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Methyl-group dynamics from tunneling to hopping in NaCH3;CO,-3 H,O0:
Comparison between a crystal and its glassy counterpart
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Neutron-scattering measurements are carried out in order to study the temperature evolution of methyl-group
dynamics in the same sample of sodium acetate trihydrate in crystalline and glassy state. The results in the
crystalline sample are analyzed according to the usual single-particle assumption, and those in the glass in
terms of a Gaussian distribution of single-particle potentials, this distribution resulting from the structural
disorder present in the glass. It is found that the average potential barrier for the glass takes, within the
experimental error, the same value as the single barrier in the crystal. The standard deviation of the distribution
takes a value similar to those obtained in the quite different structural glassgmers that were studied up
to now. The reliability of some approximations introduced by the model for the dynamics of the individual
methyl groups in the glass are tested in the crystalline phase.
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[. INTRODUCTION every temperaturécovering the tunneling, crossover, and

hopping regimes was lacking and only very recently was

Incoherent neutron scattering is a powerful tool for theintroduced. This model—the rotation—rate-distribution-
study of single-particle motions of molecular groups contain-model (RRDM) (Refs. 26-33—is especially useful for an

ing hydrogen atoms, due to the large incoherent scatteringnalysis of methyl-group dynamics in strongly disordered
cross section of the proton80 barn, with 1 barn environments as in the case of structural glasses, which

=10"2* cn?), in comparison with other nuclei. Moreover, a Present broad distributions, reflected by the absenéze ogswell-

selective deuteration—the incoherent scattering cross sectigfffined tunneling peaks in neutron-scattering spelcta

of deuterium is only 2 barn—allows one to enhance the con(S€€ Pelow. Itis based on the idea that, in glasses, the spec-

tribution from the dynamics of a particular group of hydro- tra for methyl-group Qynamlcs result from. th? _superposmon

gens in the spectra of unsolved crystallike spectra of the individual methyl
The dynamics of small rotors such as ammonia, methan roups. As exposed in Sec. Il B, a few assumptions about t_he

ammine ions, and particularly, methyl groups haé been in_emperature dependence of the latter allow one to describe

: . . . a4 the spectra of the glass in terms of only three parameters.
vestigated mainly by using this technigtié? In most cases, A series of neutron-scattering studi&€°3showed the

the results of the relevant interactions on these rotors can %itability of the RRDM for glassy polymers; however, in
modeled as an effective single-particle rotational pOte”tialprinciple, the grounds of the model are appliable to any dis-
The strong dependence of the rotational tunneling frequencyygered system. In contrast to glassy polymers, which cannot
on the potential barrier height allows one to determine theye obtained in a highly crystalline state, low molecular
latter accurately by measuring the tunneling peaks, in comyeight glasses allow a comparative study of the methyl-
bination with measurements of the torsional peaks and thgroup dynamics in both states of the same sample. Such a
activation energy for classical hopping. comparison was recently made for toluéfey system for
Due to their quite simple dynamics, these rotors havewhich the interpretation is somewhat complex, due to the
been considered ideal systems for the development of the@xistence of two crystalline phas&sToluene exists both in a
retical models for a crossover from quantum tunneling tostable “a phase” and a metastablg3‘phase.” TheB phase
classical hopping®>*°Moreover, they have also given rise to shows a short-range order similar to the glassy pfased
a great experimental interest, and have often been used #serefore it is the crystalline reference phase which has to be
internal dynamic probes to obtain information about theircompared. However, the only information about the methyl-
local environmerfr*and the role of the different contribu- group rotational dynamics i toluene is an early measure-
tions to the effective rotational potent®-?°> Some of the ment of the tunneling peak&Due to the difficulty in retain-
most representative cases of this kind of investigation aréng this metastable phase for a sufficiently long time, it was
those concerning the effects of local disorder, which are renot possible to study such dynamics as a function of the
flected in distributions of rotational potential barriers. temperaturé®
Though the idea of using such distributions for rotors in  Sodium acetate trihydrate is a more adequate system for
disordered environments is not negee, e.g., Refs. 6, 10, this comparison. Methyl-group dynamics in the crystalline
and 20, a consistent model able to describe the spectra gthase was investigated early by Clough and co-workers in a
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wide temperature rang&:®The reported results suggest that with 2Q the momentum transfer aridw the energy transfer
this is a canonical system for methyl-group dynamics in theof the neutronj, is the zeroth-order spherical Bessel func-
crystalline state, and that experimental results can be undetion, and r the H-H distance in the methyl groupr (
stood in terms of a single-particle potenttaf® For this rea- =178 A).
son, it is an ideal system to test the reliability of the different When increasing the temperature, the coupling of the me-
approximations introduced by the RRDM for the temperaturethyl group to the lattice phonons cannot be ignored, and the
dependence of the unsolved individual crystallike spectrasingle-particle picture is no longer valid. At the same time, a
Moreover, it can be easily obtained in a glassy state witltcrossover” from the rotational tunneling regime to the clas-
moderate cooling rates, and selective deuteration of the watgical hopping regime takes place. This fact is clearly re-
molecules is possible in order to attenuate their contributiorilected in the spectréyenerally above~20 K for moderate
to the spectra. barrierg. The tunneling peaks broaden into Lorentzian lines
In this work we present a neutron-scattering study ofand shift toward the central elastic lihe> These inelastic
methyl-group dynamics in crystalline and glassy sodium act.orentzians involveA« E transitions:®18At the same time,
etate trinydrate. The different instruments used in the investhe same part of the elastic scattering involving transitions
tigation cover a wide dynamical range from OigeV to 2 E,—E,,** '8 transforms into a Lorentzian quasielastic line
meV. In the case of a crystalline phase, our measurementgound the elastic pedk® The temperature dependence of
complement those reported in Refs. 37 and 38, which werehese inelastic and quasielastic broadenings is given by com-
taken in a narrower energy window. The paper is organizeglicated expressions involving factors for the coupling of the
as follows: In Sec. Il we summarize the usual model forrotor to the lattice modes, and sums of Bose factors over the
methyl group dynamics in crystalline systems and thephonon frequencies resonant in the librational energie$.
grounds of the RRDM. In Sec. Il we give experimental de-Such expresions can be well approximated by an Arrhenius
tails. In Secs. IV and V we present and discuss the neutrofaw!~> driven by the first librational energl,;, i.e.,
scattering measurements in terms of the RRDM. Finally,

conclusions are given in Sec. VI. I'ae= yaeeXp — Ep /KT), 3
Il. THEORETICAL ASPECTS U'e g, = Ve,E, XA — En/KT), 4
A. Crystalline systems with Ep~Eo;. Tag and T g, are, respectively, the half-

The usual model for methyl-group1G) rotation in crys-  width at half-maximum(HWHM) of the inelastic and quasi-
talline systems aT~1 K is that of a rigid rotor tunneling elastic Lorentzians. The shift of the tunneling peaks is deter-
through a one-dimensional potentigingle-particle mode¢)  mined in a similar way, though in this case the sum is done
the Hamiltonian being over the whole phonon spectrufii;*8 resulting in a lower

activation energyEg, though close tdeg;:
h? 5
H:_EE+V(CD)’ (1) hAw;= ygexp(—Eg/KT). (5
The quantitiesyae, veg, and ys, in Egs. (3)—(5) are
temperature-independent preexponential factors. The inco-
herent scattering function in the crossover reginie is

with | the moment of inertia of the methyl group around the
threefold axis. The potentidV(®) is restricted to take a
rotational symmetry of the methyl group, and usually it is
sufficient to retain only the first term of the Fourier expan- . .
sion (threefold term: V(®)=V3(1—cos3b)/2. Higher- mé(Q,w)zwa(w)_Fw
order contributions are mostly small corrections to the main 3 9
threefold term. The coupling of the wave functions of the « : n (e .

three wells splits the torsional levels into the sublevetnd {L(oiTeg) FLloF (0= Awy)T a]

E, the latter consisting of the degenerate doubkf,Ey). +L[o—(0—Aw);T e} (6)
These labels correspond to irreducible representations of the

symmetry groupCs. The frequency splitting between the  The onset of the classical hopping regime takes place
sublevelsA and E of the ground level is the tunneling fre- around~50 K for moderate barriers, and it is characterized
quencyw;, which for weak and moderate barrieiéz(below i the spectra by a merging of the inelastic and quasielastic

~T700 K) can be detected by neutron scattering inle®/ | orentzians into a single quasielastic Lorentzian, which
range as two inelastic peaks of resolution width centered &jroadens according to an Arrhenius fziw

+hw,. The incoherent scattering function for rotational tun-

neling in a threefold potential, normalized to scattering from =T, exp—E5/KT), (7)

one hydrogen, 1< _ _ _
with E, the activation energy for classical hopping, defined

_ 5+4j,(Qr) 2[1—jo(Qn)] as the difference between the top of the barrier and the
INc _ . .
wc(Q, )= 9 o(w) 9 ground statel’,, is a temperature-independent preexponen-
tial factor. The merging takes place in a narrow temperature
X[ 8w+ wy)+ (w— )], (2 interval (AT~7-10 K). In the following, we will neglect
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the width of this interval, and we will represent it as a uniquesince such fine effects are hidden in the broad distributions of
temperatureT ., that will be referred to as the “crossover these parameters. We impose a ratio of 1 simply for “aes-
temperature,” that marks the onset of the classical behaviothetic” reasons.

The incoherent scattering function for the classical hopping Now we see that the parameteyge, ve Ep’ and vy, for

regime is each methyl group can also be expressed as functions of only
. . V3 andT',,. Thus, as required by the continuity condition
. 1+2 2[1-
S (Q,w) :# S(w)+ % L(w:T). Pae(Te)=Te g, (T) =T (Tc), we have
® Yor= T exXil (Eo1— E)/KT]. (1)

It is straightforward to see that the crossover funcfigu.
(6)] reduces to Eqg2) and(8) in the two temperature limits.
At T=1 K, FAE,FEaEb, andA w;— 0, recovering Eq(2). At
high temperatures, where the classical limit has been Yen="H @y exp(Eqr/KT,). (12)
reached, the tunneling peaks are shifted to zéve,E ),

recovering Eq(8) if I'ag andFEaEb are now substituted for By following the procedure shown, we only need to know
by the classical . I'.. and the parameters of the distributig{\vV;) to evaluate
unambiguously all the quantities appearing in E@—(8),
and therefore, the integral of E¢(P) in the whole tempera-
ture range. Finally we add the incoherent contribution of the

In a glass, the different local environments yield a differ- gther atoms of the molecule and the coherent contribution,
ent barrieV; for each methyl group and therefore, a barrierpoth assumed to be elastic,

distribution g(V3). As a consequence, the spectrum of the

glass results from a superposition of the crystallike spectra of S(Q,w)=e 2V [ o.;;S(Q) 8( @) + (Tine— Th) 8 w)
the individual methyl groups, weighted lmy(V3). Thus the MG ine

corresponding incoherent scattering function for methyl + Oinc Srrom( Q. @) ], (13
group dynamics in a glass is obtained as

As, in the classical onset, the tunneling frequency will be
shifted to zero, we have

B. Rotation-rate-distribution model

with o, and oy, the total coherent and incoherent cross-
_ sections andrMe the incoherent cross-section of the three
Rrrom(Q, @) fg(Vs Sue(Q,®,V3)dVs, (9 hydrogens of the methyl groupre;S(Q) is the coherent
static intensity. The Debye-Waller facter 2V(Q) gives the
where the individual functionSy,5(Q,w,V3) are defined ac- intensity loss with increasing temperature due to vibrations.
cording to Egs(2), (6), and(8). Due the superposition of the Function(13) is convoluted with the instrumental resolution
individual spectra, the shift and broadening of the individualfor comparison with the experimental scattering function
peaks, and their merging when reaching the classical regim&.(Q, w).
are not observable. For this reason, it is not evident which
physical descriptiorithe crossover picture beloWy,, or the IIl. EXPERIMENT
classical one abovE;) must be taken for each methyl group
at the respective temperature. This ambiguity can be re- Two samples of sodium acetate trihydrate with protonated
moved by introducing a functional relationship between theand deuterated watefNaCH,COO-3H,0 (or “p9”) and
crossover temperature for each methyl group and its barriddaCH;COO- 3D,0 (or “d6”)] were used in the experiment.
height, T.=T.(V3). The latter is obtained by taking into ac- The corresponding scattering cross sections per molecule are
count that the classical behavior for a given methyl groupocon=49.8 barn andri,.=724.1 barn for thep9 sample,
will be reached when its rate for incoherent hopping be-and o¢o,=72.7 barn andfmc— 254.7 barn for thed6 one.
comes comparable to its rate for coherent tunnelingFor both samplesnInc =240.8 barn. Thed6 sample was
Thus we definel, as the temperature whefd4w;=1 or,  prepared from g9 one, purchased from Aldrich Chemical
from Eq. (7), Co. This latter was dried in a vacuum oven, and rehydrated
with deuterated water. Previous differential scanning calori-
kTc=Ea/In(I's 1 ey). (100 metric measurements showed, for both samples, a glass tran-
. . : sition temperaturd ;~215 K at a heating rate of 20 K/min.
As Ea andfiw, are obtained as direct functions g from Neutron-s?:atteringgmeasurements Weregcarried out by means

'{?e e%envatlrlljes off, T deptgr]dfs otgly o_?ht_hel ti?mer height of the spectrometers IN1€backscattering IN5, and IN6
3 and on the preexponential factbt, . This 1atler param- time-of-flight)y at the Institute Laue-Langevin(ILL,
eter is taken as barrier independent in a goo

approximatiorf®3 renoble, Frange Two flat samples of thickness 0.2 mm
' L roton Wi nd 0.7 m r watefilled in an
As shown elsewher#, we make the approximatiomag (protonated watgrand O mdeuterated watgfilled in a

_ d denote both fact We furth ke th aluminum container were used in the measurements. The
= VE,E, 8N GENOLE DOIN TActors ag,. Ve furtheér make the corresponding transmisions were close to 90%, allowing one

approximationEs=E,, .*' Experiments show typical ratios to neglect multiple-scattering effects in tferange we were
of I'e g, /T'Ae~0.5 andEs/Eq;~0.7. However, the simpli-  restricted to in our analysis (1.3—-1.9 &). In order to ob-
fications introduced here seem reasonable in glassy systemaijn a glassy state, the samples in the crystalline state were

inc
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raised only a few degrees above their melting pdatiout

345 K) in order to avoid dehydration, and then were quickly
cooled down. Once the measurements in the glassy samples
were taken, they were recrystallized and measured again, re-
covering the crystalline spectra. The instrumental resolutions
were calibrated at 10 K by a vanadium sample of thickness 1
mm, which shows purely elastic scattering. The raw data
were corrected from the detector efficiency, sample con-
tainer, and absorption by means of the ILL standard pro-
gramms. The scattering angl€], incident neutron beam
energy €y), and momentum transf&) and energy transfer
hw of the scattered neutron are related through the equation
(see, e.g., Ref. 39

h2Q%12m=2Ey+hw—2VE(Eg+hw)cosd. (14)

An incident wavelength of 6.27 A was used in IN16, yield-
ing a nearly Gaussian resolution with a HWHM of about
0.4 neV. The measurements covered energy and angular
windows from —15 to 15 peV and from 11° to 149°, re-
spectively. As the incident beam ener®:/1 me\j is much
larger than the maximum energy transfer, Et4) can be
well approximated as

Q=(4m/\g)SinN(P/2), (15

so the data for each angular value correspond to a urgque
The correspondindQ range obtained in this way covered
from 0.2 to 1.9 A1, Wavelengths of 6.5 and 5.1 A
were selected in IN5 and IN6 respectively, yielding Gaussian
resolutions with HWHM’s of about 25ueV (for IN5) and

50 weV (for IN6). The angular range extended from 16° to
123° (IN5) and from 15° to 1157IN6). Each angle covered
an energy window from-0.6 to 19.5 meMIN5) and from
—2 to 1600 meMING6). In these instruments the approxima-
tion of Eqg. (15) is not valid, and the scattering function
S(Q,w) was obtained frons(®P, ) by means of a standard
interpolation program. We restricted the analysis to the
quasielastic energy rangel to 2 meV(IN5) and from—2 to

2 meV (IN6). The Q range obtained after this procedure ex-
tended from 0.7 to 1.7 A* (IN5) and from 0.4t0 2.0 A?
(ING).

IV. RESULTS

Figure 1 shows the IN16 and IN6 neutron-scattering spec-
trum for the crystallingp9 sample at some of the measured
temperatures, showing the usual behavior described in Sec.
[IA: with increasing temperature the tunneling peaks
broaden and shift to lower frequencies. At the same time, a
guasielastic component appears around the elastic peak. Fi-
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nally, the inelastic and quasielastic components merge into & g, 1. Experimental specti@oints for methyl-group dynam-
quasielastic line, characteristic of the classical hopping reps in crystallinep9-sodium acetate trihydrate. Pld@—(d) corre-

gime.

spond to IN16 and plot&e) and(f) to IN6. Solid lines are fits to the

Figures 2 and 3 show the IN16 and IN5 spectra for themodel for crystals exposed in Sec. Il A. Dashed lines correspond to
glassyd6 sample, respectively. The tunneling peaks of thethe experimental resolution. Scales refer to the maxim@n8%,
crystallined6 sample are also shown in the spectrum at 2 K(b)—(d) 5%, (€) 1%, and(f) 3%.
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FIG. 2. Experimental IN16 spectfapen pointsand theoretical  for comparison. As in the other structural glasses studied so
curves given by the RRDNolid thick lines for glassyd6-sodium  far, the spectra do not show defined tunneling peaks, even at
acetate trihydrate. The full points in the spectrun2 & correspond ~ Very low temperature, but a broad feature. In Sec. V we will
to the crystalline sample. The solid thin line is a guide for the eyeshow how such a feature can be described in terms of a
The dashed line in all the plots is the resolution function. The scalsuperposition of crystallike spectra according to the model
is 5% of the maximum. exposed in Sec. Il B.
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V. DISCUSSION

The tunneling frequency measured for the crystalfi®e
samplef w;=5.8 eV, is in agreement with the value pub-
lished in Ref. 38. In the crystallingé sample, it is shifted to
hwy=5.4 peV (see Fig. 2 In a pure threefold assumption
the corresponding barrier height is increased slightly from
V3=403 K to V3=411 K. Similar effects due to slight
changes of the interatomic distances of the lattice upon deu- 104
teration were also reported in other systéths.

The spectra in Fig. 1 were fittg@dolid lineg to the usual
model for crystalline systems exposed in Sec. Il A, -i.e., by
taking Egs.(2), (6), and (8) for Sj5(Q,w) in the different
regimes. The total coherent contribution as well as the inco-
herent contribution of the other atoms were added as in Eq.
(13), and the theoretical function constructed this way was
convoluted with the instrumental resolution. The Debye-
Waller factor only affects the scattering function as a scaling
factor for eachQ value, and was not taken into account in the
analysis procedure, where the theoretical function was scaled
to the experimental maximum at eaGhvalue. Information
about the coherent static intensity is not available. We ap- S
proximatedS(Q) to unity due to the small contribution of 2 10'35

g
<

t

AA w (meV)
=
I w

the latter to the total elastic pedielow 9% for this approxi- ]
mation. In the analyzed-range we did not observe signifi- . R 1
cantly higher elastic intensities that could be asigned to 10*E { E
Bragg peaks and would contradict such an approximation. fl L * L .;
The quantitiesA o, T'ag, I'e g, andI' in Egs.(2), (6), 002 0025 003 0035 0.04 0045 0.05
and(8) were taken as fitting parameters. Figure 4 shows the 1 A '
temperature dependence of these latter parameters. No i (@
broadenings could be resolved at temparatures below 24 K.
The curves foll " zg, FEaEb’ andI follow the general behav-

ior observed in crystals: they intersect in a somewhat ill-
defined “crossover temperature[from Fig. 4e), T,
~45 K], with a strong change in the activation energy when
crossingT .. Contrary to what is usually observdd, g takes
lower values thai'g g , although of the same order of mag-
nitude. 10° &
Data of Ref. 38 are also represented for comparison. The E ]
agreement between both measurements is good égrand 10! ¢ 3
I'ag. Conversely, the values (ffEaEb are clearly uncompat- g s ]

ible with a common Arrhenius law. The strong discrepancy 107 £ A 3
with our results might be due to the insufficiently good qual- B ﬁg
ity of the former measurements and the quite indirect method 10° T j
used to separate the quasielastic line from the elastic Peak. W €

The dashed lines in Fig. 4 correspond to fits of our data to 107 \ E
Arrhenius laws likey exp(—E/KT). Table | shows the values 001 0.02 003 0.04
of y and E obtained from such fits. In a pure threefold ap- 1T K"
proximation, the first librational energy and the classical ac-
tivation energy for the potential ;=403 K of the crystal-
line p9 sample areEy=12.6 meV (146 K) and Ep

10

I’ (meV)

1072t

FIG. 4. Temperature dependence of the shift of the tunneling
frequency and of the crossover and classical Lorentzian broaden-
- . L . . . _ings for the crystallingp9 sample. Open points correspond to our
=327 K, respectively. The activation energies given Ir"IN16 data, except for the inverted triangles (i) and (e), which
Table | are close t@o, for il wy, Iag, andrEaEb' and to correspond to our IN6 data. The data reported in Ref. 38 are also
Ea for I'. Thus, one has the relationshif$Ey;=0.86, 1.3,  plotted for comparisoifull points). See the text for the meaning of
and 0.86 andE/E,=0.89, respectively. The preexponential the solid and dashed lines {@—(d). Plot (e) shows all the above
factors y take values similar to those typically observed in data in the same frame. The arrow marks the crossover temperature.
other systems. Thereby, sodium acetate trihydrate is corbotted lines are a guide for the eyes.
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TABLE I|. Preexponential factors and activation energies for the ) )
shifts and line broadenings for crystalline NaCOOEB8H,0. SErom(Q, @)= | H(logT") Sis(Q,w,Va)dlogl', (17)
hAw, T ae Tee, r with i“CG(Q,w,V3) given by Eq.(8)'. This procedure enables
¥ (meV) 0.090 0.34 0.063 38 calculations of the preexponential factbr,, the average

activation energyEa , and the standard deviatioaoz of

f(E,) from fitting the series of average values Iggand
standard deviations of H(logI') obtained at each tempera-
Jure to the equatioR§?8-3233

E (K) 126 196 125 292

firmed as a canonical system for methyl-group dynamics i

crystalline systems. logTo=logT..—[EA log(e)/kT 18
The values ofiA w, ' 5, rEaEb' andI” were again fitted 9707100 : e kTl (18

to Arrhenius laws, but fixing the activation energies to the o=oglog(e)/KT. (19

values ofE,; (of E, in the case of") corresponding td/4

=403 K, and leaving the preexponential factoras fitting As shown in Figs. 5 and 6, the values of IBgand o

parameters. The solid lines in Fig. 4 show such fits. Thebelow ~60 K deviate from the linear behavior given by
values of the preexponential factors obtained from this proEgs.(18) and(19), indicating the breakdown of the classical
cedure are given in Table Il. These values can be comparedodel and the contribution of quantum effects below this
with those predicted by Eq$10)—(12), resulting from the temperature. For this reason, only the set of valuesI{{og)
approximations introduced by the RRDM for the temperatureobtained above 60 K was fitted to the latter equations, yield-
dependence of the individual spectra. Thus the crossoveng the parameter§., = 4.9 meV, Ea,=335 K, andog
temperature defined as E({0) takes a valud =47 K,in =182 K.

agreement with the experimental observation. By introducing The eigenvalues of Hamiltoniafl) were calculated by a
this latter value in Egs(11) and (12), we havey,=7ysn  standard diagonalization procedure for different values of
=0.135 meV, close to the values given in Table II. These\/a_ The set of values\(3,E ,Eo; % w,) obtained in this way
r_esults illustrate the reliability of the introduced approxima- 5jjowed a transformation of the distributidiE ) obtained
tions. in the high-temperature analysis into the barrier distribution
Concerning the glassy6 sample, we followed the usual g(v,). The obtained parameters gfV;) are 417 K for the
procedure to analyze the data in terms of the convolution 0jverage barrier and 194 K for the standard deviation. The
Eq (13) with the instrumental reSOlUtiOﬁg._gg As in the two latter parameters y|e|d an unphysica| resg(‘[vs) pre-
crystalline sample S(Q) could be well approximated to sents a significant population of negative values/gf(be-
unity. Taking into account that low-energy vibrations are ex-|g V5 —2.150y). For this reason, another analysis was
pectgd to contribute in th?. IN5 window, a flat backgrou_nd ade, ?mposing a cutoff at zero energy, and normalizing the
was introduced as an_addmonal param_ete_r n the analysis istributions to the unit area. The fit yielded, within the error
the IN5 data. A Gaussian form for the distributig(V) was bar, the same parameters as found above. It is worthy of

assumed, remark that, in this case, the parametss and o, that

characterizeg(V3) do not correspond to the average barrier
g(V3)=(12may)exd — (V3—V, )2/20\2/], (16) and the standard deviation, since the distribution has been
0 truncated at zero energy. The actual average bavﬁgand

standard deviatiow, of the truncated distributiong®(Vs)

with V3, the average barrier ang\, the standard deviation. were calculated as

Due to the independence of the preexponential faCtoon

the barrier height, Eq(7) establishes a linear dependence of V30°(V3)dV,

logI" on E5. As E, depends linearly orV; in a good V§0=<V3>=C—, (20
approximatior?>*?the distribution of classical activation en- Jg"(V3)dVs

ergiesf(E,) and classical Lorentzian broadening¢logI’) 5

take the same functional form g$V5), and are Gaussian in ay=(V3)—(V3)?, (21

the present case. With all these considerations in mind, eXielding the values/S =425 K ando=185 K
. o . - 3 v :
perimental spectra were first fitted to the classical limit of the

model, i.e., by taking the classical form of E@), Once the RRDM parameters were determined, the theo-

retical scattering functiofEq. (13)] was calculated by taking
the general expressidieq. (9]) of SRrpu(Q,®) instead of

its classical limit[Eq. (17)]. It must be noted that this latter
calculation does not involve any fitting procedure, i.e., the
spectra aresimulatedwith the distributiong(V3) and the
preexponential factol'., calculated in the high-temperature
fitting procedure, andomparedwith the experimental data.
0.19 0.082 0.12 6.6 Figures 2 and 3 show the excellent agreement between
theory and experiment in the whole temperature range.

TABLE I1l. Preexponential factorgin meV) for the shifts and
line broadenings for crystalline NaCOOgGHH,0, with the acti-
vation energies fixed t&g; (to E, in the case of’).

Ysh YAE YE.Ep L.
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FIG. 5. Temperature dependence for the broadening of the ¢
Lorentzian for classical hopping corresponding to the average bar- £ 7. Distribution of crossover temperatures for the glai®y
rier in the glassyd6 sample. The line is a fit to Eq18). Black sample.

points: IN16; white points: IN5. The inset depicts the points in the

whole temperature range. . 5 -
mean-squared displacemeru<)=3x10 “T has been

glssumed.l The agreement between experiment and theory is
again excellent. The description in terms of the hopping limit
has been extrapolated to low temperattashed lines It is
clear that the intensity excess belew60 K, due to the me-

~60 K is nearly negligible, and therefore it is below this thyl groups not having reached the hopping regime, is repro-
temperature where the classical hopping limit of the RRDM%uced by the general RRDM,

breaks, as already indicated in Figs. 5 and 6, and where th Finally we make a comment about preliminary study of

general model must be taken. the t " A f al i tate trin
In order to follow the temperature evolution of the spectra € tunneling spectrum of glasgd-sodium acetate trihy-

in more detail, we depict integrated intensitigminty in drate with protonated Wat:ésge Ref. 30 There we reporteq
different inelastic windows in Fig. 8, together with the theo- 2 value of ‘TV:.218. K, similar to that calculated in this
retical curvegsolid lineg calculated in the framework of the Study. but @ quite different value & =592 K. Moreover,
RRDM with the above parameters. The latters have beefhe application of the RRDM with these parameters could
modulated by a Debye-Waller factor exp?Q%u?)/3), to  notgive account for the experimental data at higher tempera-
give account for the intensity decay due to vibrations. Atures. Such parameters were wrongly calculated, since the

Figure 7 shows the distribution of crossover temperature
G(T.) that follows fromg(V3) through Eq.(10). As can be
seen in the figure, the population of barriers with above

R SRR e s
| M4 g1 i 1
12 F 10EF & 3
CoE g : :
e A TeY
10 0.4; E
[ o02f =
0g | 00 00T T o bs p v
o [ [ ]
06 1] .
; [ 5 :
04 [/[ ]

02 | -
’ ] T (K)

00 Lo Lo ™ L] FIG. 8. Integrated intensities for the glasd$ sample atQ
0 0.005 1/T(K")0'01 0.015 =175 A~! in the ranges 1-3ueV (circles, 3-6.5 pueV

(squares and 6.5—-10ueV (triangles. Solid lines are the values
FIG. 6. As Fig. 5 for the standard deviation of the distribution predicted by the RRDM. Dashed lines correspond to a description
H(logI'). The line is a fit to Eq(19). exclusively in terms of classical hopping.
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FIG. 9. Logarithmic plot of the IN16 spectrum 2K for the p9
sample in crystallindcrosses and glassy statécircles. The solid
lines are the theoretical RRDM functions for the parameters given
in this work (thin) and in Ref. 30(thick). The dashed line is the
instrumental resolution.

theoretical scattering function was convoluted with an insuf-
ficiently well-modeled resolution, instead of with the actual
experimental resolution. Due to the high contribution of the
elastic peak in th@9 sample(for Q=1.8 A1, 76% of the
total intensity, while only 43% for thel6 sample, the con-
volution with such a model resolution led to the wrong pa-
rameters. Here a calculation was made in plesample by
using the actual experimental resolution. Figure 9 shows the 215 -1 050 05 1 15 2
spectrum of such a sample2K in theglassy state with the Energy Transfer (meV)
theoretical curves corresponding to the wrong parameters of
Ref. 30, and the actual ones presented in this study. It is now.
clear that it is the latter which reproduce correctly the spec-
trum. Moreover, they also give account of the experimental
data in the whole temperature range, as shown in the inten-
sity diagram of Fig. 10 and in the IN6 spectra of Fig. 11. In  Neutron-scattering measurements have been carried out to
this way, it is proved that the parameters of the RRDM re-determine the parameters of the distribution of potential bar-
ported in this study achieve a consistent description of thejers for methyl-group rotation in glassy sodium acetate tri-
experimental spectra in both samples and at every temperaydrate. A consistent description in terms of the RRDM has
ture. been achieved. The obtained distribution has an average bar-
rier of 425 K, equal, within the experimental error, to the
single barrier in the crystal, so that the only effect of the
disorder is to distribute the values of the barrier around the
latter. The value for standard deviation of the distribution,
185 K, is similar to those obtained in polym#&s>®-3132and
other quite different structural glasses. The approximations
introduced by the RRDM for the temperature dependence of
the individual unresolved crystallike spectra that contribute
to the total spectrum of the glass have been tested in the

FIG. 11. As Fig. 2, for the IN6 data in the glasp® sample.
ale: 2% of the maximum.

VI. CONCLUSIONS

T T T TR T T

- ) crystalline phase. Such approximations have been proved to
be consistent with the results obtained in the latter.
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