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Abstract

Molecular reorientation in (NH,).SO: has been studied by cold neutron scat-
tering. For T=300°K data, the isolated quasielastic spectra and form-factors at
various scattering angles are compared with four reorientational models based
on SKOLD theory. From these, it is concluded that the NH, ions are performing
either 3-fold four axes or 2-fold three axes reorientation with r.=2.0X10™" sec.
The temperature dependence of r. is studied over 100°K—413°K and for the
high-temperature phase, the widths of composite spectra are compared with the
results from NMR relaxation measurements. All the results have shown that
the neutron scattering method is capable of giving detalis of the reorientational
modes in solids and therefore some discussions are given on the application of
this method. A study of the form-factor is applied for NH.I (phase I) by compar-
ing the measurement with the calculation based on free rotation approximation
and proposed a reorientation model of NH, ions in the octahedral potential
cage with 7. 5107 sec. Also a brief theoretical prediction for the effect of

reorientational motions on the inelastic spectrum is discussed.
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1. Introduction

The techniques of neutron scattering have
been used by many workers in the study of
the rotational behavior of melecules. Particu-
larly for solids, mest of these methods in-
volve basically study of (1) the torsional or
rotational level structure measured by neutron
inelastic scattering cross section or subthermal
neutron total cross section and (2) the proton
“thermal cloud” by elastic from-factor. How-
ever, none of these methods can directly
detect the molecular reorientation.

In general, the molecular reorientation is
low-frequency motion in atomic scale. From
the uncertainty principle between time and
energy, it follows that this long time behavior
yields the small energy transfer (quasielastic
scattering) spectrum and accordingly causes
the elastic peak apparently broadened. In
contrast with the extensive study of various
diffusive motions in liquids by the quasi~
study of
these effects in crystalline phases hzs started

elastic scattering of cold neutron,
recently. The molecular reorientations in
pentane, pentanol and also in some globular
compounds? have been performed. In those
studies, theories for the solid phase are treated
as the limiting case of those for the liquid
phase. On the basis of the jump-diffusion
model in liquids®, SKOLD*® has attempted a
simple reorientational behavior through dis-
tinct angles to interprete the quasielastic
broadening observed in incoherently scattered
In his

work, the reorientational modes have been

neutron spectrum from solid methane.

deduced from the widths of composite peaks
and the result is of a qualitative nature. Si-
milar study has been carried out for solid
neopentane by LECHNER et al®.

Based on SKOLD model, this paper presents
the results of cold neutron experiment on
(NH,).S0, designed to study the reorientational

mode of NH, ions. Making use of an advanta-
geous instrumental resolution, comparisons can
be made in improved way between observed
results and proposed reorientational models.
The results showed that simple reorientational
behavior can explain observations fairly well
and thus somre discussions are extended to its
applications in view of this method being still
in exploratory stage.

It has been known that (NH,).SO, undergoes
a ferro-electric transition at 7,=244° K with
large transition entropy (4S=4. 2 cal/mol-deg),
changing from a structure in space group Puam
to Pra 2, There are two crystalographically
independent groups of fonr NH, ions in the
unit cell of both phases. Extensive studies
have been done on this compound using various
spectroscopic techniques. However, the nature
of transition is not yet clear and there is sharp
disagreement between the neutron diffraction®
and NMR? works. According to the former,
the transition results in stronger hydrogen
bonds and less distortion of NH, ions in low-
temperature phase, wkereas the latter has
proposed an order-disorder mrechanism of tke
NH, ion tetrahedra with respect to the crystal
ab mirror plane. The latter work has alco
pointed out that the reorientation of NH, ions
could possibly proceed rotations around either
3-fold or 2-fold axes. Due to its complexity,
detailed crystal structure of this compound is
not considered for the model calculations in
the present work.

2 Theory

Since neutron scattering by (NH,),80, is
predominantly from protons and incoherent,
only this contribution is considered here. VAN
HOVE®> has shown that incoherent differential

scattering cross section is given by

d% K atine Sinc(@, ), (D)

dodw K,
where Qinc is the bounded incoherent scatter-
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ing length and N is the total number of
protons in the scattering system. The momen-
tum and energy transfer are related to the
initial and final wave vectors K, and K throu-
gh the relations

Q=(K—K)); hw=§‘;7(K2—K%), @

m being the neutron mass. Following VAN
HOVE, the incoherent scattering function can
be written more specifically as the Fourier
transformation of self space-tirre correlation
function G.(r, ) over the momentum and
energy transfer as follows,

Sn@, oy=—L{ar{" at
expl#(Q. r—at)] - G.(r, D). )

In the classical limit, G,(r, ) defines the
probability density for finding a particle in
the unit volume at r at time ¢, if at =0, the
same particle was at the origin r.

As can be seen from Eqgs. (1) and (3), the
complete information about the dynamics of
the scattering system will, in principle, be
obtained in the form of G.(r, ), if the in-
verse Fourier transformation of the experi-
mental data can be made over the complete
ranges of w and Q. Unfortunately the data are
seldom complete enough for such a procedure
and one has to resort to more indirect me-
thods. By making use of its simple physical
content in the classical limit, these usually
involve the phenomenological calculation of
G, (r, t) based on simple models with adjust-
able parameters which can be compared to
the experimental data after Fourier transfor-
mation. The information obtained in this way
is contained in the values of the parameters
that give the best fit to the observations.

In solid, the NH, ion situated in a potential
well will execute various modes of thermal
vibration about its equilibrium position and

once in a while the ion may rotate itself to
other equilibrium orientations around the axes,
tunneling most probably the minimum barrier
to rotation. Let us assume that the quasi-
elastic broadening is caused by the frequent
reorientations of the molecule and again
assume that the reorientation is uncorrelated
with the thermal vibrations. In this case,
ignoring the inelastic part,
function can be written

Sl @, ©)=e"SKQ, ), @

where Sx(@, ) describes the scattering func-

the scattering

tion due to the reorientational effect only.
e ¥ is well known Debye-Waller factor with
the relation

2W=QXr?%/3=Q¥{rt >+ >+<r2>)/3, (5)

where <7%), <r%2,> and {r%)> are the mean
square displacements of the proton from its
equilibrium position due to isotropic transla-
tional, torsional and internal vibrations, res—
pectively.

As mentioned already, SKOLD has intro-
duced a simplified reorientational behavior
summarised as follows;

(a) The reorientational jump takes place
very rapidly compared to the mean time
between successive reorientations r, so that
the reorientational jumps can be considered to
be instantaneous and therefore the proton is
always at one of the equilibrium sites.

(b) The reorientation occurs with equal

probability around all of the allowed axes of

the tetrahedral melecule.
In these cases, the classical correlation

function is given as
G(r, D=XP(t)-(r—r), (6)

with summation over all possible sites. P{?)
is the conditional probability for finding a
proton at r; at time £, given that it was at
ro at {=0, and can be obtained by solving
the differential equations for the fractional
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population in each site;
aP() _ [, -1
2P —[n LEPAD—PAD)] %)

Here the summation is over » sites from which
the proton can jump to site ¢ and ! is the
mean jumping rate of one proton from one
site to another. The solutions of Eq. (7)
depend only on the model which one assumes
for the reorientation of NH, ions. The experi-
ment was carried on the polycrystalline sam-
ple and therefore Sx(Q, o) should be averaged
over all possible orientations of the cry-
stallites with respect to @.

The followings are the calculated results
for the four simple reorientation models which
one can consider likely to occur mainly for
steric reason of NH, ion with its tetrahedral
structure rather than the detailed crystal
structure of (NH,).SO,.

(a) 3-fold four axes reorientation: (model
A

In this model reorientation of NH, ion takes
place through 120° jump about its four 3-fold
axes. Putting r=4r./3, SKOLD has shown

SKQ, ©)=(1+3B)-8(w)

+3.(1-B) (e, (8

. — SiIl QRz
with B—~—*——QR2 ,

o
and R.=1.83A% is the H-H distance.

(b) 2-fold three axes reorientation: (model
B)

The reorientation of 180° about three 2-fold
symmefry axes gives the same result as the
model A.

(c¢) 3-fold uniaxial reorientation: (model C)

According to neutron diffraction work®,
one of the NH, ion groups in (NH,;):S0; has
a considerably shorter N—H:-.--. 0 bond than
others in both phases and it would be also

plausible to consider the possibility of 3-fold
uniaxial reorientation of NH, ion around only
this N-H axis with the strongest hydrogen

bonding. Putting c=r, and ZjP,(t)=1, this

model gives

SKQ, @)=(1+1+2B)-8()
+2-B>L(3e1) (@

In this equation the additional unity in the
parenthesis of the first term comes from the
allowance of a stationary proton of NH, ion.

(1) 4-fold three axes reorientation: (model
D)

The reorientation through 90° jump around
three 4-fold symmetry axes is assumed. In
this case the fractional population is given by
different equation for each site which has
different jumping environment with respect to

the origin ry, 7.e.
oPy(t _
"aot(”)’ = 1 P~ Po(D)],

Pl -1 Po PZ
\aﬁa?):r [_‘Q)%Z_*(Q_._Pl(t)]’ (10

2 - Plf P3
af’agt) =, 1[ 2P\ );‘ V) —Pz(t)],

i‘l:;aT(tl = T_I[Pz(t)—‘PSCt)];

where subscripts 1,2 and 3 denote the first,
second and third nearest site from the origin
respectively. Solving these equations simulta-
neously under conditions z=7, Pg0)=1 and
P(¢)4-3P(8)+3PL¢)+Ps(2)=1, and proceed-
ing similar calculations, one finds

SKQ, ©)=(1+3A4+3B+C)-8(w)
1 -
+{301—4A-B+0)- L(+.)

+8(1-+A=B—C)-E( %)

+(1-344+3B—C)-I(2:.7D), (11

sin QRz

. - sin QR1 —
with A=s——72—4, B OR,

QR



310 J. Korean Nuclear Society, Vol. 4, No. 4, December, 1972

C=_Sin @Rs
®R;
Here Ri1=R,/v'7 and R;=+3R, are other
intermolecular H-H distances.

All the above results show that the spec-
trum of incoherently scattered neutrons from
the molecule reorientating between equivalent
or non-equivalent configurations consists of
two parts, namely, elastic and quasielastic.
Of these, the elastic part is governed by the
asymptotic proton behavior at t—co, Since at
infinite time the protons concerned can occupy
different equivalent sites, the elastic scatter-
ing has associated with it a form-factor
which describes the diffraction from the struc-
ture of the proton distribution. On the other
hand, the quasielastic part is controlled by
the time evolution of the reorientation. While
the angular variation of the intensity is deter—
mined (as with elastic scattering) by the geo-
metry of the reorientation process, the shape
of the spectrum is characterized by Lorentzian
form and its width is related only to the rate
of reorientation r,7! and not Q-dependent due
to the assumption of instantaneous jumping

mechanism.

N\

3. Experimental Method

All thé measurements were carried out by
the time-of-flight method using high resolution
rotating crystal spectrometer installed at
CIRUS reactor in Bhabha Atomic Research
Centre. Fig. 1 shows the schematic drawing
of the spectrometer.

A collimated beam from the reactor after
being passed through the single crystals of
lead and quartz to reduce fast neutron ard
gamma ray backgrounds is allowed to pass
through a 10 cm thick polycrystalline berylium
filter to produce a cold neutron beam. The
cold neutron beam is Bragg-reflected through
an angle of 26,=126° by the (111) plane of a
spherical aluminium single crystal of about 5
cm in diameter rotating at 8,000 rpm. The
crystal rotor is driven by a hysteresis syn-
chronous motor and a 400 Hz. power supply.
The rotational speed does not change by more
than 41% in a daily run. Periodic two bursts
of 4.87 meV (4.1 A) neutrons per revolution
obtained in this way are allowed to strike the
sample placed 65 cm apart from the crystal
rotor after being passed through a Soller slit
collimator (divergence of ~2°) and a thin

monitor counter.

NEUTRON PULSE

PULSED MONOCHROM
=ATIC BEAM

7) TRIGGER PULSE

1 —PHOTO CELL
—LAMP

COLLIMATCR

COLD NEUTRONS

ALUMINIUM SINGLE
CRYSTAL
(8000 REM)

Fig. 1. Schematic drawing of the rotating crystal spectrometer.
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The scattered neutrons traverse a flight
path of 300 cm at the end of which they are
detected by a set of six BF; datectors placed
with its long axis perpesndicular to the beam
direction. Each detector is 5cm in diameter
and the solid angle subtended by these de-
tectors at the center of the sample is 0. 0075
steradian with the horizontal span of 6.5°
The entire assembly of flight tube and de-
tector bank with its massive shield is mounted
on a trolley and can be moved on tracks so
that the scattering angle can be covered
continuously over the range of 0°-101°.

The reference pulse for starting the timing
circuits is obtained by the mirror with two
faces fixed to the rotor shaft to reflect a
light beam to a photocell each time the plane
comes into reflecting position. Data are stored
in a 512 channel time analyzer with 8 psec
channel width,

In order to monitor the sample transmission,
the second monitor detector is placed on the
transmitted beam path. The output signal
from this monitor is fed to 3 channel time
analyzer with 300 gsec channel width and trig-
gered by the same time reference pulse. The
distance between crystal rotor and the second
monitor detector is so adjusted that the second
channel counts the neutrons centered around
the incident monochromatic neutron burst,
while the first and third channels count the
neutrons coming during the 300 g#sec period
before and after the second channel. Since the
average count of the first and third channels
is the background of the incident energy
channel, the difference between the counts of
the second channel and this background gives
the correct incident beam intensity, and
therefore the ratio of these intensities with
and without the sample gives the sample
transmission.

The sample, in the form of powder, was

sealed in thin-walled aluminium casette and
held transmission geometry with the orienta-
tion of the half ths scattering angle. The
thickness of sample was 1. 6 mm and the trans-
mission was in the range of 62%-80% depend-
ing on the scattering angle.

Sample temperature could be varied conti-
nuously from 100°K to 413°K by means of a
conventional liquid nitrogen cryostat and con-
trol of electric current to the heating coil
attached around the sample casette. Measure-
ments at more high temperatures were not
attempted since the sample decomposes at
470° K. Two copper-constantan thermocouples
were attached at the top and bottom of the
sample and temperature was recorded conti-
nuously. The uncertainty of the sample tem-
perature was negligible from room tempera-
ture to higher.
dimension and simple arrangement of cold

Due to the large sample

finger-heating coil system, however, the dif-
ference between two thermocouple readings
was observed to be increasing as the sample
temperature became lower and it was about
10 °K at the sample temperature of about
100 °K.

4. Results

Data were accumulated to obtain reasonable
counting statistics over only the energy region
of current intcrest and thus no details of in-
clastic peaks were seen. Fig. 2 shows a typical
example of raw data at room temperature
for the scattering angle 6=90°. The charac-
teristic feature of all other distributions is
similar to this with a broad inelastic spectrum
and an overriding elastic peak with signifi-
cant quasielastic broadening in the both wings
of the peak. The inelastic background was
subtracted by interpolating a smooth curve
between two wings of the peak as denoted by
the dashed line in Fig. 2 After applying
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Fig. 6. Semi-log plot of the composite peak
intensity vs. Q* at high- and low-
temperature phases. The solid lines
are least squares fit to the data

some standard corrections such as air out
scattering and energy-dependent detector ef-
ficiency in the usual way, some typical distri-
butions are shown in Fig. 3 and 4 where one
can see that the quasielastic broadening be-
comes more prominent at larger scattering
angle and at increased temperature, the solid
lines being the resolution functions.

Any influence of the coherent scattering on
the data was checked by measuring the dif-
fraction with the crystal rotor at stationary
in the position of Bragg reflection and the
sample at the half angle transmission position.
The result shows that the data only at §=60°
has been affected by strong (120), (111) and
(200) reflections® to some extent as seen in
Fig. 5.

The angular dependence of the integrated
peak intensity defined in the above manner
gives information about the Debye-Waller
factor. In Fig. 6, the semi-log plots of the

integrated intensity against Q2 are shown for
the both phases, after applying normalization
to the monitor counts and to the effective
neutron beam cross-section in which the sam-
ple “sees”. By fitting the straight lines using
the weighted least-squares method, the results
are <r2>/3=0.054 A% at 100°K and <{r?)/3=
0. 143 A? at 300°K, respectively.

Simple theoretical estimate of {»%> are made
from the contribution of two components {7?%,>
and {#%,>. As is the most cases with ammo-~
nium salts, the frequencies of internal vib-
ration of NH, ion will be very high and, even
for the lowest bending mode not many of these
states will be excited at room temperature.

In the system of cubic symmetry, the
Debye-Waller factor is. given by?

_ he? glw) ho
2W=om fao£2coth oK, T (12

where g(w) is the normalized frequency dis-
tribution and the other symbols have their
usual meanings. For two components, if take
Einstein approximations, Eq. (12) reduces to

ho ho
Do ooth DO
e 3070 ("Oth 5K.T , oK, T )
-2 18Mrew, AMuow, , ’

where M# is the proton mass and the factors
18 and 4 in denominators are introduced for
the effective masses of the translational and
torsional modes respectively.

The optical and torsional peak frequencies'®
1) are assigned to be w,=29meV, w,=49.5
meV at 100°K and w,=22.3 meV, o,=38 meV
at 300°K, respectively. The value for w, at
300°K is estimated by extrapolating those fre-
quencies at 100°K and 172°K. It is seen that
thus estimated values <r?>/3=0. 045 A* at 100°
K and <{r?>/3=0. 112 A? at 300°K are in reason-
able agreement with observed values.

For the comparison of the observed distri-
butions to the theory, it is necessary to correct
the instrumental resolution using the equation
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Fig. 7. Measured resolution width (FWHM)
vs. Q. The inset shows the Gaussian
nature of measured resolution func-
tion and also the way for the esti-
mation of the width uncertainty.

$Q, w)={S@ a—0" RQ, oo, (18)

where R(€, o) stands for the resolution func-
tion The elastic resolution functions were
determined from a series of measured distri-
bution of the elastic incoherent scattering by
ZrH; kept in same sample geometry to those
of (NH,):S0. All the distributions were
observed to be Gaussian shaped, if neelect a
small systematic deviation in the region of
wings. The full width at half maximum of
the resolution function against @ is presented
in Fig. 7. The error bar shows the uncertainty
of the width estimated by drawing smooth
curves which give maximum and minimum
widths within the counting statistics as shown
in insst. The same method was adopted
elsewhere in this work for the estimation of
width or shape uncertainty. By fitting a
smooth curve, it is seen that the energy
resolution varies from 0. 19 meV (20. 2 gsec/m)
to 0.23 meV(24. 4 usec/m) as Q varies from
0.79 A~ (6=30°) to 2.37 A-1(9=101°). Instead
of the measured scattering function itself, R
(@, ») was approximated by Gaussian form
with the width obtained in this way for the

25

4, December, 1972
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)

SCATTERED INTENSITY (ARB.UNITS)

4.0 4.2

WAVELENGTH (A)

Fig. 8. (a) A typical example for the decom-
position of the composite spectrum
(solid dots) into two parts. The open
dots show the measured resolution
function. (b) Comparison of the iso-
lated quasielastic spectrum (crosses)
with model A or B (solid line) for
7.—=2X107" sec.
data analysis to avoid undue complication.
The resolution correction can be accompli-
shed either by unfolding the quasielastic part
after isolating the elastic peak, or directly
comparing the measured spectrum to the
theoretical cross section folded over R(€, o)
using Eq. (14). Although the former, of
course, may introduce errors due to the stati-
stical uncertainties in the observed points, it
is expected that more informations (such as,
form-factor) can be deduced from this pro-
cedure regardless of any prerequisite theory.
All the measured room temperature spectra
were isolated graphically into two parts. This
was done by first extrapolating the wings
smoothly to obtain a reasonable representation
of the quasielastic part as denoted by the
dashed line in Fig. 8(a), where the spectrum
at 6=75° is shown as an example. This sepa-

ration was then adjusted by trial and error
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Fig. 9. Comparison of the elastic (open
circles) and quasielastic (solid cir-
cles) form-factors with model A or
B (solid lines), model C (dashed
lines) and model D (brocken lines).

such that when subtracted from the total
spectrum (solid line), the resulting curve
(dotted line) matched closely to R(&, ) (open
circles). In Fig. 8(b),
the quasielastic part isolated in this way is

the best estimate of

shown by crosses.
Using three models, a large number of
theoretical quasielastic distributions were com-
puted for various 7z, and then folded over R
(@, w). The comparison of those distributions
with isolated quasielastic spectra showed that
the result from model A (or model B) was
fitted reasonably well when ¢,=2. 30X 10 !!sec,
as demonstrated by the solid line in Fig. 8(h).
Similar results were obtained for all data at
different scattering angles confirming that
reorientations produce their own characteristic
Lorentzian type spectra based on model A.
In Fig. 9, the
elastic and quasielastic parts (corrected for

intensities (areas) of the

the Debye-Waller factor obtained experimen-
tally) are plotted against Q. The area un-

certainty introduced in the procedure for

isolating is quite involved to estimate and
therefore the error bars shown are based on
the estimated shape uncertainty of the com-
posite spectra alone. A comparison with the
computed form-factors according to three
different models shows that model A or model
B (solid line) can be also chosen as the best
possible fit, even though there is some dis-
agreement quantitatively.

It is worthwhile to point out here that the
form-factor study is usful in getting informa-
tion about the modes of reorientation even
without knowing the reorientation rate. For
example, the model C (dashed line) can be
easily ruled out. in Fig. 9 Further discussion
on this respect will be seen in Sec. 5.

The temperature dependence of the scatter-
ing was studied to examine the effect pro-
duced by the variation of z, on the spectra.
For the all spectra, if one can isolate elastic
peak and quasielastic peak and plot resolution-
unfolded quasielastic widths in the unit of
1n ¢, against 1/T, informations on the potential
barrier to the rotation V and pre-exponential
factor 7o can be exiracted by fitting a straight
line assuming the relation

=10 exp(V/KsT.

For the decomposition,

(15)

difficulty
was experienced near T, due to undistinguished

however,

broadening as will be seen the reason in
Sec. 5. Thus,
concerned the

as far as these studies are
most conveniently monitored
quantity is the width of the composite spec-
trum. The measurements were best made at
an angle where the ratio of the quasielastic
The full
widths at half-maximum of the spectra as a

to the elastic intensity is large.

function of T are shown in Fig. 10 for §=90°.
From the earlier results, a comparison is
preferably made for model A using Egs. (8),
(14) and (15). Assigning 7, and V to be

3. 14X 10718 sec and 2. 3 kcal/mole respectively,
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Fig. 10. FWHM of the composite spectrum
vs. T for ¢=90°. (T.: transition
point) The solid line is the width
predicted from model A or B using
7,=8.14X107"* sec and V=2.8kcal/
mole. The lower scale shows the
variation of -, vs. T.

these being the values deduced from NMR
relaxation measurements™, the resulting width
distribution is shown as a solid line. Accord-
ing to NMR study, the parameters 7o and V.
change suddenly at 7T, leading to the large
value of 7. at low-temperature phase. There~
fore, if use more accurate parameters for the
computation in this range, the solid line will
decrease rapidly to the resolution at 7. giving
rise to improved agreement between two
observations. In view of the above, it can be
seen that once again model A (or model
B) is able to reproduce basically the same
feature of the observed distribution. More
significantly, they demonstrate the direct
comparison that can be established between
NMR and neutron scattering results.

5. Discussion

From the comparison of the experimental
results with proposed models, it may be judged
that the quasielastic spectra observed in (NH,),
S04 can be interpreted in good approximation

of model A or model B. As regards these two
models, no preferable choice can be made
easily unless the surrounding potential well is
very simple symmetry. Some quantitative
disagreements between experiments and theory
are to be anticipated, since in the complicated
crystal field like (NH,),SO, the reorientational
behavior may be not so simple as assumed,
Two independnt NH, groups may reorient with
somewhat different rate and similar argument
can be made also for all the allowed axes of
Also the effect of multiple
scattering, which was disregarded in view of

reorientation.

the fact that the energy transfer concerned
in the analysis of data is small, may be mnot
trivial with the sample transmission of 62%—
80%.

An anomalous change of the composite peak
intensity is observed at T, (Fig. 11), as also
reported by others'>, What cause this ano-
maly is probably “softening” of the torsional
oscillations of NH, ions, and may be under-
stood qualitatively as follows; If the torsional
frequency distribution changes significantly at
T, giving rise to more population in lower
states at high-temperature phase, then there
is an
scattering with energy-gain experiment and an

increase in probability of inelastic

abrupt decrease in the elastic peak intensity,
From the slope of total scattering cross
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on model A and NH; tetrahedra for various ..

section versus temperature (do,/4T/H atom),
LEUNG et al.'®> have derived the average
barrier heights of (NH,),SO, and other ammo-
nium salts. The basic idea of their work is
also to reflect the change of torsional or
rotational energy level structures sensitively
on the total scattering cross sections using
very low energy neutrons (1.13 meV) compa-
rable to the rotational constant of NH,; ion
(B=5.9cm™). Seeing their remarkable results
and a sensitive change of the composite peak
intensity at T in this work, it can be suggested
that the study of temperature dependence
of composite peak intensities or pure elastic
peak intensities may be explored as a potential
method to derive the average barrier heights
in similar way, even using Be-filtered
neutrons.

It will be worthwhile to have some more
discussion for the application of SKOLD’s
model. According to his theory, the width of
the quasielastic peak is related to the rate of
reorientation alone. At high temperature when
the rate is very high, the quasielastic spec-
trum will be considerably broadened out and

only the elastic peak, as modified by the

instrumental resolution, will be seen. At the
other extreme of very low temperature, the
reorientations will be very slow causing the

quasielastic part to merge with the resolution~
modified elastic peak, and once again no
quasielastic spectrum will be obcerved. In
between these limiting cases, both components
can be identified subject to the conditions of
the experiment,

In Fig. 12, some computed examples are
demonstrated in the time-of-flight presentation
over the range r,=1X10"%sec to 5X 10 '%sec,
based on the model A and §=90°. From this,
it can be seen that the range of experimentally
observable broadening is limited approximately
over the range of ~1071° sec>7,>~10""%sec,
unless measurements are carried out with
better resolution. Of course, this range is also
subject to the molecular size.

The

strictly valid when the reorienting time is

Instantaneous reorientation model is

much shorter than ., as being the bounded

oscillatory time. However, if consider the
cold neutron spends ~101% sec to travel over
the order of correlation range, this simplifi-
cation will break down when z. approaches to
~10718 sec, because it is unrealistic to assume
that the reorienting time of molecule is much
shorter than the thermal vibrations of
molecule (~10"13~10"¥sec). For the rigorous
theoretical formulation based on the classical

limit, however, difficulty will arise because
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the proton cloud due to the thermal vibrations
is not fully developed during r. and accord-
ingly the assumption of uncorrelation between
the thermal vibrations and the reorientational
motion is much more severe. As pointed out
earlier, the elastic form-factor F.(Q) reflects
information conveniently in this stage since
the quasielastic part has become well washed
out. F(®) which describes the - diffraction
from the structure into which the proton is
distributed can be written in general form!®
(e
dg )w=00C F(D

=|{ar pr,0) er S ae

where p.(r,t) denotes the proton ‘ density
distribution at ¢—co. In particular, if the
occupation probabilities are equal for the all
possible discrete sites, ignoring the effect due

to thermal vibrations, Eq. (16) becomes
F(@=|zewwr,| 1n

It can be seen that the space average of Eq.
(17) reduces to the elastic form-factors in
Egs. (8), (9) and (11). when applied to the
proposed reorientation modes in Sec. 2 In
favorable cases the study of F.(Q) can lead
to information about the size and shape of
p-Lr) and thereby about the mode of mole-
cular reorientation without regard to r.. More-~
over, applied to single crystal this method
can help to show up anisotropic aspects of
p..(T) sensitively.

For some of ammonium and methyle com-

pounds, neutron inelastic scattering measure-
ments show only abroad spectrum without
any appearance of sharp peak at high-tem-
perature phase. With regard to torsional
peak, its disappearance has been explained on
the basis of the free rotation or slightly
hindered rotation of NH, ion or CH; group.
One of the well known examples is NH, I

{phase 1) for which the free rotation and

T T T
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1.00 —-~— UNJIAXIAL ROTN.
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Fig. 18. Coniparison of the elaste form-
factors with those based on theore-
tical models.

uniaxial rotation models are proposed respec-
tively by STEPHENSON et a/. '*> and PLUMB
et al. ¥ from experimental evidences other
than neutron spectroscopy. As an application
of the form-factor study, the spectrum of this
compound is measured at 300° K in similar
way to (NH,),SO, but with increased sample
transmission of 37%-48%. The elastic peak
shapes are observed to remain same as the
In Fig. 13 the angular
variation of the elastic peak intensity is shown
by solid dots in the data reported by
VENKATARAMAN ef al.'® The error bars
are those due to counting statistics and esti-

resolution function.

mated intensity uncertainty at @=0. Also
shown with open dots arc measurements by
them using a triple axis spectrometer, while
the dashed and broken curves are their theore-
tical form-factors based on the free rotation
and uniaxial rotation models. As to the latter
case, the effect due to the thermal vibrations
is taken into account. One of the ways to
give an account of the drastic disagreement

between two observations can be made by



Study of the Molecular Reorientation in Ammonium Sulfate—H. J. Kim 319

assuming very rapid reorientdtion of NH; ions
in this phase. According to RUSH et al.,!®
the potential barrier to rotation in NH,I
(phase 1) is about 0.5 kcal/mol which is com-
parable to KpT. Therefore it seems unlikely
to assume the free motion but much hindered
rotation. In NaCl type potential cage of this
phase, one can imagine number of quasi-
equilibrium orientations of the NH, ion. For
example, there are 48 of those orientations
with one of the N-H bonds directed towards
the halogen ions. If assume that the NH, ion
which was executing large amplitude torsional
vibrations reorients to these orientations with
7.=107!2 sec as suggested by PALEVSKY!™
from the neutron inelastic spectrum, the
quasielastic part is to be completely broaden
out in the present measurement with high
resolution, while this broadening is not sen-
sitive enough to be resolved with the incident
beam energy of 70 meV and the resolution of
4E=12meV in the triple axis spectrometer
experiment. For the theoretical prediction of
F(@) based on the reorientation model,
however, difficulty comes from the estimate
of the Debye-Waller factor in which conceiv-
ably anharmonic and anisotropic natures of
{r?> will make the major contribution. In
view of the better agreement between the
observation and the free rotation model in
which infinitely thin spherical proton distri-
bution is assumed, somewhat improved treat-
ment can be made by assuming that the allow-
ance of translational and internal vibrations

of NH; ion causes the proton shell to have a
Gaussian smear in the radial direction. In this

case Eq. (16) becomes

- o Crmrodtr2a? SINCQT) g [P
FLQ) }A Soe oot I |
(16")
where A is the normalization factor and the
N-H distance 7,=1.03A. By assigning o?=

> +<re>=0. 09A% estimated by VENKATA -

RAMAN et al., the computed result shown
as the solid curve in Fig. 13 gives better
agreement. As far as the form-factor study
is concerned, this free rotation approximation
is not much unrealistic in view of the highly
symmetrical nature of the quasi-equilibrium
orientations in NaCl type phase and thus the
above discussion may be treated as an argument
in favour of the reorientation of NH, ions with
7,=10712 sec rather than free rotation. Similar
study will deserve for the other ammonium
compounds'® in which also non-Guassian na-
ture of the Debye-Waller factors were observ-
ed with triple axis spectrometer suggesting
considerable freedom of NH; ions.

Finally, atlhough the main emphasis of this
work is on the quasielastic scattering, some
discussion about the effect caused by the
reorientational motion on the inelastic spec-
trum may be of additional interest. To
facilitate the calculation, let us consider one-
dimensional structure in which two harmonic
potential wells are apart by x, and a
Boltzmann particle which was bound in a
potential well performing thermal motion for
a mean time r jumps to the other site. In
this case, by substituting the space-time
correlation function of the harmonic oscil-
lator'® for é-functions in Eq. (6), one has
the expression

Gelx, )=Pi()GLx, 1)+ Pt)G.(x—X,,1),
(18)
with G,(x, )= [z W(t)]~% expl—a%/ W()),
W(2)=(2V o/ in (1 —coswsd).

Here w; is frequency of the oscillator and V=
(2K T/M_p)% is the thermal speed. Introduc-
ing solutions of Eq. (7) to Pi(¢) and P,(2),
the space-time Fourier transformation of Eq.
(18) gives

S(Q, )=e+ [n(l—}-e“?‘x“) :L:o ((2—8.,1(2).



320 J. Korean Nuclear Society, Vol. 4, No, 4, December, 1972

[6(o—nw)+6(o+nw )]}
H(1—e 9 ) % 128, )L ~nor, 7
+ I nw, ] }}. (19

Here I1,(z) is the modified Bessel function of
the first kind, 4., is the Kronecker delta and
also the following abbreviations are used;

)

wy

2

-1

— T
©) Cotno ) +C1)
This equation is similar to the scattering
function of the classical oscillator'®>. How-

L{tnwm,

ever, the second summation in terms of
Lorentzian function is new term arised from
our assumption Eq. (18), and implies that the
broadening occurs not only at the elastic peak
but also at the inelastic peaks. This is an
interesting result because no such a quanti-
tative prediction has been made thus far.
Recalling Z<Z1 under most conditions, if one
retains to one-phonon excitation in the first
order approximation, Eq. (19) reduces more
explicitly to

(@, w)=e* [n(1+e"‘”“’°)[6(w)+—%5(w—w.)]

) -1
R e

T_l
5 Gyl @

Here the common factor exp(-z) is the Debye-
Waller factor, Vy/wy being the mean ampli-
tude of the oscillator. The from-factors [1-+
exp(7Q.x.)] and [1—exp(¢@.x,)] will become
similar forms obtained in Sec. 2, if space
average is made. According to Eq. (20), the
nature of broadening and apparently rapid
decrease of intensity for an elastic peak can be
also ‘stated for inelastic peaks in an analog-
ous way. In writing Eq. (18), it is simply
assumed that the thermal oscillations at two
equilibrium sites are in phase. Also, details
of “jump out” and “jump in” positions are

simply thermal averaged from the beginning.
To discuss rigorously to what extent these
simplifications may be justified is not simple
and is outside of the scope of this work.
However this result is physically consistent
with the energy uncertainty arised from the
“life time effect” of an oscillator.

With increasing temperature, those broaden-
ings of torsional peaks and apparently rapid
decrease of torsionol peak intensities have
been observed for (NH,),S0,!* 10 and some
other ammonium compounds!® 221> in which
NH, ions are believed loosely bounded. With
regard to the broadening of torsional peak,
it can be also ascribed to Doppler broadening.
Because of complicated nature of instrumental
resolution as well as inelastic scattering
spectrum, it is very much involved to check
experimentally whether Eq. (19) will even-
tually lead to quantitative prediction. With
onset of phase transition or increasing temper-
ature, the reorientational motion may even-
tually go into almost free rotation well over-
coming the potential barrier. However there
are also considerable number of ammonium
compounds which exhibit only a broad inelas-
tic neutron spectrum at room temperature,
while the estimate of potential barriers dedu-
ced from other methods are comparable to
the magnitude of sample temperature. For
these compounds, therefore, it is suggestive
that NH, ions are still in the stage of very
frequent reorientation, say 107'® sec £, =102
sec, and the inelastic peaks are broadened
out due to reorientation and other superposed
effects.

In summary, the study of quasielastic spec-
trum, 4F(Q)/4T and also F(Q) can provide
useful complement to the inelastic scattering
experiment and other spectroscopic methods
to obtain detailed informations on the rota-

tional behavior of molecules. The instanta-
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neous reorientation model, even with its great
simplification, offers a good approximation
when molecules are performing reorientations
through distinct angles in crystalline phase up

to 7. ~1071% gec.
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