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The potassium hydrogen carbonate crystal (KHC&hd its deuterated analog (KDG)Qontain centrosym-
metric dimer entities (HCQ),, or (DCG;),, linked by moderately strong hydrogen or deuterium bonds. The
OH/OD bonds are virtually parallel to each other throughout the crystal. The incoherent elastic-neutron-
scattering functionslENSPH S(Q,,Qy,Q,=0,w=0) andS(Q,,Q,=0,Q,, w=0) were measured over the
momentum transfer range from0 to ~30 A™%, with resolution ofA|Q|~1 A~%. The components of the
momentum transfeQ,, Q,, andQ, were parallel to the mean directions of the stretching, in-plane, and
out-of-plane bending modes of protons or deuterons, respectively. For KHB®broad incoherent scattering
peaks, centered =0, are not amenable to the IENSF calculated with various models: the single harmonic
oscillator, the double minimum potential, and the pair of coupled harmonic oscillators. Then, the degenerate
ground state of a pair of coupled protons is regarded as composed of indistinguishable fermions. According to
the Pauli principle, the symmetric and antisymmetric coordinates are singlet and triplet states, respectively. The
IENSF gives quantum interferences that compare favorably to the observations. The estimated mean-square
amplitudes in the ground state are amenable to isolated harmonic proton oscillators. Incoherent scattering for
KDCOj; is amenable to Gaussian profiles for bosons. There is no evidence for quantum interference. The
profile narrowing reveals an increase of the mean-square amplitudes attributed to a rather large coupling of the
deuteron dynamics to the crystal latti¢€0163-182899)03305-§

[. INTRODUCTION tions of the protons that oscillate at high frequelticyernal
modes follow adiabatically the slow lattice vibrations corre-

Nowadays, incoherent inelastic-neutron-scatteriigS) sponding to translational and librational motions of the
spectra, obtained over a rather large energy transfer randeavy molecular entities, usually referred to as external
(e.g., from~0 to 4000 cm* with the TEXA spectrometer at modes in this context. This riding effect should give rise to
the ISIS pulsed neutron source, Rutherford Appleton Labolarge intensities for the lattice modes at low frequency and
ratory, UK), provide information on the vibrational dynamics the intensities of the internal molecular vibrations should be
in solids that cannot be obtained with the optical techniquesiepressed dramatically by the Debye-Waller fatGonse-
(infrared and Raman Although the INS technique is rather quently, it has been speculated that internal modes above
young, it has already had a spectacular impact on two centrat1000 cmi* should be almost invisible with INS. However,
problems of vibrational spectroscopy: the relevance of northis is largely in error. For example, CH stretching modes
mal modes to represent vibrational spectra and the quantumere observed at-3000 cm* and the role of the Debye-
transfer of protons within double minimum potential wélls. Waller factor had to be reconsideréd.

More recently, it has been shown that the INS spectrum of
potassium hydrogen carbonate (KHgQrannot be repre-
sented with conventional harmonic force fieldsThe ob-

It is widely accepted that vibrational dynamics of atomsserved lattice-mode intensity is far too weak. The proton
and molecules are reasonably well represented with normaynamics almost totally decoupled from the heavy atoms are
coordinate$. Unfortunately, band intensities measured with better represented with localized modes in a “fixedébo-
the optical techniques cannot be fully exploited, and forceratory) referential frame. From the standpoint of the INS
fields refined with respect to the observed frequencies onlgpectrum, KHCQ@ can be regarded as a crystal of protons so
are largely underdetermined. weakly coupled to the surrounding atoms that the framework

With the INS technique, force fields can be refined withof carbonate and Kions can be virtually ignored. Dynami-
respect to the full spectral profiles including both frequenciesal models are thus greatly simplified. This view is not spe-
and intensitie$® The incoherent scattering cross section forcific to the ionic nature of the crystah*?
protons being about one order of magnitude greater than for These results severely undermine the representation of vi-
any other atom, this INS technique is most powerful for hy-brational spectra with usual normal modes. However, the
drogenous samples. phenomenological approach proposed so far lacks of contact

When harmonic force fields are used to represent localith physics. It has been recently speculated that the decou-
atom-atom interactions in molecular crystals, the mean pospling of the proton dynamics from the crystal lattice could be

A. Normal versus localized modes

0163-1829/99/5®)/413412)/$15.00 PRB 59 4134 ©1999 The American Physical Society



PRB 59 INCOHERENT ELASTIC-NEUTRON-SCATTERING STUD. .. 4135

B - TABLE I. Thermal neutron-scattering cross sections in barns,

. * o ° according to Ref. 29.
| iZ J@ Spin Coherent Incoherent Absorption
QX -

. ] H 1/2 1.76 79.91 0.33

)\;.Q —d e D 1 5.60 2.04 0.00

o 2c 0 5.56 0 0.00

%0 0 4.23 0 0.00

3K 3/2 1.81 0.25 2.1

|ki|=27/\; and|k¢|=2m/\;, where\; and\; are the inci-
dent and scattered wavelengths, respectively. Owing to the
large incoherent scattering cross section for protons, com-
pared to other atomsee Table)l, the scattered intensity can

FIG. 1. Schematic view of the crystalline structure of KHCO be represented with the incoherent neutron-scattering func-
after Ref. 22. tion (INSP®

a consequence of the spin correlation for indistinguishable ) )

fermions, according to the Pauli principiéThen, incoherent S(Q.0)=[(W(r)|exp(iQ-1)|Wi(r))|*8(Eit ~fiw), (1)
elastic-neutron-scatterindENS) measurements of KHCO ) )
should reveal quantum interferences. As opposed to thigvhere¥;(r) and W¢(r) are the wave functions, depending
quantum interferences should not be observed for KpcoOn the spatial coordinate, in the initial and final states,

(boson$ and the deuteron dynamics could be coupled to thdespectivelyEj; is the energy of the transition ari is the
lattice. neutron energy transfer. The spectral profileQncontains

spatial information on the wave functions.
B. Proton transfer The peculiar aspects of the proton dynamics in KHCO

_presented above were derived from INS data collected with

The proton transfer along pre-existing hydrogen bonds ighe TEXA spectrometel® For this instrument, momentum
one of the simplest chemical reactions which is of great im-, energy transfers are correlated 7a®~#%2Q%/2m,,

portance in many fields in physics, chemistry, andyherem, is the neutron mass. Therefore, important informa-
biology: KH'COZ‘Q,0 |2? a prototypical system for'proton tion on the proton dynamics is lacking.
transfer dynam!é'ao' " because the crystal contains cen- \yjth the MARI spectrometer at the ISIS pulsed neutron-
trosymmetric dimer entities (HCQ, (Fig. 1), Sand this  source, the INSF can be measured over the rather |@ge
structure remains unchanged from 298 to 98K’ (We are  range required for a complete representation of the proton
not aware of any d|ﬁrgctlon work at a lower temperajure dynamics(for example from~0 to ~30 A~* for elastic scat-
The hydrogen bond with length-60=2.587A (2.607 A tering with an incident energy o500 meV. In this paper,
for KDCO) is moderately strond’ At 298 K protons are only the incoherent elastic-neutron-scattering function
disordered between two sites located~at 0.3 A off-center (IENSP is considered. Th&(Q, w=0) provides a model
of the hydrogen bond, with population ratio 6fl:4. independent view of the wave function in the ground state.

Tunneling for proton transfer is best observed for the \yjith single crystals, the IENSB(Q,,Q,,Q,, w=0) can
stretching vibration along the reaction path. In the infraredye measured for momentum transfer along specific direc-
and Raman this mode gives broad bands, with several sulfyns In the KHCQ (KDCO;) crystal, OHOD) bonds are

; =},25-27 : '

maxima between 1800 and 3500 chi amenable 10 &  yirtyally parallel to each othefisee Fig. 1andQ,, Q, and
quasisymmetric double minimum potenttdiThe “tunnel-  q_ were chosen parallel to the mean directions of the proton
ing” transition for the quantum transfer of a single proton o geyteron modes: stretchiig OH/OD), in-plane bending
was observed at 216 crhwith the INS techniqué? (There (s OH/OD) and out-of-plane bendingy OH/OD), respec-
is no evidence for double minimum potential along the bendyjyely. Two slices of the IENSF in the @, by) and
ing modes. Surprisingly, the “tunneling” band is rather (o "oy planes for KHCQ (Figs. 2 and 3and one slice in

sharp. On the one hand, this confirms that the proton transfef,o Q,,Q,) plane for KDCQ (Fig. 4) were obtainedfor
is largely decoupled from the heavy atom dynamics, in "neexperirxr;enztal details see Sed. I

with the remainder of the spectrum. On the other hand, this is "ot coherentdiffraction) and incoherent scattering con-

in contrast to the “phonon-assisted tunneling” modehat n’;ribute to the maps of intensity. For KHG@coherent scat-

> ering by protons gives a broad peak centereQat0. There

tial by the (O---O) low-frequency modes of the hydrogen jq noginé/oaerent s%attering by Cpand O atoms and the contri-

bond. Tunnel'mg transitions observed in various hydrogen, ion of K atoms is negligibléTable ). In order to opti-

bonds are quite simila. mize the signal-to-noise ratio we have symmetrized the maps

of intensity. ForS(Q,,Qy,0) this is straightforward since the

reciprocal lattice is orthogonal. The reciprocal lattice for
For proton dynamics studies, INS spectra can be meaS(Q,,Q,.0), on the other hand, is not orthogonal and un-

sured over a range of momentum transf@ek; —k; with  folding the map introduces symmetry elements that do not

C. The neutron-scattering function
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FIG. 3. KHCO;: S(Q,,Q,,0) with Q, parallel to the long
FIG. 2. KHCO;:  S(Qy,Q,,0) with Q, andQ, parallel to the  dimer axis andQ, perpendicular to the dimer plane. Intensities were

dimer planes, along tha andb crystal axes, respectively. Intensi- integrated over- 10 cm '<#w<10cm . (A) landscape view(B)
ties were integrated over 10 cm *<#w<10cm % (A) landscape isointensity contour map.
view; (B) isointensity contour map.

exist in the crystal. This is of negligible impact for the analy- shapes anticipated for harmonic oscillators, or double mini-
sis of diffuse incoherent scattering. mum potentials or pairs of coupled oscillatoisee Secs.
Coherent scattering gives Bragg peaks. However, they A, B, C, below). The IENSF calculated for pairs of
MARI spectrometer is not suited to diffraction measure-coupled fermions with spin correlatibhcompares favorably
ments. The pixel size determined by the experimental resqy, the observatiottsee Sec. IV D, below The major output
lution in Q| (~1 A™) is comparable to the size of the unit of this analysis is that quantum interferences are likely. In

cell in the reciprocal plane @,,Q,) and much larger ,qgition, the estimated mean-square amplitudes for proton
in (Q,,Q,). Consequently, most of the Bragg peaks are,

X ) . modes(see Table Il correspond to well-isolated harmonic
Bg:tirgrigll\/?g ‘iﬂg gé\:)igr:’mozt?;?egﬁgkgg%igd Isigst?c?:y rl):rgtriscillators, and this conclusion is model independent.
KHCO, this background s neglgile. However, sharp o "JC 8 BLERS SEAE (0 LS R0 B
peaks are observed at rather large momentum transfer valu% . . .

(|Q|>10A"1), far beyond theQ range measured in previ- ators. There is no evidence for quantum mterfe.re.nces. In
ous diffraction work€223 Unfortunately, it is not possible to addition, the p.roflles are much narrower than' anticipated if
index these peaks unambiguously. In addition, regarding thgje qleuter_onsﬁllke pr_otons) were amenable to isolated har_-
rather large crystal size, multiple coherent scattering event@10Nic oscillators. It is conclud_ed that the deuteron dynamics
cannot be excluded. Therefore, these peaks are not discuss¥§ largely coupled to the lattice.

any further in this paper. The data analysis and discussion

presented below are focused on the IENS profiles. For

KDCOg, the incoherent scattering cross section of the D Il. EXPERIMENT
atom is rather weak and coherent scattering is most impor- A. Crystal structure and symmetry
tant (see Table)l

The KHCO; crystal is monoclinic, space group
P2,/a(C3,), with four KHCO; entities per unit cell

For KHCO;, the isointensity contour@Figs. 2 and 3and  (@=15.1725A, b=5.6283 A, c=3.7110A,
cuts along the vibrational modes are quite different from the8=104.6319.22 The centrosymmetric dimers (HGQ,, oc-

D. The proton dynamics
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B FIG. 5. Left: schematic representation of the sample orientation.
The diameter is 1 cm and the length 3 dkg.is the incident wave
vector (ko|~15.7 A"1). The detector bank and the crystal axes

- andj are in the(X,Y) plane. Right: elastic scans in th€(,Q;)

plane for various crystal orientatiorig).

allel to the(X,Y) plane Q,~0) illuminate the detectors and,

L in the measurements under consideration, only those neu-

trons whose final energy is equal to the incident energy are

L selected § w~0).

The orientation of the crystal with respect to the incident

T e v o beam(¢) was rotated from 0 to 180°, by steps of 12°, in

Momentum Transfer Q_(A") order to probe a half plane in reciprocal spdsee Fig. $.
Data were converted from counts per channel per angle to

FIG. 4. KDCO; S(Q,,Q,,0) with Q, parallel to the long S(Qi,Q; ,_w) yvith st_andaro_l procedu_res. In order to m_inimiz_e

dimer axis andQ, perpendicular to the dimer plane. Intensities werethe contnb_utlon of |n.elast|c _scattermg, the mapsilof Intensity

integrated over 10 cm '<hw<10cm L. (A) landscape viewtB) ~ Were obtained after integration from10 to 10 cm ™.

isointensity contour map.

Momentum Transfer Q , (A™)

. C. Multiple scattering
cupy C; sites. They are parallel to thd03 planes at 14°

; Using standard values, the incoherent cross section per
W|t!|1_v\rlgszie}]ct to thda,b) planes. - —— cm® of KHCO; is 3,(H)~1 cm L. Absorption is negli-
gle crystals of KHC@ with cylindrical shapes ", i

(diameter~1 cm, length~3 cm) were studied. The cylinder 9iPIe. The neutron mean free path1 cm) is on the order of
axes were oriented either perpendicular to the dimer plandf€ Crystal size and the probability of measuring multiple-
(sample ) or parallel to the projections of tHecrystal axis scattering events must be estimated. In order to minimize
onto the (103 planes(samples II. The single crystal of these effects, we take advantage of the MARI spectrometer
KDCO; (sample IID withD/H>99.9%) was analogous to geom_etry and of the shape of the sar_nple.
sample II. Using the averaged samp!e _size along (4R/w
~0.64 cm), the neutron transmission 490.55. The prob-
ability for a first scattering event iB;~0.45. With an inci-
dent energy of 500 meV, incoherent scattering for the 0
The MARI spectrometer at the ISIS pulsed neutron source~0, 0—1, and 0—2 transitions between proton states
is a direct geometry spectrometer. The detectors continuzan occur with probabilities-0.53, 0.27, and 0.20, respec-
ously cover all the angles from 3° to 135°, all with the sametively. Therefore, elastic scattering occurs fer24% and
length of secondary flight path—4 m). For each sample, inelastic scattering fo~21% of the incident neutron flux
dimer planes were either parallel or perpendicular to then the sample ©,). This is a rough estimation that does
plane containing the detector bank and the incident beammot account for the real density of states. The aperture of
The incident energy wa&;~500meV (;~0.4A) with the detector bank along th& axis is ~14°. Conse-
resolution ofAE;/E;~2%. quently, ~25% of the neutrons undergoing elastic scattering

Measurements were carried out in such a way that thé~6% of ®,) have|Q;| values required to reach the detec-
momentum transfer was either parallel or perpendicular tdors (Q,|<2 A~1).
the mean dimer plane. The cylinder ax® of the crystal For a hydrogenated sample at low temperature, the energy
was oriented perpendicular to ti¥,Y) plane containing the constraintg% w;+#% w,~0 andf w,;>kT) eliminate most of
detector bankFig. 5 and theX axis is parallel to the inci- neutrons undergoing inelastic scattering from the measure-
dent wave vectorky). Only neutrons scattered almost par- ments. Practically, only multiple elastic-scattering events

B. Spectra
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must be considered. The averaged location in(¥)¥) plane  the proton modes are similar with the three techniques. Con-
of the first scattering event is at the center of the sample. Theequently, interdimer coupling terms can be neglected and
mean path length for those neutrons which have been scatie proton dynamics for each degree of freedom can be rep-
tered once is virtually independent @ andQy. For Q,  resented with two identical harmonic oscillators with mass
=2k sin(6,/2) the mean path length iR/cosé,, for 6, moving along collinear coordinates, x,, and coupled to
<70°, and 1.R for 70°<#,=<90°, with R~0.5cm (see one another. The Hamiltonian®fs
Fig. 5. Numerical calculations of the transmission factor
T(Qz) =exp[—2i(H)R/cog2 arcsinQ/2ko) 1} confirm
that the mean transmission factor is very similar to the trans-
mission for the mean path length. ) )
The probability p,(Q,) for double incoherent elastic- +(Xa+X0) T+ 2M(X1 = %2)"]. @

scattering events with successive momentum trans@rs  p, andP, are the kinetic momenta. The harmonic frequency
and —Qz is proportional to the square of the normalized of the uncoupled oscillators at equilibrium positions is

1 1
H= S (P1+P3)+ 5 mwg,[(X1=X0)

scattering law. Within the harmonic approximation, wox - The coupling potential proportional o, depends only
L2 on the distance between the pendula. The equilibrium posi-
P2(Qz)~0.241-T(Qz)] Eexg—Zungi) tions of the coupled oscillators are atxy=*Xq/(1
™ +4\,).
decreases rapidly for larg®, values. Withu3,=0.01 A?,
P,,=[p»(Q,)dQ,~0.0017. This value is underestimated A. Normal coordinates
because the constraint @ is not strictly zero. With Normal coordinates are symmetrigg] and antisymmet-
) ric (x,) displacements of the particles. For the sake of sim-
f exd — 2u,(Q2%— q2)]dg,~ 4 exp — 2u2,Q2), plicity, it is convenient to use normalized coordinates corre-
-2 sponding to an effective mass of for each mode
a probability of ~0.007 is more realistic. Compared to the 1 1
probability for incoherent elastic-scattering events at small Xa=— (X1+Xp), Pa=—(P1+P,),
Q, values (~0.06), the contribution of double-scattering v2 V2
events is~10% of the measured signal. The probability for 3
more than two successive incoherent elastic-scattering events 1 1
is negligible. Xs=5(X1—X2)1 Pfg(Pl— P).

These calculations are only indicative. Nevertheless, they
demonstrate that the spectrometer related const@iit  Substitution in Eq.(2) gives the desired separation of the
+Q,,<2 A1 cancels contributions of most multiple inco- normal modes
herent elastic-scattering events with nonzero momentum
transfer along th& axis. The main contribution to multiple
scattering is due to those neutrons which have been scattered
elastically twice withQ,; and Q,,<2 A~ (~6% of the
measured signal -

Multiple scattering of~10% has little consequences on X[Xs=V2X0]
the measurements of incoherent scattefsee Fig. 6. The
widths are changed by less than 1%. According to numerical he normal frequencies are then
simulations for 25% and 50% multiple scattering, the width
are increased by-4% and 10%, respectively. Therefore,
multiple-scattering effects should be negligible, compared to
other experimental errors. This is largely confirmed by the
data analysis presented below. For KDC@ultiple inco-
herent scattering events can be ignored. The situation is
totally different for multiple coherent scattering which may
give rise to Bragg-like peaks for both KHG@nd KDCG.

2
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Ill. PAIRS OF COUPLED OSCILLATORS: THEORY

0.0 : . Y
In KHCOj,, intra- and interdimer coupling terms can be 20 M'“’ tum% . ‘3\,1 B
distinguished with optical and INS techniques. The in- omentum Transfer (A°)

tradimer terms give band splitting in, andAq symmetry FIG. 6. Comparison of the incoherent profiles due to single and
species observed in the infrared and with Ramangoyple elastic scattering events with probabilities 1 and 0.1, respec-
respectively:>~* The splitting is quite different for the three tively. Solid lines: harmonic oscillator withu3=0.01 A%, Dash
modes:~200, 60, and 40 cm' for the stretching, in-plane, |ines: coupled fermion oscillatof@ccording to Eq(17)] with the

and out-of-plane bending, respectively. The INS techniquesameu? values andx,=0.3A. The profiles for double scattering
on the other hand, probes the density of states due to intefeurves 2 and Yare self-convolutions of the profiles for single
dimer coupling terms. However, the observed bandwidths fogcattering(curves 1 and 3, respectively
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W= wox and ws=wgyV1+4A,. (5) _ 1. ,
Eo+(X1,%2,X1,X5) = E\I,O(Xa)[qlso(xs_‘/?xo)
The quantization of the normal coordinates gies

= WE(Xo+V2x5) 1 PE(X,)

—_\ppa S _ ! ’
W oo =W a(Xa) X W5 (Xs—V2X), X DE(X—VIX). 9)

If protons and dimers are coupled via nonzero off-diagonal
elements in the dynamical matrix, fermions and bosons can-
not be separated and it is not possible to define antisymme-
trized wave functions analogous to E§). However, this is

in conflict with the Pauli principle since the two protons are
indistinguishable in the ground state. Therefore, the dynam-
ics of a pair of indistinguishabléoupled fermions must be

B. Spin-related symmetry in the ground state uncorrelateduncoupledl to the lattice dynamics.

For systems containing several sets of indistinguishable

and

1
Eav= o+ E hos. (6)

1
a+ E)hwa—’_

The wave function for the degenerate. ground.state in EOfermions, for instance KHC’0,, the wave function should
6 is re_levant only for bosons. For fermions, Spins aré cory, antisymmetrized with respect to permutations for each set
related in such a way that the total wave function is antisym-

. ; ; ; ; of indistinguishable fermiongH, *C, and 'O, respec-
merical with respect to particle permutations, according .tc{ively). Nonzero off-diagonal elements mixing different sets

the Pauh' principle. The spgnal part of the wave funcﬂon Sof indistinguishable fermions with each other or with boson
symmetrlcal ®o.) for thg singlet state%=0) and antisym- coordinates are forbidden.
metrical @,-) for the triplet state $=1) The factorization of the wave function may account for
the localized proton modes introduced empirically on the
1 basis of previous observatioff§:*? This decoupling, ob-
O+ (Xq,X2) = — V(X)) [ P5(Xs— V2Xg) = WE(Xs+V2X4) ] served for different systems, is not likely due to accidental
V2 cancellation of off-diagonal elements. It could also account
(? " for the observation of well-defined bands at high energy and
) _ momentum transfer values in molecular crystaisince the
These wave functions apply to any pair of coupled protonsjattice modes should not contribute to the attenuation factor
irrespective of the distance and of the magnitude of the coufor the proton modes. Finally, the factorization of the wave
pling term, provided it is not zero. The Pauli principle im- fynction could be a limitation to the phonon-assisted tunnel-
poses the symmetry of the wave function while the groundng model” However, large anharmonicity may also con-
state remains degenerate. It is no longer possible to distirgjpyte to the separation of the dynamics of light and heavy
guish the spin operators for each nucleus. A pair of couplegyarticles.

protons must be regarded as a composed boson withSspin’ The Pauli principle applies only to the degenerate ground
=1 state. The excited vibrational states have no degené¢saey

Eq. (6)] and the dynamics can be represented with usual
normal modes including all atomic coordinates. Therefore,
the normal coordinates could be different in the ground and
In the KHCG; crystal, protons are engaged in hydrogenexcited states. In addition, force fields could be different for

bonds between two carbonate entities EC0forming cen- hydrogenated and deuterated analogs.
trosymmetric dimers. If there is no coupling term between

the protons and the dimer oscillations, the dynamics is rep- IV. SCATTERING FUNCTIONS: COMPARISON
resented with symmetric and antisymmetric hormal coordi- WITH EXPERIMENTS

nates for the proton modegy,x,) and for the dimer modes
(say X¢,X,). (For the sake of clarity, we consider only two
sets of normal coordinatgdn the boson case the wave func-
tion analogous to E(6) is

C. Vibrational coupling

In order to establish the specific manifestations of spin
correlations, the IENSF for the harmonic oscillator, for the
double minimum potential and for pairs of coupled oscilla-
tors composed of either bosons or fermions are calcufated
and compared to the observations. For each model, the ob-

Eo(Xq,%2,X1,X5) = Wi(Xa) WE(Xs—V2Xx4) PE(X,) served profiles are decomposed into the IENSF profile and
s , triangular functions corresponding to other scattering pro-
X Dg(Xs—V2Xp). (8) cessegfor instance, Bragg reflections, see Figs. 7)-The

numerical values for the best fits given in Table Il were
Here, the equilibrium positions for the dimer coordinates areobtained with a least-squares procedure allowing all param-

at =Xg. eters to be adjusted.
Alternatively, if nuclear spins are taken into consider- _ _
ation, the wave function in the ground state is antisymmetri- A. Harmonic potential

cal with respect to proton permutation and it is invariant for  The |ENSF is Gaussian in shape, centere@at 0:
permutation of the C§7 entities, since carbon and oxygen -
atoms are bosons. The wave function analogous taq@ds S(Qx, @) =exp(— Qyugy) 8(w). (10)
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FIG. 7. KHCOQ;  cut of S(Qx,Qy,0) at =20 with respect o gy g, KHCOy;  cut of S(Q,,Q,,0) alongQ, . Comparison of

Q, . Comparison of the measured profilid line with error bars

to the best fit(dash ling obtained with a harmonic profil(auéX
=0.99x102A?, %wy,=1690cm?) and eight triangular func-
tions (solid line and*) attributed to other scattering processes. The
dash line with error bars is the difference spectrum.

the measured profilesolid line with error barsto the best fifdash
line) obtained with a harmonic profile(ugy: 1.25x10 2 A2,
fiwgy=1340 cm'Y) and eight triangular functionsolid line and*)

bars is the difference spectrum.

The mean-square amplitude

2 2 h
Uox= (W o(X)|[X*| W o(x))= 2Magy,
X

The scattering functions are

1
Y
1+exp(—xg/2ugy)

11

S(Qx, @)oo+ =

The best fits to cuts 0§(Q,,Q,,0) along ther OH and &

OH modegFigs. 7 and 8give mean-square amplitudésee XS
Table 1I) close to those anticipated for the very anharmonic X || codQxXo) +exp — 5o
potential of the stretching motf?®? and for the almost Ox
harmonic potential of the in-plane bending mode. Similar QZu3,\|?
results were obtained for cuts 8{Q,,Q,,0) (see Table ). Xex;{ i (),
However, it is necessary to include a rather large number of
triangular functions. S(Q,,®)010-=S(Qy, )0 o
B. Double minimum potential 1 o
For a single particle in a symmetrical double minimum _\/1—exp(—x3/ugx) | Sin(Quxo)
potential the ground state splits into two sublevels, symmet-
ric (0%) and antisymmetric (0), respectively.Eq_—Eq. Q>2<USX 2
=fwg_ is the tunnel splitting. If the potential barrier is suf- Xexpg - —5 Slwo-tw), (13
ficiently high, convenient approximations of the wave func-
tions are symmetrical and antisymmetrical combinations of 1
harmonic wave functions centered at the potential minima S(Qx’w)o_o‘zl—exp(—xglmg )
*Xg X
1 {22
W (x)= [Wo(x—Xo) ol A RS
V2[1+exp —x3/2u,)] 022 | I
u
W o(X+Xo)]- (12) ><exp( -5 OX) 8(w).

TABLE II. Estimated mean-square amplitudag and 7%wo(cm %)=16.7590% (A?) along Q,
(v OH/OD), Q, (6 OH) andQ, (v OH/OD) in the (Q,Q,) and Qy,Q,) planes. Best fits were obtained with
the harmonic model, Eq10), and with Eq.(17) for quantum interferences. In this latter casg,is the
half-distance between two correlated protons.

Map Q KHCO4 KDCO4
Harmonic Quantum interferences Harmonic
u3 (10 2A%) hwo(em™) u3(10°2A%) fwe(cm™ 1o () U3 (1072A?)
S(0,.0,.0) Qy 0.99+0.05 169060 0.94+0.02 178:40 0.31x:0.02
Xiey Q, 1.25+0.05 1340650 1.26£0.02 1325-30 0.31%:0.02
S(0,.0,,0) Qy 0.79:0.05 21103-80 0.84-0.02 20050 0.33:0.02 0.910.05
Xz Q, 1.29+0.05 130650 1.36£0.02 12320 0.25-0.02 2.310.05

attributed to other scattering processes. The dash line with error
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The periodical terms account for the interference betweefference effects due to spin correlation combine with those
neutrons scattered by protons delocalized over the two sitedue to indistinguishable particles: the scattering amplitude
For elastic scatteringsyo+ andSy_o- give an interference  gperatorb,(b,) can be at site 12) or 2 (1). With the wave
pattern analogous to the optlcal fringes for two slits sepafunctions given in Eq(7), the IENSF

rated by X, whose widths amaloX The intensity is a maxi-

mum atQ,xp=nsr. It can be observed only with sufficient S(Qy, )= (O g |EXPiQy( X, —Xg)
energy resolution. Otherwise, the interference pattern due to . , )
Sp10- andSy_o. , Which correspond to inelastic scattering +expiQx(X1+X0)[©0+)|*+[(Oo-|

at *hwy_, is measured simultaneously. Then, the summa- X expiQ (Xp—X4)
tion of sirf(Qx,) and cod(Qxo) factors in Eq.(13) gives a Kh2 70
spectrum very similar to, and practically indistinguishable +expiQy(Xo+X%4) @ )28(w) (16)
from that of a harmonic oscillator. Very similar conclusions
apply to quasisymmetrical double minimum potentials. gives

The cut along the stretching mode directi@¥ig. 7) re-
veals secondary maxima of intensity att5 A™L If they
were due to proton tunneling, the distance between the two
potential minima should bex~1.2 A. This is about twice '
the distance consistent with the crystal structure and with the tex p( X0 )
asymmetrical double minimum potential function previously 2uc2,X
proposed for the stretching coordinafdn addition, similar
profiles are observed for cuts along the bending mdties l{ ( 2 u2 )

Xexpg —Qx

S( Qx 1w)0+0+ =2 CO§(QXX6) cog QXX(,))

2

example, see Fig.)8whereas the potential is single mini- — 8(w),
mum. Therefore, the observed profiles cannot be attributed to 2L+ AN
roton tunneling. . ,
P J S(Qy,@)0+0- = S(Qy, @)oo+ =2 sir(Quxp)
C. Pair of coupled bosons U0x Uéx
, L xexg —Q2 (),
With the wave function given in Eq6), the IENSF X zm
S(Qx» ) ={[(WE(Xs = V2X0) W5(Xa) [eXpiQuXy) |
X\I,S(Xz_‘/?xé)q,g(xa)HZ S(Qx ,(1))0,07:2 COé)(QXXO) COE{QXXO)
+ (W (= V2X0) W 3(X4) [ eXpiQ,xo) | . p( x}2 ) :
—ex .
XUV PR S(w) (14 2Uox
gives 2 U2
xXex o(w
U s 2\/1+4>\ ) ().

(w). 17
(159  The Gaussian profile, analogous to Ef5) for bosons, is
The Gaussian profile is analogous to EtQ). Practically, it modulated by sit(Qu) and coS(Q.x) factors. The expo-

is impossible to distinguish coupled pairs of bosons and |sonentlal terms are negligible for02/2u0X>1 In contrast to
Iatedposcnlators 9 piedp the double minimum potential, the interference pattern can

be observed for the degenerate ground state with maxima of
intensity atQ,xg=n for S(Qy,®)g+0+ OF S(Qy,w)g_o-
and at Qxy=(n+12)m for S(Qy,w)gio- O

In KHCO; the spin-spin interaction for protons separatedS(Q,,w)q_o+ (see Fig. 6, curve)3
by ~2 A is on the order of 1bHz while the exchange The best fits to cuts o5(Q,,Q,,0) and S(Q,,Q,,0)
integral and tunnel splitting are negligible. In addition, therealongv OH, 5§ OH, andy OH modes, obtained with E417)
is no relaxation by phonons if the proton dynamics areare presented in Figs. 9—12. The mean-square amplitudes,
decoupled from the lattice. Therefore, quantum cohervery similar to those derived previously with EQLO) (see
ence might survive on a rather long time scatelQ *s), if  Table lI), are largely model independent. However, the num-
there is no further relaxation mechanisms. The neutron veber of triangular functions is less with E¢L7). Only the
locity (~10°ms™!) and the coherence length\y2AN  Bragg-like peaks at large momentum trangfed5 A%) are
~20A) are such that quantum coherence in the ground stateot accounted for. The peaks at Id®| values(<3 A™Y
is probed on a sufficiently short time scale- {0 ?s) to  may be due to multiple-scattering contributions more prob-
observing interferences. able in this|Q| range.

The singlet and triplet states are formally analogous to the Quantum interferences account for maxima of intensity
para and ortho species of the hydrogen moleBidewever, observed at-+5 A~?, which are maxima 08(Q, ®) ¢ o_ or
for a pair of indistinguishable fermion oscillators, the inter- S(Q,»)¢_o+ , and for weaker shoulders at+10 A%

2 2
S(Qx,w)ZZEX[l{ Qx Zm )

D. Pair of coupled fermions
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FIG. 9. KHCQ;:  cut of S(Qy,Q,,0) at £20° with respect to FIG. 11. KHCQ;:  cut of S(Q,,Q,,0) alongQ, . Comparison

Q, . Comparison of the measured profiglid line with error bars ~ ©f the measured profilesolid line with error barsto the best fit
to the best fitdash ling obtained with Eq(17) and four triangular ~ (dash ling obtained with Eq.(17) and six triangular functions
functions(solid line and*) attributed to other scattering processes. (S0lid line and*) attributed to other scattering processeé_x
U2,=0.94x 10 2A? (fiwg=1780cmY); x,=0.31A. The dash = 0-84X 10’2A2. (hwox=2000 cny); x;=0.33A. The dash line
line with error bars is the difference spectrum. with error bars is the difference spectrum.

plus twice~2y(’).22 Along Q,, interferences arise because
protons are located out of the middimer plane. With an OH
bond length(l) of ~1 A? the estimated value fog,

=| sin# gives a deviation(#) of +14°. Therefore, the OH
bonds should be almost parallel to tteeh) crystal plane.

The quantum interferences reveal that proton spins are
correlated in th€103) plane, should they belong or not to the
same dimer entity. The spin correlation is observed for rather

The X}, y4 and z values of~0.3 A derived from the large distances in real space. Thgevalues indicate that neu-
experiments(r, in Table 1) do not correspond to distances trons are scattered coherently by lines of protons parallel to
between proton sites in the crystal structure. The shortedhe (103 planes.
distance between protons i82.25 A within a dimer and
protons in different dimers are much further away. Alterna- 2. The proton dynamics
tively, the distances between projections of the proton posi- The mean-square amplitudes given in Table Il are virtu-
tions ontoQ,, Qy, andQ, are close to &;, 2yy, and Z;,  ally model independent and close to those anticipated for
respectively. AlondQy, 2x, is the distance between the two isolated proton oscillators. Systematic deviations arise be-
proton sites of a dimer. Alon@,, 2y, is the shortest dis- cause the momentum transfer directi@s, Q,, andQ, are
tance between the projections of protons belonging to adjanrot exactly parallel to the proton modes. This is an unavoid-
cent dimers(for example, those labeled 1 and 2 in Fig. 1 able consequence of the crystal struct(fe. 1). The dy-
The great similarity of 8 and 2y} is in accord with the namics alongQ, include minor contributions of the bending
crystal structure as the unit-cell paramete(~5.6 A) is  modes which increasej,, while u, is diminished by con-
twice the size of a dimer along the same directior2.25 A  tributions of the stretching mode. Fuﬁy the stretching and

which are secondary maxima ofS(Q,w)q.os+ OF
S(Q,w)q_o- - These features occur for virtually &)l direc-
tions (see Figs. 2 and)3 They cannot be confused with
Bragg-like reflections.

E. Discussion

1. Quantum interferences

. . . . g , l s . \
104 L
" \ = % Ak %
g A ' £ Ak :
i ' 3 ’l |‘
= E)
< I &
& = 4
24l - 2
g 2 % 4 , ; A % [ % . k| sk " *
AY ~
0 BRI e YRR s e AR o AL AN ALY
-20 -10 0 10 20 20 -10 0 10 20
Momentum Transfer (A™) Momentum Transfer (A™)
FIG. 10. KHCQ;: cut of S(Q,,Q,,0) alongQ,. Comparis- FIG. 12. KHCGQ;: cut of S(Q,,Q,,0) alongQ,. Comparison of

on of the measured profilesolid line with error barsto the best
fit (dash ling obtained with Eq(17) and six triangular functions
(solid line and*) attributed to other scattering processet%y
=1.26x10 ?A? (fhwoy=1325cmY); yg=0.31A. The dash line
with error bars is the difference spectrum.

the measured profilesolid line with error barsto the best fifdash

line) obtained with Eq(17) and six triangular functionésolid line

and *) attributed to other scattering processes;,=1.36

X 10 2A2 (hwy,=1230cm?Y); z,=0.24A. The dash line with
error bars is the difference spectrum.
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FIG. 13. KDCGQG;: cut of S(Q,,Q,,0) alongQ, . Comparison of FIG. 14. KDCGQG;: cut of S(Q,,Q,,0) alongQ,. Comparison
the measured profilésolid line with invisible error bapsto the best  of the measured profilésolid line with invisible error bagsto
fit (dash ling obtained with a harmonic profile(u§x=0.91 the best fit(dash ling obtained with a harmonic profileéuf)Z
X10 2A2, hwe=920cm?) and 16 triangular functiongsolid ~ =2.31x1072A2?, % wy,=360cmY) and 11 triangular functions
line and*) attributed to other scattering processesM—): calcu- (solid line and*) attributed to other scattering processesl—):
lated as the sum of two Gaussian profiles withe, =0.5 calculated as the sum of two Gaussian profiles with,=2.5
X 10 2A? (70% andu3,,=0.58< 102 A? (30%), respectively. X102 A2 (70% and u3,,=0.92x10 2A2? (30%), respectively.

(—®@—): Gaussian profile calculated withf,=3.4x 102 A2,

out-of-plane bending modes have opposite contributions. _ .
Fortunately, the deviation of the OH bond from the idealSPECtiVEly. The proton dynamics are thus amenable to har-

orientation is no more than 20° and the contamination bynon.ic os_cillators withi.n~10% accuracy. This i; another
other modes is less than 10% confirmation that multiple-scattering effects, which should

For the stretching moday2, derived fromS(Q,,Q,,0) decreaseg/p3) and/or(u3), were negligible for both tech-
is in accord with the éouble minimum po);ential nigques, and that the proton dynamics in the ground state are

function?>~2” A numerical calculation of the wave function 'ar%i'y (:]ecoupled f[lom the Ia?iéﬁ' h q q
gives the same value. This remarkable agreement confirms € harmonic cﬂlarac.tehr % tI € stretch g moce gfrmﬁn
that multiple-scattering and/or crystal misalignment effect>tate IS notin confiict with the large anharmonicity of the
are negligible. (Both they should diminishu2). The asymmetric double-well potential derived from vibrational
smaller amplittjde derived fro(Q,,Q,,0) could ?éfiect the spectra. It merely confirms that the proton delocalization in
: Xr<m D the ground statétunneling is negligible.
large anisotropy of the double minimum potential since the h litud btained i .
momentum transfer is along the long dimer axis for T eprot(_)f? mgan-squarlf amplitu esoRtaame IN Previous
S(Q,Q,0), or along the OH bond direction for neutron di Zracnon works at 2928 , (28224
S(Q,.0..0) +0.0004)104, (3.0276-0.0004)10-, and (5.1076
Xy =l +0.0004)102 A2, are greater by a factor of3—4 than

e o ose ahaned o NS measuremaabl ) They i
cm 119 The discrepancy of-5% is representative of the even much greater than anticipated if the protons were

f th ts. Anh icity i likel tcoupled to the lattice. Presumably, the mean-square ampli-
accuracy ot the measurements. Anharmonicity IS uniikely 1q,,4es should be substantially reduced for diffraction experi-

: 2

Increasauo, . . ) ments performed at low temperature.
For the out-of-plane bending modeug,=(1.75

+0.02)10 2A? is smaller than anticipated for a harmonic 3. The deuteron dynamics

oscillator. However, such a large anharmonicity is not con-
firmed by the vibrational spectfa-2’ Some contribution of
the stretching mode is likely.

The mean-square amplitudes for the O atoms de

For KDCGO;, coherent and incoherent scattering cannot be
distinguished easil{Fig. 4). Nevertheless, cuts alorg, and
Q, can be decomposed into Gaussian profiles and triangular
: : : 2 112 functions (Figs. 13, 14 and Table )ll Owing to the large
gvsef 1292m A;( '?g q %f;raflggxa;o?g AKz ?zreﬁo?ﬁe Urogt%ns number of triangular functions, the decomposition could be
' .- 0z0 < ' P not unique and the uncertainties given in Table Il are cer-
were riding the C2) atozms, thze obsc_ervc_ad mean-square amplféinly underestimated. There is no evidence for quantum in-
tudes should k_’“’-'mj”m;ﬂ’mo’ with i=x, y orz (~1.4,  tarferences similar to those observed for the hydrogenated
1.75, and 3.5 in 10" A® units, respectively The observed anajog. However, this is not conclusive because of the many
profiles are too broad to be amenable to protons riding %ragg-like peaks.

atoms. o _ The most significant information is provided by the width
The proton dynamics in the ground state were previously the Gaussian profiles that comprise incoherent scattering,

measured with the neutron Compton scattelﬂNg:S)Z'iech- mainly by D atoms, and unresolved coherent scattering by D,
higque which probes the mean kinetic moment(pg).** For o and C atomgTable ). The relative contributions of the
an isolated harmonic oscillatdpg)(ug)=1/4 with (p§) and D, C, and O atoms to the total intensity ar80% (D), 20%

(u3) in A~2 and & units, respectively. For the stretching and (C), and 50%(O).

out-of-plane bending modes the NCS and IENS measure- The mean-square amplitudes for the O and C atoms de-
ments give(p3,)(u3,)=0.250 and(p3,)(u3,)=0.233, re- rived from x-ray diffraction at 95 K are similartZ ~
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0.5x10 2A? and U3,~2.5x10 2A2.22 They correspond ciple. The spin correlation for indistinguishable protons
to dynamics mainly at rather low frequen¢y%200 cm'l)  gives rise to quantum interference. This quantum entangle-
for which the C@~ entities can be regarded as rigid bodies.ment is reminiscent of the Einstein-Podolsky-Rosen
On the other hand, the mean-square amplitudes for the Paradox}? A major consequence is that the dynamics of pairs
atoms can be estimated within the harmonic approximatio®f indistinguishable fermions are not correlated to the crystal
from Table Il asung:u(Z)xH/‘/QNOI%X 10°2A2 and USZD Iatticg. This can be regarded as a quantum correction to the
— uﬁzH/\Q~0.92>< 10 2A2. classical normal coordinates.

If the D and carbonate dynamics were decoupled, the ob- For KHCQ?‘, incoherent elastic neutron-scattering profiles
served profiles should be the sum of two Gaussian profile@ong the various degrees of freedom of the protons are best
with U(Z) (~70% and USD (~30%), respectively. The calcu- _represented, in accord ywth 'ghe grystal structure, with th_e
lated profile along the stretching mode direction is muchmterfergnce_ patterns for indistinguishable fermions. The spin
broader than the best fisee Fig. 13 Clearly, decoupled correlation imposed py the symmetry of the normal co_ord|-
dynamics for D and C§7 entities must be rejected. Along nates occurs essentially parallel to tfE03 planes. It is

the z direction, the calculated profile is only slightly broader independent of the local symmeiry of the crystal and of the
T ; profiie y slightly distance between scatterers. Neutrons are scattered coher-
than the best fifsee Fig. 1% and it is not possible to con-

clude firmly. ently by lines of protons alon@®, (v OH) or Q, (6 OH and

If the D atoms ride the rigid carbonate entities, the mean-Y OH). Within experimental errors, the protons are not

. ) coupled to the heavy atoms and quantum coherence occurs
square amplitude should Hg3+u3,. Along the stretching P y q

de  directi th lculated lit don a rather long time scale compared to that of the lattice
Mmode direction, ine caiculated mean-square ampiitu ﬁynamics. The mean-square amplitudes for the proton oscil-

—2 R 2 . .
%_LSISX ﬁo ’3‘ ) comparers] fa\;]oragly o the estlr?fate_ ml lators compare favorably to previous INRef. 10 and NCS
able Il and suggests that the dynamics are eflectivelypat 59 measurements. The proton dynamics are amenable

coupled. Along the out-of-plane bendmgzdlge_ctmn, they; isolated harmonic oscillators and this conclusion is largely
Gaussian profile calculated with,=3.4x10 2A? is only model independent.

slightly narrower than the best fisee Fig. 14and it is again For KDCO;, the elastic profiles are well represented with
difficult to conclude. However, it would be surprising if the o500 oscillators. The mean-square amplitudes suggest that
dynamics were coupled along the hydrogen bond and decoyyeteron and lattice dynamics are correlated. This is clearly
pled perpendicular to this direction. evidenced for the stretching coordinate. For the out-of-plane
coordinate, the analysis is hampered by the lack of accurate
V. CONCLUSION diffraction measurements at low temperature.

Incoherent elastic neutron scattering measured with single
crystals of KHCQ and KDCGQG, reveal quantum aspects of
the vibrational dynamics of protons and deuterons. Classical
normal coordinates apply only to coupled pairs of bosons. We are indebted to Professor S. Kashida for the crystal
For coupled pairs of fermions, the symmetric and antisym{reparation, Dr. S. M. Bennington for his help during mea-
metric vibrational ground states must be regarded as singlsurements, and the CLRC for providing beam time at the
and triplet states, respectively, according to the Pauli priniSIS pulsed neutron source.
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