart of the profound difference between quan
mechanics and classical physics.1–5 Quantum entanglemen
is observed primarily for simple quantum objects~photons
or/and atoms! in environments specially designed to min
mize quantum decoherence and dissipation.6–10

Quantum entanglement is also intrinsic to a broad clas
condensed systems and gives rise to short-lived and spa
restricted coherent dissipative structures.11,12 For example,
quantum entanglement on a very short time sc
(,10215 s) has been evidenced for protons with the neut
Compton scattering technique.13–16

In a complex system, an initially entangled subsyst
loses its ability to exhibit quantum interference by getti
entangled with the ambient degrees of freedom, via inte
tion with the surrounding environment.17,18This decoherence
mechanism is inherent to measurements with classic app
tus and the validity of quantum mechanics at the mac
scopic level is still an open question.19 However, the exotic
behavior of superconductivity and superfluidity, along w
that of laser light, are manifestations of macroscopic qu
tum effects. Therefore it has been conjectured that a ma
scopic system with many microscopic degrees of freed
can behave quantum mechanically if it is suitably decoup
from its environment.20 This is in line with experimenta
demonstrations of the superposition of distinct macrosco
current states in superconducting quantum interference
vices ~SQUID’s!.21 Similarly, vibrational spectroscopy tech
niques demonstrate macroscopic quantum coherence in
crystalline state, up to room temperature, for the interconv
0163-1829/2003/67~5!/054301~10!/$20.00 67 0543
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sion of benzoic acid dimers, via quantum proton transfer22

An ideal situation to observing long-lived quantum e
tanglement is realized when perfect shielding from the en
ronment occurs naturally. This can be the case for proton
the crystalline state when the separation of the proton
namics from the crystal lattice is an inviolable conseque
of the Pauli principle.23 Then, decoherence is forbidden b
the very nature of the crystal and this ‘‘intrinsic’’ shielding
not limited by experimental or technical feats.

Quantum interference arising from such long-lived qua
tum entanglement of protons have been reported for the c
tal of potassium hydrogen carbonate (KHCO3, see Fig. 1!.24

In this system all protons are crystallographically equival

FIG. 1. Schematic view of the crystalline structure of KHCO3 at
14 K. The dotted lines represent the unit cell. The dashed li
joining protons are guides for the eye~see text!.
©2003 The American Physical Society01-1
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and indistinguishable. The crystal is composed of centros
metric dimers (HCO3

2)2 linked by hydrogen bonds. The lo
cal dynamics of protons can be represented with symme
pairs of coupled oscillators. In the degenerate ground s
the Pauli principle imposes antisymmetrization of the vib
tional wave function with respect to permutation of the
distinguishable fermions and strict separation of the pro
dynamics from other atoms. The resulting proton spin co
lation was probed with the elastic neutron-scattering te
nique and quantum interference was observed.

In these experiments quantum entanglement was pro
on a spatial scale, on the order of the unit-cell dimensio
corresponding to the coherence length of'20 Å of the inci-
dent neutron beam.25 However, some observations sugge
that quantum correlation could occur on a much larger sc
In order to substantiate these preliminary results, we h
performed neutron-diffraction experiments at a low tempe
ture with much greater coherence lengths. Neutrons
fracted by the sublattice of entangled protons give rods
intensity observed in between the Bragg peaks. This is di
evidence for the dynamical structure due to quantum co
lation in two dimensions. There is no such evidence of qu
tum entanglement for the deuterated analog KDCO3, in ac-
cordance with the different quantum statistics for H and
atoms.

In Sec. II, we present the structures of KHCO3 and
KDCO3 at 14 K determined with the single-crystal neutro
diffraction technique. The theoretical model for quantum e
tanglement is presented in Sec. III. In Sec. IV, we examin
rather large volume of the reciprocal space measured
the time-of-flight neutron-diffraction technique. It is show
that the ridges of intensity observed in between the Bra
peaks for KHCO3 have all the characteristics anticipated f
coherent scattering by the sublattice of entangled proton
two dimensions.

II. CRYSTAL STRUCTURE

Single crystals of KHCO3 and KDCO3 were obtained by
slow recrystallization from aqueous solutions in H2O and
D2O, respectively. For neutron-diffraction measuremen
approximately cubic samples (33333 mm3) were cut from
large crystals and tested at room temperature. Each sa
was loaded into an aluminum container that was mounte
a cryostat and then cooled down with a flow of helium vap
Measurements~see Table I! were carried out on a Stoe fou
circle diffractometer 5C2 at the Orphe´e reactor~Laboratoire
Léon-Brillouin!.26

The structure is similar to those previously reported
higher temperatures.27,28 The crystal is monoclinic, spac
group P21 /a (C2h

5 ), with four KHCO3 (KDCO3) entities
per unit cell~Fig. 1 and Tables II–IV!. The carbonate moi-
eties, linked by hydrogen~deuterium! bonds with length O
•••O'2.587(1) Å@2.607~1! Å for KDCO3], form quasipla-
nar centrosymmetric dimer entities (HCO3

2)2 and (DCO3
2)2,

respectively. The dimers atCi sites are parallel to the (30̄1)
planes at'42° with respect to the (a,b) planes. All protons
~deuterons! are equivalent. Whereas previous diffractio
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studies performed at 298 and 98 K have revealed pro
disorder between two sites located at'60.3 Å off-center of
the hydrogen bond, there is no visible proton disorder at
K ~see Table II!. The same conclusion applies to the deut
ated derivative. The refined occupancy of 0.903~6! for the D
atom in Table II arises from imperfect deuteration. It is th
confirmed that the disorder is dynamical in nature. It is go
erned by an asymmetric double well potential for prot
~deuteron! transfer along the hydrogen bond.29

The thermal factorU33 for H atoms in Table IV compares
to the mean-square displacements in the ground state
harmonic proton oscillator corresponding to the out-of-pla
bending mode observed at 960 cm21 (ug

2'1.75
31022 Å2).24 The values forU22 andU11 are much greater
than anticipated for the in-plane bending mode observe
1360 cm21 (ud

2'1.2331022 Å2) and for the stretching
mode observed at'2800 cm21 (un

2'0.6031022 Å2). The
analysis of the rigid body motion30 performed on (HCO3

2)2

dimers~Fig. 2! gave aR factor for the temperature factors o
0.53. This value was decreased to 0.08 after removal of th
atoms. TheR factor is further decreased to 0.02 for a sing
CO3

22 entity. It transpires that proton displacements are v
tually uncorrelated to CO3

22 and (CO3
22)2 entities that can be

regarded as almost perfectly rigid bodies.

III. PROTON DYNAMICS AND QUANTUM
ENTANGLEMENT

Vibrational spectra of KHCO3 and KDCO3 have been
thoroughly investigated with optical and neutron-scatter
techniques.24,29,31–35The OH~OD! bonds are virtually paral-
lel to each other throughout the crystal and the proton mo
in the ground state are parallel to the principal axes of

TABLE I. Neutron single-crystal diffraction data and structu
refinement for potassium hydrogen carbonate and its deuter
analog at 14 K.l50.8305 Å, space groupP21 /a. The variance for
the last digit is given in parentheses.

KHCO3 KDCO3

a ~Å! 15.06~2! 15.08~2!

b ~Å! 5.570~15! 5.594~8!

c ~Å! 3.650~8! 3.658~7!

a 90° 90°
b 103.97(15)° 103.78(15)°
g 90° 90°
Volume 297.1~13! 299.7~9!

Reflections measured 1857 1820
Independent reflections 979 1101
Reflections used 904 967
s(I) limit 3.00 3.00
Refinement on F
R factor 0.026 0.040
WeightedR factor 0.020 0.039
Number of parameters 56 57
Goodness of fit 1.070 0.948
Extinction 4039.9~755! 8.8~4!
1-2
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TABLE II. Atomic positions, isotropic temperature factors, and site occupancies for KHCO3 ~first lines!,
and KDCO3 ~second lines! at 14 K. The variance for the last digit is given in parentheses.

Atom x/a y/b z/c U(iso)(Å2) Occupancy

K~1! 0.166 06~2! 0.034 50~6! 0.29 48~1! 0.0043 1.000
0.165 96~6! 0.035 92~16! 0.29 54~3! 0.0023 1.000

C~1! 0.119 525~14! 0.524 60~4! 0.854 77~6! 0.0038 1.000
0.119 72~3! 0.525 88~9! 0.855 59~18! 0.0023 1.000

O~1! 0.193 385~17! 0.545 57~4! 0.095 81~7! 0.0056 1.000
0.193 55~4! 0.547 46~11! 0.0962~2! 0.0040 1.000

O~2! 0.082 833~16! 0.329 36~4! 0.724 87~7! 0.0054 1.000
0.083 16~4! 0.330 83~11! 0.7262~2! 0.0036 1.000

O~3! 0.076 310~17! 0.730 64~5! 0.724 50~7! 0.0055 1.000
0.076 34~4! 0.731 88~11! 0.7250~2! 0.0039 1.000

H~1! 0.014 95~4! 0.694 27~9! 0.547 01~14! 0.0163 1.000
D~1! 0.015 84~5! 0.695 04~13! 0.5499~3! 0.0098 0.903~6!
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dimers. In Fig. 1, these directions are schematically show
x for stretching (n OH/OD!, y for in-plane bending (d OH/
OD! and z for out-of-plane bending (g OH/OD!. As in-
tradimer coupling terms are much greater than interdim
analogs, the proton dynamics can be represented with
lated pairs of coupled harmonic proton oscillators along
three directionsa5x,y, or z.23,24 Interdimer coupling terms
can be regarded as weak perturbation giving rise to phon
with small dispersion.

A. Isolated dimer

The Hamiltonian for a coupled pair of anisotropic ha
monic oscillators can be written as23,36

H5(
a

Ha ,a5x,y, or z and

Ha5
1

2m
~P1a

2 1P2a
2 !1

1

2
mv0a

2 @~a12a0!21~a21a0!2

12la~a12a2!2#. ~1!

P1a and P2a are the kinetic momenta. The coordinatesa1
anda2 are the projections onto thea direction of the proton
positions with respect to the projection of the dimer cente
symmetry. The harmonic frequency of the uncoupled os

TABLE III. Interatomic distances in Å units and angles in d
grees in KHCO3 ~first lines! and KDCO3 ~second lines! at 14 K.
The variance for the last digit is given in parentheses.

C~1!-O~1! 1.2460~3! O~1!-C~1!-O~2! 125.63~2!

1.250~3! 125.71~6!

C~1!-O~2! 1.2595~3! O~1!-C~1!-O~3! 116.23~2!

1.2626~17! 116.14~6!

C~1!-O~3! 1.3481~3! O~2!-C~1!-O~3! 118.15~2!

1.3547~18! 118.15~13!

O~3!-H~1! 1.0127~5! C~1!-O~3!-H~1! 110.10~3!

O~3!-D~1! 1.003~2! C~1!-O~3!-D~1! 109.86~17!
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lators at equilibrium positions6a0 is \v0a . The coupling
potential proportional tola depends only on the distanc
between the particles. The equilibrium positions of t
coupled oscillators are at6a0856a0 /(114la).

With normal coordinates corresponding to symmetric a
antisymmetric displacements of the particles, such as

as5
1

A2
~a12a2!, Pas5

1

A2
~Pa12Pa2!,

aa5
1

A2
~a11a2!, Paa5

1

A2
~Pa11Pa2!, ~2!

the Hamiltonian splits into two harmonic oscillators at fr
quencies\vsa5\v0aA114la and \vaa5\v0a , respec-
tively.

The quantization of this system is not trivial because
two particles are indistinguishable. For bosons~for example,
deuterium atoms! the wave function and energy levels can
written as

Cnans
5Cna

~aa!Cns
~as2A2a08!,

Enans
5S na1

1

2D\vaa1S ns1
1

2D\vsa . ~3!

The elastic scattering function is then23

S0a~Qa ,v!52 expF2Qa
2S u0a

2

2A114la

1
u0a

2

2 D Gd~v!, ~4!

whereu0a
2 5\/(2mv0a) is the mean-square amplitude in th

ground state for the uncoupled harmonic oscillators.Qa is
the projection ontoa of the momentum transfer vectorQ
5k02kf with uk0u52p/l0 and ukfu52p/l f , wherel0 and
l f are the incident and scattered wavelengths, respectiv
The neutron energy transfer is\v.

For fermions~for example protons!, the wave function
must be antisymmetrized with respect to particle permu
tion, according to the Pauli principle. Consequently, nucl
spins are correlated to the symmetry of the normal mod
1-3
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TABLE IV. Thermal parameters in Å2 units for KHCO3 ~first lines! and KDCO3 ~second lines! at 14 K.
The variance for the last digit is given in parentheses.

Atom U11 U22 U33 U23 U13 U12

K~1! 0.004 64~18! 0.005 35~18! 0.002 85~16! 0.0001~1! 0.000 63~12! 20.0000(1)
0.0021~3! 0.0021~3! 0.0026~4! 0.0002~3! 0.0005~3! 20.0002(2)

C~1! 0.003 46~12! 0.004 17~11! 0.003 59~11! 0.000 02~6! 0.000 79~7! 20.000 14(6)
0.001 77~19! 0.0018~2! 0.0033~2! 20.000 32(17) 0.000 67~15! 20.000 36(13)

O~1! 0.004 13~12! 0.006 72~13! 0.005 19~12! 20.000 13(7) 20.000 43(8) 20.000 10(7)
0.0025~2! 0.0039~2! 0.0050~3! 20.0008(2) 20.000 27(18) 20.000 28(17)

O~2! 0.005 14~12! 0.004 28~13! 0.005 93~12! 20.000 48(7) 20.000 14(8) 20.000 06(7)
0.0031~2! 0.0016~2! 0.0051~3! 20.000 28(18) 20.000 75(17) 20.000 29(16)

O~3! 0.005 31~12! 0.004 54~13! 0.005 83~13! 0.000 20~7! 20.000 15(9) 0.000 34~7!

0.0032~2! 0.0022~2! 0.0056~3! 0.0003~2! 20.000 09(18) 0.000 33~16!

H~1! 0.0136~2! 0.0153~2! 0.0174~2! 0.000 43~14! 20.001 08(16) 20.000 09(14)
D~1! 0.0078~3! 0.0089~3! 0.0111~4! 0.0006~3! 20.0010(2) 0.0006~2!
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The ground state is a superposition of a singlet state w
antiparallel spins (S50) and a triplet state with paralle
spins (S51). For the former, the spatial part of the wa
function (Qa01) is symmetrical with respect to particle pe
mutation ~Ag symmetry in the case of KHCO3) and it is
antisymmetrical for the triplet state (Qa02 with Au symme-
try!. This can be written as23

Qa06~a1 ,a2!

5
1

A2
C0

a~aa!@C0
s~as2A2a08!6C0

s~as1A2a08!#. ~5!

The singletu01& and triplet u02& states resemble par
and ortho species of the hydrogen molecule. For the neut
scattering technique, this is a reference example of quan
interference arising from exchange interaction.37 However,
for free molecules, translational degrees of freedom, an
gous to the antisymmetric coordinates in Eq.~2!, are un-
bound. Therefore vibrational dynamics in the ground st
are totally represented with symmetric coordinates that
invariant upon particle permutation. There is no superpo
tion of the singlet and triplet state and the system is a m
ture of the two species with well defined concentrations. T
particle positions are distinguishable and quantum inter
ences arise because the nuclear spins are entangled. A
portant consequence for elastic-scattering measuremen
that there is no incoherent scattering and the intensity is
portional to the total cross section for hydrogen atoms.37

FIG. 2. Schematic view of the shape of the refined therm
ellipsoids around the atom positions for the molecular dim
(HCO3

2)2 at 14 K.
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In the present case of two coupled oscillators, the sing
and triplet states do not correspond to different entities
quantum interference arises because both spins and pos
of the two particles are entangled. The scattering funct
can be written as23

S~Qa ,v!5$u^Qa0t i
uexpiQa~a12a08!~t it f !

3expiQa~a11a08!uQa0t f
&u2

1u^Qa0t i
uexpiQa~a22a08!

3~t it f !expiQa~a21a08!uQa0t f
&u2%d~v!. ~6!

Indexesi andf refer to the initial and final states.t5 ‘‘ 1 ’’ or
‘‘ 2 ’’ for the singlet and triplet states, respectively. (t it f)
5 ‘‘ 1’’ if t i5t f or ‘‘ 2 ’’ if t iÞt f . The first term of the sum
corresponds to scattering by particle 1 at site 1 or site 2.
second term describes the same process for particle
Straightforward calculation gives23

S~Qa ,v!01015cos2~Qaa08!F cos~Qaa08!

1expS 2
a8

02

2u0a
2 D G 2

S0a~Qa ,v!,

S~Qa ,v!06075sin4~Qaa08!S0a~Qa ,v!,

S~Qa ,v!02025cos2~Qaa08!F cos~Qaa08!

2expS 2
a8

02

2u0a
2 D G 2

S0a~Qa ,v!. ~7!

For the dimer of KHCO3, a08
2@u0a

2 . The term exp
@2a08

2/(2u0a
2 )# is negligibly small and the Gaussian-like pro

file, analogous to that in Eq.~4!, is modulated by cos4(Qaa08)
for u06&→u06& transitions, or by sin4(Qaa08) for u06&
→u07& transitions. In ordinary counterintuitive words, the

l
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terms arise because neutrons are scattered simultaneous
the two particles, each particle being simultaneously at b
sites.

Tunneling of a single particle in a symmetric double p
tential is also a reference example of quantum interfere
for neutron scattering. Even if there is no such symmetr
double minimum potential for KHCO3,29 this case deserve
particular attention for further comparison with Eq.~7!. For
two wells located at6a0, the scattering function for the
tunneling statesu01& ~symmetrical! and u02& ~antisym-
metrical! can be written as23

S~Qa ,v!01015
1

11expS 2
a0

2

2u0a
2 D UF cos~Qaa0!

1expS 2
a0

2

2u0a
2 D GU2

S̄~Qa!d~v!,

S~Qa ,v!06075
1

A12expS 2
a0

2

u0a
2 D

sin2~Qaa0!

3S̄~Qa!d~v026v!,

S~Qa ,v!02025
1

12expS 2
a0

2

2u0a
2 D UF cos~Qaa0!

2expS 2
a0

2

2u0a
2 D GU2

S̄~Qa!d~v!, ~8!

with S̄(Qa)5exp(2Qa
2u0a

2 ). If a0
2@u0a

2 , this Gaussian pro-
file is modulated by either cos2(Qaa0) for u06&→u06& or
sin2(Qaa0) for u06&→u07&. These terms arise because ne
trons are scattered by the particle delocalized over both s
either in-phase or out-of-phase.~Formally, the proton spin
does not contribute to the interference mechanism.! This is
analogous to double-slit experiments with electromagn
waves. However, whereas in-phase and out-of-phase sca
ing are observed separately with electromagnetic waves
the case of Eq.~8! the interference pattern is observed only
the tunnel splitting is greater than the energy resolution
the neutron-scattering experiments. Otherwise, summatio
the cos2(Qaa0) and sin2(Qaa0) terms is a constant and onl
the Gaussian profile, free of quantum interference, co
sponding to a simple harmonic oscillator is observed.

Interference fringes due to quantum entanglement can
thus clearly distinguished from those arising from oth
quantum effects. They were effectively observed
KHCO3.24

For momentum transfer alongx the analysis of the modu
lated profile gave 2x085(0.6460.06) Å. This is about the
distance between the projections of the proton positions~1
and 2, in Fig. 1! onto the x axis. This distance is much
05430
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shorter than the separation of'2 Å between two protons in
a dimer. This is direct evidence that interferences are rela
to proton dynamics, rather than to proton locations.

For momentum transfer alongy, the analysis of theQ
profile gave 2y085(0.6260.04) Å which corresponds to th
shortest distance between projections of proton positi
onto they axis. However, these protons belong to differe
dimers in the unit cell~for example those labeled I and II i
Fig. 1!. Therefore spatially extended quantum correlation
tween dimers should occur.

Finally, interference for momentum transfer alongz sug-
gested that protons are slightly tilted perpendicular to
dimer mean plane and should be located at6z0856(0.25
60.02) Å. However, this is not visible in the crystal stru
ture.

B. Vibrational decoupling

In hydrogen bonded systems, anharmonic coupling is n
mally regarded as an important mechanism mixing displa
ments of atoms into complex vibrational coordinates that
geodesics of the potential hypersurface depending on
atomic coordinates.38,39 Within the framework of classica
mechanics, each particle is univocally labeled and localiz

In the harmonic approximation, the dynamics of a dim
is represented with symmetric and antisymmetric normal
ordinates ~say $Xis ,Xia%,i 51,2, . . . ,N, where 2N is the
number of degrees of freedom! that are linear combination
of atomic displacements. For KDCO3 the wave function
analogous to Eq.~3! is

J0~•••Xia ,Xis••• !5)
i

N

C0i
a ~Xia!C0a

s ~Xis2A2Xi08 !. ~9!

Here, the equilibrium positions for the dimer coordinates
at 6Xi08 .

For KHCO3, the wave function in the ground state shou
be antisymmetrical with respect to proton permutation a
invariant for permutation of carbon and oxygen atoms t
are bosons. Therefore direct quantization of the normal
ordinates$Xis ,Xia% gives a wave function analogous to E
~9! that violates the Pauli principle because indistinguisha
fermions are in the same state. This is avoided if the se
atomic coordinates split into strictly independent subsets
indistinguishable fermions$xis ,xia% on the one hand, and fo
bosons$Xjs ,Xja% on the other. Then, the wave functionsC0
can be factored into wave functionsF0 for fermions and
bosons, respectively. The wave function derived from E
~5! and ~9! is

J06~•••xis ,xia•••Xjs ,Xja••• !

5)
i

1

A2
F i0

a ~xia!@F i0
s ~xis2A2xi08 !

6F i0
s ~xis1A2xi08 !#

3)
j

F j 0
a ~Xja!F j 0

s ~Xjs2A2Xj 08 !. ~10!
1-5
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The decoupling of the protons from the lattice dynam
cancels the decoherence mechanism and, if there is no
ther decoherence process, quantum correlation can last
long time. The spin-related decoupling of protons is mo
fundamental, and certainly more efficient, than any accid
tal or specially designed cancellation of coupling terms in
dynamical matrix. This separation is a prerequisite for o
serving quantum interferences arising from long-lived qu
tum entanglement.23,24 Intuitively, the separation of atomic
motions is primarily a consequence of the crystal symme
~presumably the existence of centrosymmetric dimers is
central importance in the case of KHCO3). We suspect this
separation may be not caused by a significant gain of inte
energy for an isolated dimer.

Among alternative decoherence mechanisms, spin-
coupling can be ignored. In a dimer the distance betw
protons is'2 Å and spin-spin interaction is on the order
104 Hz. Therefore quantum decoherence should occur o
time scale as long as'1024 s.

C. Crystal of dimers

In the crystal, quantum entanglement within dime
‘‘hides’’ the Fermionic nature of the protons. The singlet
triplet states obey the Bose-Einstein statistics and collec
dynamics due to interdimer interaction are represented w
phonons totally decoupled from the lattice dynamics. For
proton modes, the population of excited states is negligibl
a low temperature. The ground states can be represente
2Ag1Bg12Au1Bu symmetry species.33 Theg andu spe-
cies correspond to collective oscillations of the singlet a
triplet states, respectively. Recalling of the Fermionic nat
of the protons, the ground state must be regarded as a s
position of coherent states with perfectly defined H-spin c
relation throughout the crystal domain. Owing to the lack
an efficient decoherence mechanism via the lattice dynam
the lifetime of the quantum coherence may be long eno
to be probed with the elastic neutron-scattering techniqu

The neutron-diffraction pattern anticipated for the d
namical structure of the sublattice of entangled protons
quite different from the Bragg peaks of the crystal lattic
The overall shape of the pattern depends on the dimens
ality of the quantum correlation. Moreover, the pattern is
determined solely by the spatial distribution of entang
protons. It is also related to the proton dynamics and
symmetry of the phonon states imposes specific constra
to the phase of the scattered neutrons. Therefore a thoro
analysis of both the spatial and dynamical structures of
proton sublattice is necessary to ensure that all neces
conditions for observing diffraction can be fulfilled.

Then, if this is the case, the diffraction pattern of e
tangled protons should be quite well separated from
Bragg peaks and, by analogy with the hydrogen molecul37

the intensity should be proportional to the total cross sec
for protons ('80 barns).~In the absence of quantum corr
lation the contribution of H atoms to Bragg-peak intensit
is proportional to the rather modest coherent scattering c
section—sc'1.76 barns—while the intensity due to inco
herent scattering is proportional tos i'80 barns.! The dra-
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matic enhancement of intensity offers a better chance
observing diffraction by entangled protons among the Bra
peaks.

Along thex direction of the KHCO3 crystal, we can dis-
tinguish two subsets of dimeric entities~those labeled I or II,
respectively, in Fig. 1!. They are symmetrical with respect t
the binary axis parallel to (a). Phonons for the singlet o
triplet states correspond to symmetry speciesBg and Bu,
respectively. For elastic scattering with momentum trans
Qx , neutrons are scattered coherently by lines of prot
parallel to they direction ~see Fig. 1!. These lines are ar
ranged in a gratinglike structure composed of two subset
pairs of parallel slits separated by 2x08 . The distance between
equivalent pairs isDx'a/cos 42°'20.27 Å. One subset o
slits is shifted with respect to the other byDx/2 and neutrons
are scattered antiphase by the two subsets. The scatt
function for coherent elastic scattering by this gratingli
structure can be written as

S~Qx ,v!0t0t

5u(
j

^Qx0t j u@expiQx~x1 j2x08 j !

1expiQx~x1 j1x08 j !#expi jQ xDxuQx0t j&

1^Qx0t j u@expiQx~x2 j2x0 j8 !

1expiQx~x2 j1x0 j8 !#expi jD xuQx0t j&2^Qx0t j 8u

3@expiQx~x1 j 82x0 j 8
8 !1expiQx~x1 j 81x0 j 8

8 !#

3expi j 8DxuQx0t j 8&2^Qx0t j 8u@expiQx~x2 j 82x0 j 8
8 !

1expiQx~x2 j 81x0 j 8
8 !#expi j 8DxuQx0t j 8&u

2, ~11!

wherej indexes the lattice sites andj 85( j 1 1
2 ).

For waves scattered by equivalent pairs, intensity is
maximum whenDx /(2x08)5Nx is an integer number. Fur
thermore, constructive interference for waves scattered
the two subsets of double slits occurs whenDx /(4x08)
5Nx/2 is half integer. All together, the intensity is a max
mum when Nx is an odd integer number andQx

56nx2p/(2x08), according to Eq.~7!.
Similar lines of protons parallel tox can be seen in Fig. 1

They form a system of double slits separate by 2y08 .
Phonons for the singlet and triplet states alongy correspond
to Ag and Au symmetry species, respectively. The distan
between double slits isDy5b/2'2.81 Å. Phase matching
occurs if Ny5b/(4y08) is an integer number, either odd o
even. The intensity is a maximum atQy56ny2p/(2y08).

As the existence of double slits alongz is not visible in
the crystal structure, it is not necessary to pursue the ph
matching condition forQz . The elastic coherent scatterin
function can be now expressed in a compact and gen
formula as
1-6
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Sl~Q,v!5)
i 51

l

d~Qa i6na ip/a0i8 !)
a

S0a~Qa ,v!;

l 51 or 2. ~12!

If quantum coherence occurs in one dimension (l 51) dif-
fraction should give rise to slabs of intensity perpendicula
thea1* direction in reciprocal space. The intensity should
a maximum at the center and should be depressed expo
tially for increasing momentum transfer value perpendicu
to a1* . If quantum coherence occurs in two dimensionsl
52) diffraction should give rods of intensity, perpendicul
to the reciprocal plane (a1* ,a2* ). The intensity should de
crease for increasing momentum transfer perpendicula
(a1* ,a2* ). Of course, coherence in three dimensions sho
give rise to peaks of intensity.

With the numerical values derived from previou
experiments24 and from crystal structure~see Table I!, we
estimateNx53363 and Ny54.560.5. These values ar
quite compatible with the phase matching conditions b
regarding error bars, it is not possible to conclude whet
phase matching actually occurs or not. Direct observation
the diffraction pattern is presented in the next section.

IV. DIFFRACTION AND QUANTUM ENTANGLEMENT

With the single crystal diffractometer~SXD! at the ISIS
pulsed neutron source40 we have measured a rather lar
volume of the reciprocal space parallel to the (a* ,c* ) plane
with single crystals ('33332 mm3) of KHCO3 and
KDCO3 at 15 K ~Figs. 3 and 4, respectively!. Further analy-
sis of the Bragg peaks is in accordance with the struc
derived from the measurements performed at the rea
source~see Tables I–IV!.

Compared to the four-circle diffractometer, the advanta
of SXD is twofold. First, with the time-of-flight technique
the whole accessible range of reciprocal space is meas
all at once for each neutron pulse. This is convenient
seeking signals in addition to the Bragg intensities. In c
trast to this, with the four-circle technique, measureme
were performed at the Bragg-peak positions, in order to
tain the best signal-to-noise ratio. Second, with the high fl
of epithermal neutrons delivered by the spallation sour
one can probe a much larger domain of reciprocal space
at a reactor source.

On the other hand, with the limited number of detecto
available on SXD at the time of these measurements, on
limited sector of reciprocal space is measured for each c
tal orientation. Figures 3 and 4 are concatenations of sev
crystal orientations corresponding to rotations by steps
'30° around a fixed axis. Measurements over the wh
reciprocal space would require a number of different crys
orientations around different axes. With a four-circle inst
ment these crystal orientations are much more straight
ward. In addition, with the time-of-flight technique eac
pixel in reciprocal space corresponds to a particular w
length. The data analysis is more complex than for mo
chromatic reactor-based neutron diffraction and it is
05430
o
e
en-
r

to
ld

t,
r

of

re
or

e

ed
r
-

ts
-

x
e,
an

s
a

s-
ral
f

le
l

-
r-

e
-
t

simple to account for the very large extinction coefficient
the KHCO3 crystal ~see Table I!. In the present work, we
have gained advantage from both techniques. The struc
was determined at the best accuracy with the four-circ
technique and quantum interference were quickly detecte
the overview of the reciprocal space obtained with the tim
of-flight technique.

In Figs. 3 and 4, the lines drawn along the (30̄1) direc-
tions correspond to momentum transfer parallel to the dim
planes (Qy5Qz50). For KHCO3, elastic and inelastic in-
coherent scattering give the broad signal centered atQ50,
which can be decomposed into a product of Gaussian-
profiles along and perpendicular to the (30̄1) direction. The
widths are roughly related to the inverse of the mea
squareamplitudes for the proton stretching ('0.6

FIG. 3. Diffraction pattern of KHCO3 at 15 K in the (a* ,c* )
plane. The arrows point to the ridges of intensity.

FIG. 4. Diffraction pattern of KDCO3 at 15 K in the (a* ,c* )
plane.
1-7
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FRANÇOIS FILLAUX, ALAIN COUSSON, AND DAVID KEEN PHYSICAL REVIEW B 67, 054301 ~2003!
31022 Å2) and out-of-plane bending ('231022 Å2)
modes, respectively. Quantum interference for proton p
previously reported24 is now hidden by inelastic scattering
~With the SXD instrument, scattered neutrons with differe
final energies are not distinguished.! Most of the central in-
tensity due to incoherent scattering is no longer visible
the deuterated analog~Fig. 4!.

For KHCO3, the ridges of intensity perpendicular to th
(3̄01) direction observed at6(10.2560.25) Å21 from the
center~see arrows in Fig. 3! have all the characteristics an
ticipated for coherent scattering by entangled protons
planes containing the dimer entities~see below and Figs
5–8!: ~i! the ridges are not due to coherent scattering by
whole lattice;~ii ! they are not observed for the deuterat
analog;~iii ! they have rodlike shapes;~iv! orientations and
positions are in accord with the structure of the proton s
lattice. Additional ripples of diffuse scattering observed
'617 and622 Å21 for KHCO3 are rather weak and broa
~see Fig. 5! As they survive in the deuterated analog~see Fig.
6!, they are not related to quantum statistics. They are te
tively attributed to thermal diffuse scattering~TDS!.30 These
properties are further detailed below.

First, a cut of the map of intensity in the (a* ,c* ) plane
parallel to a* and at24.50 Å21 is totally free of Bragg
peaks~Fig. 5!. The sharp line at 9.25 Å21 is the section of
the ridge of intensity. The linewidth is similar to that of th
Bragg peaks. This contrasts to the broad widths of T
above 15 Å21.

Second, a similar cut for KDCO3 confirms the absence o
both the broad intensity due to incoherent scattering and
sharp ridge~Fig. 6!. The TDS intensity at'20 Å21 is the
most intense ridge. This intensity should not depend on
isotope substitution. It can be used as a reference to com
relative intensities in Figs. 5 and 6. This comparison emp
sizes the very weak TDS intensity compared to incoher
scattering. The weaker features between 5 and 20 Å21 for
KDCO3 are also presumably due to TDS. They are larg
hidden by incoherent scattering in KHCO3.

Third, the profile observed along the ridge in the (a* ,c* )

FIG. 5. Cut of the diffraction pattern of KHCO3 in the (a* ,c* )
plane parallel toa* and at24.50 Å21 from this axis.
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plane ~Fig. 7! is composed of sharp Bragg peaks superi
posed on a Gaussian-like profile similar to that obtained fo
cut, along the same direction, of the incoherent scatte
signal centered atQ50. The maximum of intensity a
'5 Å21 corresponds to the intersection of the ridge with t
(3̄01) plane. This Gaussian-like profile demonstrates the
sence of spatially extended quantum correlation perpend
lar to the dimer plane.

Fourth, the ridge is still visible on the map of intensity fo
a slice of reciprocal space parallel to the (a* ,c* ) plane ~7
pixels wide! shifted off by 7 pixels ('0.5 Å21) along b*
~Fig. 8, A!. The intensity of Bragg-peaks previously ob
served atuQu&10 Å21 is largely depressed.~The resolution
of the SXD machine causes a few basal plane Bragg pea
high uQu to still be observed in this slice.! In contrast to this,
the intensity of the Gaussian-like profile along the ridge
virtually unchanged@see the solid line with circles in Fig. 7

FIG. 6. Cut of the diffraction pattern of KDCO3 in the (a* ,c* )
plane along the line parallel toa* and at24.5 Å21 from this axis.

FIG. 7. Cut of the diffraction pattern of KHCO3 along the ridge
of intensity ~arrows in Fig. 3!. Solid line: in the (a* ,c* ) plane.
Thin line with circles (2d2): 7 pixels ('0.5 Å21) off the
(a* ,c* ) plane. Crosses~1111!: Gaussian profile for incoheren
scattering shifted by25 Å21 for comparison.
1-8
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for comparison with the profile in the (a* ,c* ) plane#. This is
a further confirmation that the ridge and the Bragg reflecti
are quite different in nature.

Fifth, the ridge is no longer visible for the cut~9 pixels
wide! shifted by 18 pixels ('1.0 Å21) off the (a* ,c* )
plane while the broad incoherent scattering intensity aQ
50 is still very intense~Fig. 8, B!. Therefore the width of
the ridge perpendicular to the (a* ,c* ) plane is very much
smaller than the width of the incoherent scattering sig
along the same direction and diffraction by a sublattice
entangled protons in one dimension can be safely elimina
On the other hand, the width perpendicular to the (a* ,c* )
plane ('1 Å21) is similar to the width parallel to the sam
plane ~see Fig. 5!. This is in accordance with the rodlik
shape anticipated for coherent scattering by a tw
dimensional sublattice. It can be concluded that spatially
tended quantum entanglement also occurs along they direc-
tion, as anticipated from previous observation.24 Further
investigation of the reciprocal space should be necessar
observe the rods of intensity anticipated in the (30̄1) plane.

Finally, the intersection of the ridge with the (30̄1) direc-
tion is located atQx56(10.2560.25) Å21 from the center.
This gives a separation of 2x0852p/Qx5(0.61360.015) Å
for the double slits. This is in perfect accordance with pre
ous estimates and with the crystal structure. Furtherm
with the additional condition thatNx should be an odd inte
ger number, the best estimate consistent with all observat
is Nx533, 2x0850.614 Å, andQx5610.23 Å21. This solu-
tion is unique. The closest valuesNx531 or 35 are not com-
patible with the crystal structure.

The real width of the ridge is related to the spatial exte
sion of quantum coherence. Compared to the half width
half maximum ~HWHM! of '6 Å21 of the Gaussian-like
profile for scattering by a single slit, the observed HWHM
'0.20 Å21 ~see Fig. 5! suggests that quantum coheren
should extend itself over more than 30 double slits~more
than 300 Å along thex direction!. This is certainly an under
estimate since the instrumental resolution (DuQu/uQu'1%)
is not negligible.

According to Eq.~11!, another ridge of intensity is antici
pated at Qx564p/(2x08)56(20.560.5) Å21 from the

FIG. 8. Cuts of the diffraction pattern of KHCO3 parallel to the
(a* ,c* ) plane. A: 7 pixels ('0.5 Å21) off. B: 18 pixels
('1.0 Å21) off.
05430
s

l
f
d.

-
x-

to

-
e,

ns

-
at

f

center. This should appear at'18 Å21 in Fig. 5, but there is
no conclusive signal in this region. Presumably, the inten
is dramatically depressed by the exponential factor in
~11!.

V. CONCLUSION

The Pauli principle and the dynamics of the centrosy
metric dimers in KHCO3 impose quantum entanglement fo
the proton pairs. The ground state of each mode is a su
position of a singlet and a triplet state and strict separation
the proton dynamics from the other atoms occurs. The m
effective decoherence mechanism is canceled out.

Collective dynamics of the singlet and triplet states a
represented with phonons totally isolated from the lattice
namics. These phonons belong tog andu symmetry species
for the singlet and triplet states, respectively. Owing to
lack of decoherence mechanism, the dynamical struc
arising from the long-lived spin correlation throughout t
crystal can be probed with the elastic neutron-scattering te
nique.

Coherent scattering by the gratinglike structure of the s
lattice of protons is observed with great intensity, quite se
rate from the Bragg peaks. The rodlike shape of the d
fracted intensity demonstrates quantum correlation in t
dimensions, parallel to the dimer planes. The absence
similar diffraction for the deuterated crystal emphasizes
role of quantum statistics.

KHCO3 can be termed a ‘‘quantal crystal’’~or Q’stal!.
The superposition of fully entangled macroscopic vibratio
states with long lifetime is a dramatic burst of the quantu
paradoxes into the macroscopic world. The quantum cha
ter is clearly observed at 15 K, which is quite a high te
perature compared to normal operation of superconduc
devices. Transition from quantal to classical crystal is ant
pated to occur at sufficiently high temperature. If the ma
decoherence mechanism is the occurrence of proton diso
monitored by the known asymmetrical double minimum p
tential with an energy differenceDE5216 cm21 or 324 K
between the two wells,29 the Q’stal could survive rather clos
to room temperature.

If our interpretation, based upon the Pauli principle f
centrosymmetric hydrogen bonded dimers, is correct, su
positions of macroscopic quantum states should occu
similar systems. This is in line with the interconversio
mechanism of benzoic acid dimers in the solid state.22 In that
case, it has been reported that quantum coherence incre
upon excitation of a particular phonon.

Quantum coherence in KHCO3 is apparently quite at vari-
ance with the decoherence-free noiseless molecular
systems in solution, demonstrated with NMR techniqu
that could be used as quantum computer.41–44 However, our
finding that decoherence can be naturally canceled by p
erly chosen crystal symmetry and quantum statistics could
of some consequence to further protection against nois
quantum information storage and processing.

Compared to superconductivity and superfluidity, t
KHCO3 Q’stal shows some remarkable similarities, such
entangled pairs of fermions and large-scale long-lived qu
1-9
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tum coherence in the ground state. The superposition of m
roscopic quantum states is also comparable to the cur
states in SQUID experiments. Indeed, these similarities
natural consequences of the basic principles of quan
physics. At the same time, the Q’stal is quite different fro
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