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Inelastic neutron scattering study of the localized dynamics of protons in KHCQ single crystals
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In the crystal of potassium hydrogen carbonate (KH@ll OH:---O hydrogen bonds are equivalent and
virtually parallel to each other. The inelastic incoherent scattering function measured with oriented single
crystals is presented as maps of intensity for energy transfer values corresponding to proton vibrations. All
maps resemble those anticipated for harmonic oscillators with effective masses close to 1 amu. Contributions
from the lattice dynamics, vibrational coupling with heavy atoms, anharmonicity, mixing of states, and Fermi
resonance are analyzed. It is concluded that anharmonicity plays a major role and proton dynamics cannot be
represented with normal coordinates within the harmonic force-field approximation.
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[. INTRODUCTION is virtually proportional to the scattering function for hydro-
gen atoms. In principle, the dynamics of other atoms remain
In attempting to account for vibrational spectra, it is largely unknown. However, within the force-field represen-
widely accepted that dynamics of atoms and molecules arttion, the mean position of a hydrogen atom oscillating at a
reasonably well represented with quantized normal coordihigh frequency (internal modg follows adiabatically the
nates arising from harmonic force-fields which describe to /0w lattice vibrations corresponding to translational and li-
certain approximation complex multidimensional potentialsbrat'ona| motions of the heavy molecular entities. This pro-

in molecules and crystals® The determination of such ton riding enhances the intensity for the lattice modes and

force-fields requires a full analysis of spectral profiles: thethus provides information on these dynamics. ,
For rather “soft” molecular crystals, the lattice and inter-

normal frequencies give the eigenvalues of the dynamical L .
matrix, and the band intensities are related to the eigenve al v_|brat|on§ are well separated gnd the total scattering
unction that is measured can be written as a convolution of

tors. However, owing to the complexity of interaction of h g f ; for the latti di | d
photons with matter, band intensities measured with opticaﬁegpsé?t‘it\ﬁﬁ?_% unctions for the lattice and internal modes,

techniquegnamely, infrared and Ramanannot be fully ex-

ploited because the relevant transition moment operators are

largely unknown and they are poorly calculated even with S(Qw)=5(Q w)®Su(Q,w). @

the most advanced quantum chemistry methods. Conse-

quently, force fields refined with respect to the observed fre- The momentum transfer vector @=ky—k; with |k

quencies only are largely underdetermined, even whenr=2m/\q and|k;|=2m/\;, where\, and\; are the incident

complementary information is obtained from other types ofand scattered wavelengths, respectively. The neutron energy

experiments. transfer isfiw. The band intensity for each internal vibra-
This difficulty is partially overcome with the incoherent tional mode is depressed by the lattice Debye-Waller factor

inelastic neutron scatteringNS) technique. The intensity for exgd—2W_(Q)] and the missing intensity is redistributed

a normal mode is related to the mean square amplitude afmongst phonon wings corresponding to combinations with

displacementMSD) scaled by the nuclear cross section for the lattice mode$? Consequently, the zero-phonon transition

each atom. The incoherent scattering cross section for praf intramolecular modes at high energy and momentum

tons being about one order of magnitude greater than for anyansfer should be hardly visible and the spectral profile

other atom, the measured intensity for hydrogenous sampleshould be dominated by phonon-wings. However, in some
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sisymmetric double-well potential.

Because the crystal structure and vibrational spectra evi-
dence rather weak interaction between dimeric entities,
KHCO;3 can be regarded as a test example for modelling
with quantum chemistry methods. However, we are not
aware of any published simulation of the vibrational dynam-
ics for this system. To the best of our knowledge, even the
most advanced methods for quantum mechanical calcula-
tions of force-fields for such hydrogen bonded systems have
not yet reached the level of accuracy required for direct com-
parison with the observed spectra.

In order to obtain a more focused view of the proton
dynamics we have carried out new INS measurements, over
rather large momentum and energy transfer ranges, on single
crystals of KHCQ. These experiments are complementary
to previous measuremehts? of a narow slice of théQ,w)

FIG. 1. Schematic view of the crystalline structure of KHCAD space along thi?é;trajgcmlﬁ/w%ﬁ |QI*/2m,, wherem, IS
14 K after Ref. 17. The carbonate moieties linked by moderatel)}he neutr,on mass. With these new da_tta we can determine
strong hydrogen bonds with length @=2.59 A from planar cen- the M.SDs of H atoms and the effective oscillator mass for
trosymmetric dimer entities (HGQ, (Refs. 15-17. The dimers  €ach internal mode. Furthermore, we can analyze the conse-
are located at Csites with their midplanes parallel to t@801)  duences of usual concepts of vibrational spectrosdopy-
planes, at 42° with respect to tha,b) planes. The structure re- Mal coordinates, mixing of states, Fermi resonaricethe
mains unchanged from 298 K to 14 K and there is no proton disScattering function.

order at low temperature. In the next section the approximations used for the analy-
sis of the scattering function are presented. Experimental de-
molecular crystals internal modes at high frequency ardails are given in Sec. lll. In Sec. IV partial views of the

clearly observed for surprisingly larg@-values. For ex- measured scattering function are presented as maps of inten-
ample CH stretching modes for a crystal of hexamethylenesity for the internal transitions involving significant displace-
tetramine were observed a=2900 cm! for |Q|>13 ments of H atoms. Fundamentals, overtones and combina-
A~18-1n that case, the decoupling of internal and externaltions are distinguished. In the last sectiov)) the MSD's
motions was supposed to be a consequence of the very largstimated for each mode are compared to those for harmonic
frequency ratio for these modes. oscillators. The contribution of anharmonic coupling and
The potassium hydrogen carbonate (KH@Ccrystal —Fermiresonance is also presented. Finally, we conclude that
(Fig. 1) has also revealed significant decoupling of the inter-anharmonic coupling between excited vibrational states of-
nal and lattice modes. In this prototypical system for INSfers a better representation of the internal dynamics of
studies all protons are equivalent and hydrogen bonds ai€HCO; dimers than the usual normal coordinates.
virtually parallel to each othér~! Vibrational spectra of
KHCO,; and KDCGQ, have been thoroughly investigat&t?®
The INS spectrum of KHC@is rather simple. It is largely

dominated by the internal bending modes of the protons. From the standpoint of the INS spectrum, KHE@n be
However, the spectral profile could not be represented withegarded to a good approximation as a crystal of equivalent
conventional harmonic force-fields based on the valencgrotons so weakly coupled to the surrounding atoms that the
bond picturé' The intensity observed for lattice-modes be- framework of carbonate and potassium ions can be virtually
low 200 cm * is rather weak compared to the proton bend-ignored?! The dynamical model is thus greatly simplified. At
ing modes(for example, at=1000 and 1350 cm') and this  |ow temperature KT<%w;;), the scattering function for un-

was I’egal’ded as Straightforwal’d evidence that dyn_amiCS f(&bup'ed protons inc|uding mu|t|p|e phonon_crea‘tion pro-
protons and heavy atoms are largely decoupled. This conclgesses can be rewritten as

sion was further confirmed by simulation of the spectral pro-

file with empirical force-fields. The spectra were best repre- ) 5

sented with localized proton modes in a “fixedaboratory Su(Q, @) =[(W(n)|exp(iQ.n[W;(r))|[*d(w—wir), (2)
referential frame. The bending modes of the protons are in-

dependent of both hydrogen bond and%C@ibrations and whereWV; and¥; are the wave functions, depending on the
the effective oscillator masses are equal to 1 amu. So far, th&patial coordinate, in the initial and final states, respec-
physical origin of these dynamics is not well established. Ortively. INS spectral profiles iQ measured at energy transfer
the other hand, the INS spectral profile in the 2007ém 7% w;; contain spatial information on the wave functiows
region is more ambiguous since intensity arising from mix-andW¥;, and thus on the effective potentM(r) experienced
ing of the OH and ©-O stretching coordinates cannot be by H atoms?® This information cannot be obtained with op-
distinguished from the tunnelling transition, anticipated intical techniques limited to negligibly smaQ| values. This
the same frequency range, for proton transfer within a quainformation could not be obtained either in previous INS

Il. THE PROTON CRYSTAL APPROXIMATION
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experiments! Moreover, with powdered samples it was im- the effective MSD (2) for each vibration and the effective
possible to determine the spatial orientation of the displacesscillator mass obtained with E@). It transpires that proton
ment vectors for H atoms. dynamics for the bending modes correspond very closely to
In the KHCG; crystal the proton modes are parallel to theisolated harmonic oscillators with a mass of 1 amu. In addi-
principal axes of the dimers for the stretchingv OH), y  tion, the Q-profiles provide direct information on the vibra-
for the in-plane bendings OH), andz for the out-of-plane tional wave function and phenomena arising from anhar-
bending(y OH), as shown in Fig. #23Within the harmonic  monic coupling terms are tentatively analyzed.
approximation, the proton wave functiods,(r) can be fac-
torized asW¥,,(x) ¥, (y)¥nA2) and the scattering function
for the |0)—|n,) transition of an isolated harmonic oscilla-
tor in 1D is Three single crystals with cylindrical shapédiameter
(Q2U2 )" ~1 cm, length~3 cm) have been studied at 20 K. The cyl-
_ \Na Oa _ inder axes were oriented either perpendicular to the dimer
Sh (Q“’w) n, exp~Q; UO“)(S(w Na®oa), planes (sample ) or parallel to theb or a crystal axes
(samples Il and Ill, respectivelyElastic scattering measure-
a=Xy or z. (3 ments performed on the same samples were reported
previously?® It was shown that multiple elastic scattering
effects are negligible, owing to the sample geometry and to
the characteristics of the spectrometer. Multiple scattering
events involving inelastic processes are even less probable.
(4) The MARI spectrometer at the ISIS pulsed neutron
sourcé® is a direct geometry spectrometer. The detectors
continuously cover angles from 3° to 135°, all with the same
length of secondary flight path. The incident energy \Eas
~4000 cm' ! (A\j=0.4 A) with a resolutionAE;/E;~2%.

Ill. EXPERIMENTAL DATA

The mean-square amplitudx%a in the ground state de-
pends on the mass and frequencyi g, as

uga: <\I,0(a)| azllp()( a)> = 2mw0a

The scattering function for th®00)— |n,n,n,) transition
in a single crystal of protons can be written as

S 0,.0,,0)=S %S %S For each sample, dimer planes were either parallel or perpen-
H(QQyQz0) Snx(QX) Sny(Qy) SnZ(QZ) dicular to the plane containing the detector bank and the
X 6] @ — (Nywoy+ Nywoy+ N,wo,) 1; incident beam.

Measurements were carried out in such a way tatas
) either parallel Q,=0) or perpendicular@, or Q,=0) to

with the scattering amplitude, the mean plane of the dime(Big. 1). For each sample, the
orientation of the crystal with respect to the incident beam
— (Q%u )" was changed from 0 to 180°, by steps of 15°, in order to
Sn,(Qa)=—~——exa~ QiUg.), a=Xxy or z. probe a half-plane in reciprocal space. The time-of-flight

a*

(6) data were converted from counts per channel per angle to
’ 2 ) o ) ) S(Qi,Qj,w) with standard proceduréé.For each run the
FonrQau()a: n,, the intensity is a maximum proportional t0 getectors were grouped together into roughly equins. A
(nng)exp(=n,). cylindrical vanadium sample was measured in order to cor-

The powder averaged density of states for lattice modes inect for detector efficiency and solid angle. A few poor de-
KHCO; can be represented with a broad continuum centeretéctors were eliminated. The background obtained without
at ~100 cm! and a full width at half height of sample inthe beam was subtracted. Bie),») was created
~100 cm .2 For a powdered sample phonon wings shouldwith the SPEAL code and then converted into the
appear as a regular progressmn of side bands shifted upwar86Q;,Q; , ). 26 |n order to improve the S|gnal to noise ratio,
by 100, 200, 300. .. cm * with respect to the zero-phonon the data were rebined withAw=40cm ! and AQ
component. For measurements performed with a single crys=1 A1,
tal a full analysis of the lattice anisotropic density-of-states The symmetrized maps of intensity obtained at various
should be necessary to account for phonon-wings. energy-transfer valuekw are referred to a§(Q,,Qy, ),

We have measured the scattering function of KHG@  S(Q,,Q,,w) and S(Qy,Q,,w), for samples II, Ill, and I
various planes in reciprocal spac®;(Q;) andQ,=0, with respectively. According to the crystal structure the OH bonds
i,j ork=x,y orz For each transition the intensity was in- are not exactly aligned to th®, direction (Fig. 1), but the
tegrated over a rather narrow slice in energy transfer ofmall deviations give only a marginal uncertainty on the ei-
+40 cm !, which is largely free of phono-wing contribu- genvector orientation for each mode.
tions. Any influence from the lattice modes will be to in-  As long as the energy of incident neutrons remains small
crease the impact of the Debye-Waller factor in suppressingompared to the dissociation energy of the protons, the scat-
intensity and this will become more apparent at the highetering function for any transition depends only on energy and
values ofQ. momentum transfer values. The incident energy of 4000

Graphics views of the maps of intensity for energy trans-cm ! used in the experiments with the MARI spectrometer
fer values corresponding to proton modes confirm the orienis fully compatible with this approximation. Therefore, the
tation of the displacement vectors. Fitting procedures yieldata presented below refer to the same scattering function as
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that measured previously over a much more limited momen-

tum transfer rangét 25

IV. MAPS OF INTENSITY
2.0

In the KHCGQ; crystal the contribution of intra and inter-
dimer coupling terms can be distinguished with optical and =
INS technigques. Symmetry species arising from intradimer ¥
terms are infraredg,) or Raman A;) active. The splitting o
ranges from 60 to 40 cnt for proton vibrations®=2° With o 10
INS, there is no symmetry-related selection rules and both ¢
species contribute to the spectra. However, in the experi- 0.5
ments under consideration in this present report, the banc
splitting were not resolved and intradimer coupling terms
were ignored.

The INS technique probes the density-of-states arising
from interdimer coupling terms, whilst optical techniques are
specific to the center of the Brillouin zone. As the INS bands
and their counterparts in the infrared have similar breadths
interdimer coupling terms are negligible. Therefore, proton P S S W
dynamics are represented with single proton oscillators in the
remainder of this work.

960) (arb.units)

1.5

20 -

A. OH bending 101

The maps of intensity for the bending modege Figs
2-6) are in good agreement with E¢p). Within experimen-
tal errors, the proton displacement vectors for the normal
modes are parallel to the y andz directions.

For they OH at 960 cm *,%8-2 the maps correspond to
those anticipated for th®00) — |001) transition(see Figs. 2
and 3. Elastic scattering is observed alo@g (Fig. 2 or Q
(Fig. 3. There is no visible inelastic contribution alofy or -20-
Qy.

"The bands at 1360 and 1600 chhave been assigned - L S
to coupled displacements along tl#&e OH and carbonate i ) -
stretchliir;g21 coordinates v{ CO; and v, COs;, respec- Q,A%)
tively). ™" However, the maps pre§ented in_ Figs. 4, 5, and 6 FIG. 2. S 960): Q, is parallel to the dimer planes alon
are very Clos.e. o the ideal Scatte”ng func.tlon for m@@ theb crystal(fgés%;d")z )pe?éen(?icular to the dimer pFI)ane. Intens?—
—]010 transition of a proton harmonic oscillator. The inten- ties were integrated over 920 crh<# <1000 cm L. Landscape
sity observed alon®, or Q, atQ,=0 is close to zero within ., (top) and isointensity contour maotton). ’
statistical errors. Therefore, contrlbutlon of the stretching

and out-of-plane bending coordinates to these transitions is .
doubtful. TPE)e effective ogcillator masses-efl amu are ap- Scheme for the band at 1600 cfncould not be derived from

parently in conflict with previous assignment schemes foPrevious INS experiments. This is a further confirmation of
these modes. Within the framework of the harmonic forcetn® decoupling of thé OH and CQ coordinates.
field, the normal coordinates for the modes at 1360 and 1600 AS an alternat|ve approach, we suppose that the coordi-

cm 1 (says' ands, respectively should be linear combina- Natesva CO;, v, CO;, and & OH are uncoupled in the
tions of internal coordinates ground state and the wave function can be factorized as

S’ =U'(v,COy) + v’ (SOH)+--- W o(7,CO3) W o v,CO3) W o SOH)- - -.

ands=u(v, COz) +v(SOH) +---. In the excited states anharmonic coupling tefsee below
Then, the effective masses for these normal oscillator§@Y combine the wave functions for the internal coordinates
should be much greater than 1 amu. However, the maxima &S
intensity at Q,~9 A™* in Figs. 4 and 5, and aQ,
~10 A" in Fig. 6, correspond to effective masses very Vi605=[PW¥1(v,CO3)+q¥(SOH)+---]Wo(v,COy)---
close to 1 amu. Therefore, there is no visible contribution of
displacements of the C and O atoms. This new assignmerind
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FIG. 3. §(Q,,Q,,960): Q, is parallel to the dimer anda(c)

FIG. 4. S(Qy Q,1360):Qy is parallel to the dimer planes along
planes.Q, is perpendicular to the dimer plane. Intensities weretheb crystal axis and, is perpendicular to the dimer plane. Inten-
integrated over 920 cm<#w<1000 cm L. Landscape viewtop)

sities were integrated over 1320 thAw<1400 cm!. Land-
and isointensity contour mabottom. scape view(top) and isointensity contour mafbottom).
largely dominated by the CQstretching vibrations which
W 1360= [P’ V(¥4 CO3)

hide the weakers OH intensity*® It appears clearly that
+q' Wy (SOH)+- - 1Wo( vy COy)- . bands. observed with different techniques at the same fre-

quencies do not correspond necessarily to the same atom
The contribution of C and O atoms to the total intensity isdisplacements.
negligible because of their small cross sections. Moreover

the maximum of the scattering function for such heavy os- B. Overtone and combination

cillators is at a very larg&Q value, beyond the measured  For they OH overtone at 184840 cmi ! the map corre-
range. Consequently, the observable part of the scatterirgponds to the scattering function for tf0—|002 transi-
function is

tion (Fig. 7). Compared to the fundamental transitigig. 3)

the maxima of intensity alon@, are shifted from~=7.5
— — _1 .. .
S(Q,)~q'2S,(Q sop) 8(Fiw— 1360 t:l;in:.io.S A1, as anticipated for an oscillator mass of
+0°Sy(Qpon) 80— 1600+ (7)

For energy transfer at (232040) cmi ! the map in the

(Qy,Q,) plane corresponds to the two-quant@®H+ 6 OH
For both transitions, the scattering function is proportional tocombination: |000—|011) (Fig. 8. The four maxima ob-

that of the proton oscillatos OH. As opposed to this, the served aQ,~+10 A~! andQ,~=8 A~ ! with equal inten-
infrared and Raman bands at 1360 and 1600"crare

sities could have been anticipated from the product of the
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20

S(QX,Qy,136O) (arb.units)

204

10 20

0 -1
0, (A"

FIG. 5. S(Qy,Q,,1360): Qy is parallel to the dimer anda(c)
planes.Q, is parallel to the dimer planes along thecrystal axis.
Intensities were integrated over 1320 chaZw<<1400 cm 'l
Landscape viewtop) and isointensity contour majbottom).

scattering functions for thé000—|001) and |000—|010)
transitions presented in Figs. 2 and 4.

C. OH stretching

The map forS(Q,,Qy,2560+ 40) is a superposition of the
scattering functions for the OH (|000—|100)) and § OH
overtone(|000—|020)) (Fig. 9). Relative intensities at maxi-
mum alongQ, andQy are in proportion to-1:0.7, in accor-
dance with the ideal ratio of 1:0.736 given by E¢s). and
(6) for proton oscillators. The mixing of the OH and -G
coordinate$' is not confirmed.

V. DISCUSSION

A. Mean-square displacements

The MSD’s obtained from the best fits, with E@), to

cuts, alongQy, Qy or Q,, of the maps of intensity are gath-
ered in Table I.

PHYSICAL REVIEW B 66, 184302 (2002
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s
Y ‘ ) ""l’i‘:‘.“\‘,\":&:‘%\';};&a\.,"_
S I’llll[ ' Q'Q‘ A \v“s\%"‘\\(\('i )
T RO 2
= 10 QQ"\

0. 10
0, (A"

FIG. 6. S(Qy,Q,,1600): Q, is parallel to the dimer anda(c)
planes.Q, is parallel to the dimer planes along thecrystal axis.
Intensities were integrated over 1560 chaZw<1640 cml.

Landscape viewtop) and isointensity contour mafibottom). Ow-
ing to the rather poor count statistics intensities were smoothed.

For the v OH transition the observed profile alorg,
is slightly more depressed at lar@evalues than anticipated
for an isolated-proton harmonic-oscillatof u3,=1.75
x 10 2 A2, see Fig. 1()], but the difference is not signifi-
cantly outside the range of statistical errors. The best fit gives
uZ=(1.95+0.10)10 2 A? [see Fig. 1(b) and Table ] and
an effective mass 0f0.9+0.1) amu.

The uZ’s obtained for different crystal orientations are
quite similar (see Table )l In the (Q4,Q,) plane they are
virtually identical for thef000)—|001) and|000—|002) tran-
sitions and, from this standpoint, there is no evidence for
potential anharmonicity. In theQ,,Q,) plane theu? esti-
mated from the|000—|001) transition is slightly greater,
whilst the elastic scattering profile of th@00)—|010 tran-

sition gives a significantly smaller value, very close to that
for the harmonic proton oscillator.
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FIG. 7. S(Qy,Q,,1840): Q, is parallel to the dimer anda(c)

FIG. 8. 5(Q,,Q,,2320):Q, is parallel to the dimer planes along
planes.Q, is perpendicular to the dimer plane. Intensities weretheb crystal axis andQ, perpendicular to the dimer plane. Intensi-

integrated over 1800 cm<#%w<1880 cm®. Landscape view ties were integrated over 2280 Chi</iw<2360 cm *. Landscape
(top) and isointensity contour mafottom). view (top) and isointensity contour mafottom).

5 ) ) ) _ MSD) compared to the bare proton oscillator. However, it is
The u; values in Table | cannot be rationalized with the ot straightforward to unravel these contributions. To the
rather weak potential anharmonicity estimated from thgeast, the valued ,= u2—u3, in Table | can be regarded as
comparison of the frequencies for tH600—|001) and

1€ _ ! ‘ an upper bound for the contribution of lattice modes to the
|000—|002 transitions. The dispersion of numerical values\isp's for protons.
is likely to reflect experimental imperfections. However,

. . Similar conclusions apply to thé OH vibration, albeit
among many sources of error, agudental corruption Ofﬁ_he with relatively greater statistical errofsee Table )l The
OH oscillator by s OH or v OH displacements due to mis- \Sp's are also systematically greater than anticipated for
alignment of the samples can be rejected. This should d&ne harmonic proton oscillator. There is no clear evidence for
crease the apparent, compared tauf,. Instead of that, potential anharmonicity and mixing with internal coordinates
estimated values are systematically greater thn Simi-  involving heavy atoms can be ignored. Therefore, Myes

larly, multiple scattering events should broaden the observedould be also representative of the contribution of lattice
profiles inQ and give smalleu? values. modes.

The averaged effective oscillator masg@0+0.05 amu

For the OH-stretching alA, values but one were obtained
confirms that this mode is very localized and virtually free offrom elastic profiles and we have not enough information to

mixing with internal coordinates involving heavy atoms. account for the very broad band for this mdde

20,28,29
Both the potential anharmonicity and the lattice Debye-

In order to obtain more confidence in tie, values, a
Waller factor may decrease the effective méssrease the direct estimation of the effective contribution of the lattice
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' ' FIG. 10. Cut ofS(Q,,Q,,960) atQ,=0. Comparison of the
-104 - measured profilessolid lines with error badsto harmonic profiles
(dash ling, calculated with Eq(3). (a) u3,=1.75x10 2 A? (hw
=960 cm'* for an isolated proton (b) Best fit obtained withﬁ
204 | =1.95<102 A? (Aw=860 cm'! for an isolated proton The
T y T y T y T y J dashed lines with error bars are differences between observed and
-20 -10 0 (OA-I) 10 20 calculated profiles.
¥y

FIG. 9. S(Qy,Q,,2560): Q, is parallel to the dimer and modes,(ui),, was carried out with the scattering function

(a,c) planes.Qy is parallel to the dimer planes along therystal  including the lattice Debye-Waller factor explicitly,
axis. Intensities were integrated over 2520 Crifiw

<2600 cm'1. Landscape viewtop) and isointensity contour map
(bottom. (Qw Oa)nu
Sh (Qa,w)—i X — QA(UG, +(uZ)]

X 8(w—N,00,). (8

TABLE |. Estimated mean-square amplitudes in plan@s,Q;) at energy transfeE from the best fits to the observed profiles of
intensity. The harmonic frequencies were estimated for isolated proton oscillatdssthe difference between the mean square amplitude
derived from the best fit and that for an isolated harmonic oscillator at the same frequency with an effective mass of 1 amu.

(Qi.Q) E(cm™)  Transion u2(10°2A?) fiw, (cm™) Ay u(102A%)  fiw, (cm™) A, u3(102A?)  fiw, (cm? A,
yOH (Q,,Q,) 960+40  |000—|001) 0.95+0.10 176@-200 0.30:0.10 . 1.95+0.10 860:50 0.20+0.10
yOH (Q,.Q,) 960+40  |000—|001) 1.40+0.1.0 120670 0.170.10 2.070.10 810:50 0.32:0.10
2XyOH (Q,,Q,) 1840:40 [000-]002  1.05:0.10  1600:150  0.40-0.10 2.00-0.10 840:50  0.25:0.10
8 OH (Qx,Qy) 1360+40 |000—|010) 1.05+0.10 160@-150 0.4G-0.10 1.48-0.10 1136:-80 0.25:0.10
5 OH (Qy Q) 1360+40 |000—|010 e 1.49+0.10 1125-80 0.26:0.10 1.85-0.10 905-50 0.1G:0.10
S8 OH (Qy ,Qy) 160040 |000—|010) e e 1.20+0.20 1400-200 0.20:0.20

‘OOQ—>|10@
v OH (Qx,Qy) 2560+40 |000—020 0.97+0.10 173@-200 0.32:0.10 1.59:0.10 105@-100 0.36:0.10
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The best fits to the data gaye?), values very similar to the 3(Q,.,Q 'w):{pilgl (Qx)+qz£1§1 Q)
A,’s given in Table I. Y X vy

For a crystal free of static disorder like KHGCat ) 3. S S(hw—E
low temperature, the thermal factors derived from diffrac- P11011V Sy, (Qw) Sy, (Q)} (R~ Byy)
tion techniques are representative of the lattice dynamics. 11g2S. 1p2S.
The thermal factors for the H atoms determined from {qﬂslx(QX) pllsly(Qy)

neutron diffraction data at 14 KRef. 17 are: (u2)gy =

-2 VS S
=1.34% 10_2 AZ, <u)2/>diff: 1.54% 10_2 AZ, and <u§>diff P11 lx(QX) ly( Qy)}
=1.72x10 2 A%, with mean-square deviations of2 X 8(hw—Ejy). (12)

x 10 * A2, For the bending modes these values are virtually

equal to those anticipated for harmonic proton oscillators. The terms proportional tp4,q,, account for interference
They are very similar to those estimated from incohereneffects between the coupled wave functions. The scattering
elastic scattering given in Table I. For the stretching moddunction is no longer symmetrical with respect @, and

the discrepancy is greater but the INS data may be not suf, . On the basis of numerical simulations, we conclude that

ficiently accurate to be conclusive. there is no evidence of such effects in the maps of intensity.
If one of the coordinates, say, corresponds to proton
B. Anharmonic coupling displacements, say OH, and the other coordinate corre-

sponds to a CQuvibration with negligible contribution to the

For hydrogen bonds anharmonic coupling may contributeg -, intensity, Eq(12) gives

to complex band shaping mechanisms, like Fermi

resonanceé®-20282%s |ong as interdimer coupling terms are 2= +
,0)=P7S S(hw—E
ignored, the local potential for a dimer entity can be ex- Q@) =P1sSy(Q S0~ Eyy)
panded as 1055, (QIo(hw—Er. (13

VOyz ) =Voxyiz ) #Wa(xyz, ) The anharmonic coupling gives simple redistribution of

+Wi(X,y,2z, ... )+ ... the proton intensity among the perturbed levels. This equa-
) ) ) ) tion has some similarity with Eq7) but the complex mixing
V is the harmonic part of the potential expressed with Nor¢ the 5 OH with two (v, and.) CO; coordinates is beyond

mal coordinates; y, z, ..., andWy,, Wiy, ... are anhar- e yo-state approximation used in this section.
monic perturbation terms of different orders.

In the ground state, the zero-order wave function can be
factorized as®W o(x) W (y)°W¥o(2) - -. Within perturbation
theory, the zero-order harmonic wave functions in the first Fermi resonance between the OH stretching mode and the
excited states ok, ¥,(x), andy, °¥,(y), are mixed by & OH overtone occurs when the zero-order wave functions
antisymmetric anharmonic coupling termsW; as ¥, (x) and °W¥,(y) are mixed by anharmonic terms in

W,,, in the same way as in Eq9)
W (%,Y) = PP 1 (X) + 01" 4 (y), L 0 o
9) W1AX,Y)=p12 V1(X) + 012 VoY),

2 _ 0 0
Wi(X,y)= =t ¥ 1(X) + P12 W1(y), (14)
2W15(x,y) = =W 1 (X) +p1Wo(y),
with pf,+q7,= 1. The zero-order energy leve; andEJ,
are shifted tcE, andE,.>! The scattering function is analo-
gous to Eq(11), but the matrix elements are now either real
or imaginary and terms proportional 3,94, vanish,

C. Fermi resonance

with p7,+03;,=1. The zero-order energy leve; andEy,
are shifted apart té&;, andE;,°

Er=3(EQ+ES) = VEHESL —E9)2+ W% (10)

with W= (W (x)|[W4(x,y)|°¥ 1(y)). If both x andy are

_rn2c 2c _ct
proton coordinates, then S(Qx !Qy ,w) - [plzslx(Qx) + quSZy( Qy)] 5(ﬁw E12)
2 2 I
S(Qu,Qy ) =P “W o(X) | eXiQ,X) | W 1 (X)) 101251, (Qu) + P15, (Qy) ]8(hw—Eyp).
+012(°W oY) [expiQyY) [ *W 1(y))[? (19
X 8(hw—E}) Fermi resonance is a simple redistribution of the total in-
tensity among the two levels. If the two states are not re-
+] = 0122 o(X) | eXP(i Q)| *W 1 (X)) solved the map of intensity is a superposition of the scatter-
0 : 0 2 ing functions for each transition. This is exactly what is
+ PV o(Y)exp(iQyy) MW (y))| observed in Fig. 9 and it is not possible to conclude whether
X 8(hw—Eqy). (11  Fermi resonance takes place or not. If it does occur, the
splitting is certainly smaller than the actual resolution of
Since all matrix elements are imaginary we obtain +40 cm L.
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VI. CONCLUSION maps of intensity emphasize the quantal character of the pro-
ton dynamics. The vibrational ground state can be repre-

The observed maps of intensity are very similar to those ted with three isolated h : lat | th
anticipated for harmonic proton oscillators parallel to theSENt€d Wi ree 1solated harmonic osciiiators along the co-

main axes of the dimer entities. There is no visible mixing ofordinates |mpqsed b_y th? local symmetry qf thg hydrogen
the proton coordinates with internal coordinates for heawyPOnds. In excited vibrational states, combinations of the
atoms and the proton bending modes are largely decoupletfave functions due to anharmonic coupling terms may arise.

from the lattice dynamics. The bands at 1360 and 1600'cm Such anharmonic mixing of the wave _functions is actually
appear as puré OH modes with effective masses of 1 amu. observed for the5 OH and v CO; coordinates. As the INS

The INS scattering function of KHCQis very close to that technique probes specifically the part of the wave function

of a crystal of protons in a virtually rigid and transparentalong thes OH coordinate, the intensity arising fromOH
matrix. These dynamics are quite in accordance with previdisplacements is distributed among the states and the effec-

ous normal mode analysis of the INS spectiinkurther-

tive oscillator mass is always very close to 1 amu for each

more, the new assignment scheme for the INS band at 16Q@ansition. On the other hand, optical techniguesgrared

cm ! emphasizes the decoupling of th@H vibration. The

and Ramah probe primarily the part of the wave function

physical origin of the decoupling of the proton dynamics isalong the CQ coordinates, but they do not probe the effec-
still largely opened to discussitihand deserves further in- tive oscillator mass. This emphasizes the complementarity of

vestigations.

the techniques: bands observed at the same frequency with

In contrast to the normal mode analysis for dimensionles$NS and optical techniques may correspond to different parts
particles within the framework of classical mechanics, theof the wave function and must be compared with caution.
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