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The temperature dependence of the spin-lattice relaxation time Tx for the Re N Q R in K R e 0 4 ,
N H 4R e 0 4 and N D 4R e 0 4 has been measured between 77 K and 323 K. The relaxation is electric
quadrupolar in all cases, and because o f the large quadrupole m om ent o f Re, 7i is short. In K R e 0 4
Ti follows a T 2 dependence. In N H 4R e 0 4 , Ti decreases more rapidly than T ~ 2 above about
100 K; between 170 K and 250 K 7i is smaller than 100 (is and could not be measured, but above
250 K, 7i increases to about 140 |is, and the measured data near room temperature lie close to the
T ~ 2 extrapolation from the Tx values below 100 K. These results are interpreted as normal anharm onic Raman quadrupolar relaxation, with a T ~ 2 dependence on temperature, combined with an
additional relaxation process due to switching of the am m onium ion between two possible orienta
tions.
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I. Introduction
The metal perrhenates M R e 0 4 (M = Na, K, Rb, Ag)
crystallize in the tetragonal scheelite structure and
show a normal tem perature dependence of the N Q R
frequency and other properties. The am m onium salt,
N H 4R e 0 4, has the same structure but has a variety of
anom alous properties which have been studied inten
sively by many methods [1, 2]. A theoretical model for
the anom alous behaviour has been proposed by Tay
lor [3, 4], and the results of a recent neutron diffraction
study of N D 4R e 0 4 at closely spaced tem perature be
tween 20 K and 298 K give support to the theory [5].
By comparison, the structure and properties of
K R e 0 4 show no anomalies over the same tem pera
ture range [2, 6],
It is clear that the anom alous properties of the am 
monium salt are associated with the presence of the
ammonium ion in the crystal, and that the dynamics
of the ammonium ion reorientation are central to the
problem. Armstrong et al. [7] measured proton relax
ation times in N H 4R e 0 4 and showed that am m onium
ion reorientation is thermally activated with an acti
vation energy of 9.3 kJ/mol above liquid nitrogen
temperatures. The N M R spectrum at helium tem pera
tures gives evidence of tunnelling [8]. A study of quasi
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elastic neutron scattering in N H 4R e 0 4 [9] gives sup
port to the N M R results, for the Arrhenius parameters
for ammonium ion rotation derived from this experi
ment are very close to those determined by Armstrong
et al. [7], All these experiments show that the am m o
nium ion is rotating rapidly except perhaps at the very
lowest temperatures.
The present work on spin-lattice relaxation of the
N Q R of Re in N H 4R e 0 4 and N D 4R e 0 4 was carried
out as a test of the theoretical model and a supplement
to the proton relaxation time studies. Measurements
on K R e 0 4 were also performed for comparison with
the ammonium salts. Some preliminary results have
been published previously [2].

II. Theory
The basis for the current theory [3, 4] of the anom a
lous behaviour of ammonium perrhenate is that there
are two energetically inequivalent orientations for the
ammonium ion in the scheelite structure [10]. Each
cation is surrounded with eight oxygen atoms in two
sets of four; in the two orientations of the cation, the
N - H bonds point respectively to one or other of these
sets of oxygen atoms. The energy difference between
the two orientations is a function of the lattice geom
etry, and the anom alous thermal expansion and other
properties are explained as the result of a cooperative
coupling between the ammonium ion orientation and
the lattice strain, i.e. the unit cell dimensions.
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Fig. 1. The geometrical arrangement of amm onium ions
around a particular ReO* anion in the scheelite structure.
The cations numbered 1 to 4 lie at the same level the c-axis
as the Re atom; these positions are described as equatorial
positions relative to the anion. The cations numbered 5 to 8
are displaced by + c/4 along the c-axis, and occupy axial
positions relative to the anion. The four R e - O bonds point
into the spaces defined by the following pairs of cations:
(1,5), (3, 7), (2, 6), and (4, 8); the two lighter lines from each
oxygen atom indicate the tw o neighbouring cations.

At low temperatures, analysis of neutron diffraction
data from the deuterated salt shows that the N - D
bonds of the ammonium ion are oriented towards the
four closest oxygen atoms, which are attached to an
ion displaced by ± c /4 along the c-axis, the so-called
“axial” orientation [5, 10]. At higher temperatures, it is
assumed that some ammonium ions are oriented to
wards the four slightly more distant oygen atoms at
tached to anions at the same level along the c-axis as
the ammonium ion. This is called the “equatorial”
orientation. In the diffraction analysis based upon a
single deuterium position [5], the room tem perature
results indicate that (i) the N - D bond points close to
the direction of the m idpoint between the positions of
the axial and equatorial oxygen atoms, and (ii) the
deuterium atom shows a highly anisotropic thermal
ellipsoid with the long axis extending between the two
likely deuterium sites, as a result of approxim ately
equal populations of the two orientations of the am 
monium ion.
In Taylor’s theory, a pseudospin az (i) is assigned
takes values of +1 and —1 corresponding respec
tively to the axial and equatorial orientation. The en
ergy of the crystal is written in terms of an effective
field related to the crystal strain, and the interactions
between ammonium ions [4].
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In the analysis of the rhenium N Q R relaxation
times, attention is focussed on the anions rather than
the cations, but the geometrical considerations are
similar. Each R e 0 4 anion is surrounded by eight am
monium ions, in two sets of four. The positions of
ammonium ions around a particular anion (which
may be thought of as being at the origin for present
purposes) are shown in Figure 1. Four ammonium
ions, numbered 1 to 4 in the diagram, lie at the same
level along the c-axis, and the other four, numbered 5
to 8, are displaced by ± c/4 along the c-axis. The first
four ammonium ions are in equatorial positions rela
tive to the chosen anion, while the second four ammo
nium ions are in axial positions. Each of these eight
ammonium ions may be in either the axial or equato
rial orientation.
In the neighbourhood of each of the four oxygen
atoms in a particular anion there are two cations, one
in the axial position and the other in the equatorial
position. W ith the numbering defined in Fig. 1, each
oxygen atom or R e - O bond can be identified by an
index 6 = 1 ,2 , 3, 4, such that the R e -O bond with
index b points into the space between cations num 
bered b and b + 4. At 20 K the distance from an oygen
atom to the neighbouring equatorial nitrogen atom,
i.e. O • • • N (b), is 3.03 Ä, and the distance to the axial
nitrogen atom, i.e. O • • • N (b + 4), is 2.87 Ä. These dis
tances hardly change with temperature in spite of the
very large therm al expansion [5].
W hen a cation in an equatorial position relative to
the anion at the origin is in its equatorial orientation,
one of its N - H bonds points at an oxygen atom of the
anion at the origin; if it is oriented axially, then none
of its N - H bonds point at the anion at the origin.
When a cation in an axial position is in its axial orien
tation, one of its N - H bonds points at an oxygen
atom of the anion at the origin; if it is oriented equatorially, then none of its N - H bonds point at the
anion at the origin. Consequently each oxygen atom
in a given anion may have 0,1 or 2 N - H bonds
pointing towards it, depending upon the orientations
of the two two nearby cations.
The eight neighbouring cations contribute to the
electric field gradient (EFG) at the Re atom at the
origin, and the contribution of each cation depends
upon its orientation. The number of possible combi
nations of orientations of these eight cations is
28 = 256. At low temperatures, all cations are in the
axial orientation and the configuration can be de
scribed, using the pseudo-spins az (i) to indicate the
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orientations of these eight cations, as follows:
cation:
ffz (/'):

1
+1

2
+1

3
+1

4
+1

5
+1

6
+1

7
+1

8
+1

At higher temperatures, some cations will be excited
to the equatorial orientation (a. (i)= —1), singly at
first:
-1

+1

+1

+1

+1

+1

+1

+1

+1

-1

+1

+1

+1

+1

+1

+1

etc.

Single excitations are expected to become im por
tant at about 90 K, the temperature at which anom a
lous therm al expansion begins [5]. At high enough
temperatures, there are multiple excitations and all
256 possible combinations become occupied:
-1

-1

+1

-i-l

+1

+1

+1

+1

-1

+1

-1

+1

+1

+1

+1

+1

etc.
etc.

-1

-1

-1

-1

-1

-1

-1

-1 .

For each of these possible configurations there is a
corresponding EFG at the Re site. A change in the
orientations of the eight neighbouring cations causes
(in general) a change in the EFG at the Re site, but if
a cation rotates without change of orientation, then
the E FG does not change. The fluctuations of the
EFG caused by changes in the orientation of the
cations cause quadrupolar relaxation of the Re nu
clear spin, in addition to the phonon relaxation which
is responsible for relaxation in the alkali metal per
rhenates. The present experiments were undertaken to
detect this additional relaxation.
When an ammonium ion rotates from one energy
minimum to another, the hydrogen atom s move col
lectively to new positions, which may correspond to a
perm utation of the atoms among the original posi
tions with no change in the orientation of the ion
relative to the cage of oxygen atoms, or may be new
positions corresponding to a change in orientation.
The correlation time determined from dipole-dipole
relaxation in NM R refers to rotational motion, with
out regard to changes in orientation. The correlation
time for the additional relaxation process which is
postulated here is related to changes in the orienta
tions of the eight cations adjacent to each anion, and
so may be quite different in magnitude, for two rea
sons. Firstly, all eight cations adjacent to each anion
influence the EFG, and secondly not every rotation
leads to a change of orientation.
The effect of the orientations of the adjacent am m o
nium ions on the EFG at the Re site is not easily

calculated, but the possibilities can be explored using
the pseudo-spin formalism and a point charge model.
For each R e -O bond, there are two nearby cations,
each of which is in one of two orientations. The four
possible situations are given in the following table, in
which b identifies the R e -O bond and takes the values
1, 2, 3, or 4, oz (b) is the pseudo-spin variable for the
cation in the equatorial position, and az (b + 4) is the
pseudo-spin variable for the cation in the axial posi
tion (see Figure 1); neq (b) and nax (b) are the number of
hydrogen atoms which are coordinated to the oxygen
atom 0 (b) from the equatorial and axial cations re
spectively, and n (b) is the sum of these.
<yz (b)

o2(b + 4)

+
+

i

+ 1

i

- 1

«eq

- l

+ 1

0
0
1

- l

- 1

1

(b)

"ax

(b)

n{b)

1

1

0
1

0
2

0

1

The situation at each of the four R e -O bonds can
be catalogued in this way for all 256 possible configu
rations of the eight cations adjacent to a given anion.
In the “ground state” in which all cations are oriented
axially, every oxygen atom has one hydrogen atom
from the cation in the axial position coordinated to it;
other states may have either zero, one or two hydro
gen atoms coordinated to a given oxygen atom, with
a corresponding distortion of the electronic charge
distribution in the cation which affects the EFG at the
Re atom.
The contribution to the EFG induced at the Re site
can be modelled by replacing each hydrogen atom by
a point charge if the N - H bond is directed to the
anion at the origin, and ignoring it otherwise. An
alternative would be to represent the ammonium ion
by an electric octupole centred at the nitrogen atom,
but this is more complicated and not necessarily more
accurate. The E FG at the Re site will be modified by
Sternheimer effects due to the electronic charge distri
bution in the covalently bonded anion. For a single
charge at coordinates (X, Y, Z) in a coordinate frame
(x, y, z) in which the z axis coincides with the crystal
lographic c axis, the E FG at the origin is given by the
following, apart from a constant factor:
Vxx= - ( R 2- 3 X 2)/R5 ,

Vyy= - ( R 2- 3 Y 2)/R5 ,

Vzz = —(R2 —3 Z 2)/R5,

Vxy = 3 X Y / R 5 ,

Vyz = 3 Y Z / R 5,

Vzx = 3 Z X / R 5

where R = ( X 2+ Y 2 + Z 2)112.
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We consider first the case in which the angle 6 be
tween the z-axis and the direction of the charge is
equal to the tetrahedral angle, so that Z = + R/yJ3
and Vzz = 0. The (x, y) axes may be chosen arbitrarily
in the (a, b) plane since rj = 0 overall; if the axes are
chosen so that the charge is equidistant from them,
then X = Y = ± R/yJ3, and so:
vxx = Vyy= V zz = 0,

Vxy = R - 3 sgn (X Y),

Vyz= R ~ 3 sgn (YZ),

Vzx = R ~ 3 sgn( ZX) ,

where sgn(.) takes the values ± 1 corresponding to
the sign of the argument of the function. Thus a tetrahedrally placed charge makes no contribution to the
diagonal elements of the EFG in the crystal axis
frame, but does generate off-diagonal elements. Fluc
tuations in the off-diagonal elements of the E FG ten
sor due to due to addition or removal of the charge
(which would mimic a change in orientation of a
nearby cation) would cause quadrupolar relaxation of
the Re nucleus. The Vxy component causes Am = + 2
transitions, and the Vyz and Vzx com ponents cause
Am = ± 1 transitions, among the three doubly degen
erate levels of the static I = 5/2 pure quadrupolar en
ergy levels [11]. Thus measurements of the nuclear
spin relaxation time for the Re nucleus should be sen
sitive to changes in cation orientation. The onset of
additional spin relaxation should occur at the same
tem perature that anom alous thermal expansion be
comes apparent, namely about 90 K, since the two
effects are associated with the excitation of the cations
to the equatorial orientation.
If the charge is not at the tetrahedral angle to the z
axis, then there is a contribution to the principal com 
ponent of the E FG tensor Vzz, which may be positive
or negative depending on the angle. In the N H 4R e 0 4
structure, the hydrogen atom positions with respect to
the Re atom do not have perfect tetrahedral symmetry
and as a result, there may be a significant contribution
to the principal component Vzz of the E FG tensor. The
contributions from axial and equatorial hydrogen
atom s are probably of opposite sign, because the rele
vant angles are on opposite sides of the tetrahedral
angle. At low temperature, all cations are oriented
axially, and Vzz reflects the “all-axial” configuration.
In the high tem perature limit, there are equal numbers
of equatorially- and axially-oriented cations, and the
correlation time for switching between orientations is
very short, so Vzz reflects the average of the “all-axial”
and “all-equatorial” configurations. Cancellation of
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terms of opposite sign is likely to lead to a reduced
contribution of the cations at high temperature.
Hence changes of orientation of neighbouring
cations may contribute to the observed temperature
dependence of the N Q R frequency, because the hy
drogen atoms on these ammonium ions are not situ
ated tetrahedrally relative to the Re nucleus. This lo
cal effect would be in addition to the changes in the
long-range lattice E F G due to the anisotropic thermal
expansion. The effect of reorientation on the spin re
laxation would be almost the same as if the angles
were exactly tetrahedral. Taylor [4] has pointed out a
linear relationship between N Q R frequency and
strain, although it is not clear whether this arises from
the overall thermal distortion of the lattice, or from
the specific local effect under consideration here.

III. Experimental
In the perrhenate salts, relaxation times are very
short even though the N Q R frequencies in perrhen
ates are not unusually high, because of the com bina
tion of a large quadrupole moment (for both rhenium
isotopes) and the near tetrahedral symmetry of the
perrhenate ion. Between about 150 K and 250 K, the
large tem perature dependence of v0 in the ammonium
salt in com bination with temperature gradients,
makes in the resonance difficult to follow because of
very short T* values. These conditions generate some
practical difficulties in measuring Tx.
The spectrometer used is based upon a No vex
transceiver using quadrature detection, controlled by
a pulse program m er supplied by Dr. L. Guibe of Universite de Paris IX. The power amplifier is an Ampli
fier Research M odel 200L, and the peak pulse power,
measured with a Bird RF Power Analyst model 4391,
was typically 150 W. A Nicolet 1270 signal averager
was used to collect the free induction decay (FID) or
echo. Temperature was controlled in a cryostat using
either a flow of cold nitrogen gas or a liquid nitrogen
splash [12]. Temperatures were read with two therm o
couples attached to the block of the cryostat.
The K R e 0 4 sample was in the form of a powder,
supplied by Strem Chemicals (Newburyport, MA). Af
ter some initial measurements on N H 4R e 0 4 powder,
it was decided to use a singe crystal. The use of a single
crystal meant that the tip angle of the RF pulses was
well defined, and the response to multiple pulses was
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simpler to interpret. The single crystal was coated
with epoxy glue in order to avoid disintegration of the
sample as a result of cracking due to tem perature
gradients. There was no evidence of distortion of the
N QR signal or a shift in frequency due to stresses on
the crystal caused by the epoxy coating. The single
crystal was oriented with the c-axis perpendicular to
the RF field by means of the Zeeman effect on the
resonance in a small magnetic field. The sample of
N D 4R e 0 4 had been deuterated by repeated recrystal
lization from D 20 , and was in the form of a powder.
Measurements on the 1 /2 -3 /2 resonance in K R e 0 4
powder were done with a n/2 —x —7t/2 —xe —7r/2 se
quence, with the echo delay xe held constant at 100 |is;
the length of the 7 t/2 pulses was adjusted to give
maximum signal following the pulse, and was gen
erally in the vicinity of 8 jj.s. The second half of the
echo was collected in the signal averager and Fourier
transformed in order to plot the recovery as a func
tion of T.
M easurements on the 3 /2 -5 /2 resonance in
N H 4R e 0 4 powder near room tem perature using this
method were not successful because of the very short
Tx and the appearance of multiple echoes at short
values of r. This problem was avoided by using a
single crystal and the simplest possible pulse sequence,
namely the inversion-recovery sequence n —z —n/2
with the signal recovery m onitored by the F ID ampli
tude. The F ID amplitude following a single pulse was
measured as a function of pulse length over more than
one cycle of tip angle to confirm that signal inversion
was taking place; the rc/2 pulse length was determined
in this way after each m ajor change of temperature,
and was found to vary between 3 and 5 jis. This proce
dure gave satisfactory results from room tem perature
down to about 250 K.
At low temperatures (below 160 K) the inversion
recovery sequence could not be used because of probe
ringing and shorter T2* values. Instead a saturation
recovery m ethod was used, using the sequence
tsat —T—n/2 —Te —n/2 with a single long pulse tsal of
100 |^s to achieve saturation. The recovery of the echo
amplitude was monitored; the echo am plitude ap
proached zero for short t, indicating that saturation
had been achieved. A 500 ms delay was used between
pulse sequences to avoid sample heating. This method
was also used for measurements on powdered
N D 4R e 0 4 at all temperatures. Relaxation times mea
sured this way showed better reproducibility than
those obtained by other methods.

In each of these experiments, Tj values were deter
mined by fitting the data to the appropriate exponen
tial recovery function using a Simplex procedure. No
deviation from exponential recovery was detected.
The accuracy of the Tt values was estimated to be
± 1 0 % , but the consistency is not as good for the
shorter Ti values.

IV. Results and Discussion
(1) KReOA
The tem perature dependence of Tx for K 187R e 0 4
powder plotted as l n ^ / ^ s ) versus ln(T/K ) is shown in
Fig. 2, some of the data having been published in [2].
The data are consistent with the expected T ~ 2 depen
dence [13] over most of the range, but the slope of the
graph suggests a slightly steeper dependence at low
temperatures. At room temperature, Tj is only about
340 |is, showing that relaxation is rapid even in the
alkali metal salt in which there is no rotating poly
atomic cation.
(2) NHAReOA
The 187R e/185Re ratio of Ti values in N H 4R e 0 4 at
99 K was found to be 1.18 + 0.17, which is consistent
with quadrupolar relaxation. The best indication that
the relaxation is quadrupolar rather than magnetic
dipolar is that Tx in N D 4R e 0 4 is smaller than in
N H 4R e 0 4. The magnetic dipole moment of the
deuteron is about 1/9 of that of the proton, and so
deuteration should increase Ti if magnetic interac
tions contributed significantly to spin relaxation.
The tem perature dependence of Ti in N H 4187R e 0 4
plotted as l n ^ / f i s ) versus ln(T/K) is shown in Fig
ure 3. The graph shows that in the middle of the tem
perature range the mechanism responsible for the re
laxation is not lattice phonons alone. The strong
deviation from the line of slope —2 starting at about
90 K shows that there is an additional relaxation
mechanism operating, which can be attributed to
quadrupolar relaxation due to changes in the orienta
tion of the cations. The reduction in Tx begins at the
same tem perature at which anomalous thermal ex
pansion begins.
Between 170 K and 250 K Tx is so short that it was
not measurable, and the exact tem perature depen
dence could not be determined; the form of the curve
on either side of the gap suggests a fairly deep mini-
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T /K
100

200

300

ln ( T /K )
Fig. 2. Temperature dependence of Tx for the 1 /2 -3 /2 transition o f 187Re in K R e 0 4, plotted as l n ^ / n s ) versus ln(T/K ). The
line has a slope of —2 and is drawn for comparison with the data.

mum centred at about 200 K. This is also the region
where the tem perature dependence of the N Q R fre
quency becomes very large, and observation of the
resonance is difficult due to temperature gradients; the
observed shortening of Ti on either side of the gap is
not due to any difficulties in observing the resonance.
Above 250 K, Ti becomes measurable again with a
value of approxim ately 140 us; the data are consistent
with a T ~ 2 extrapolation of the low tem perature data,
although a T~ 2 dependence of 7\ above room temper
ature is not discernible in the measurements. A ppar
ently as the correlation time for the fluctuation of the
E F G at Re becomes shorter, phonon-induced relax
ation again becomes the dom inant relaxation mecha
nism.
The quadrupolar relaxation time for Re was esti
m ated by Arm strong et al. as 265 ^s at 167 K [7], for

measurements of proton relaxation times
and T1D.
This is larger than the value of 170+15 |is at that
tem perature obtained from the present measurements.
Their value was based upon a num ber of assumptions,
and the agreement on the general order of magnitude
can be regarded as satisfactory. At room temperature,
Arm strong et al. determined a “rough” value of 75 jis,
which is smaller than the present measured value of
140+ 15 fis. The present results are not consistent with
their deduction, based upon non-exponential decay of
dipolar order, that Tx follows at T~2 temperature
dependence between 167 K and 298 K.
The apparent minimum in Tt near 200 K suggests
that at this tem perature the correlation time for fluc
tuations in the E F G is of order l/a>q, i.e. 5 x 1 0 “ 9
seconds. By comparison, the correlation time for rota
tion determined from both N M R [7] and quasi-elastic
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4.3

4.5

4.7

4.9

5.1

5.3

5.5

5.7

ln (T /K )
Fig. 3. Temperature dependence of Ti for the 3/2 —5/2 transition of 187Re in N H 4R e 0 4 (□) and N D 4R e 0 4 (+), plotted as
ln ^ j/n s) versus ln(T/K ). The line has a slope of —2 and is drawn for comparison with the data.

neutron scattering [9] is about 6 x 10“ 12 seconds at
this temperature. The much longer timescale for fluc
tuations of the EFG relative to the correlation time for
rotation suggests that changes in the orientation of an
individual ammonium ion are relatively rare. The ra
tio of populations of cations in the axial and equato
rial orientations are determined by the temperature,
as described in the pseudo-spin theory [3, 4], and the
ratio of probabilities for equatorial -> axial and ax
ial -> equatorial rotations must be consistent with the
ratio of populations. However both these probabilities
are apparently much smaller than the probabilities for
rotations in which there is no change in orientation.
If the phonon-induced relaxation rate is assumed to
the described by the straight line of slope —2 in Fig. 3,
the relaxation rate due to changes in cation orienta
tion, 1/Tc, can be calculated as the difference between

the measured relaxation rate 1/Tt and the phonon-in
duced relaxation rate; the Arrhenis plot for the
cation-induced relaxation rate 1/Tc below 170 K is
shown in Figure 4. The data covers two orders of
magnitude, and gives an activation energy of
9.0 ±0.5 kJ/mol. This is practically the same as the
activation energies obtained from proton spin-lattice
relaxation and neutron scattering.
Richardson and Howard [9] concluded that their
neutron scattering results were fitted best if am m o
nium ion rotation takes place by C 3 rotations about
the N - H bonds. Such rotations do not lead to a
change in orientation, and so this conclusion is consis
tent with the present conclusion that the correlation
time for change of orientation is long compared with
that for rotation generally. The simplest means for
changing orientation is through rotations of about 90°
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(1000 K )/T
Fig. 4. Arrhenius plot for the cation-induced relaxation rate 1/ T lc in N H 4R e 0 4 for temperatures below 170 K. The slope of
the least-squares line corresponds to an activation energy o f 9.0 ± 0 .5 kJ/mol.

about the C 2 axes, which may follow a quite different
energy profile from the C 3 rotation; if this is so, the
agreement am ong the various activation energies is a
little surprising.
It is interesting to com pare the three activation en
ergies of about 9 kJ/m ol (determined by NM R, N Q R
and neutron scattering) with the energy difference be
tween the axial and equatorial orientations of the
cation. The latter was determined to be 1.7 kJ/mol
(equivalent to 210 K) at low temperatures, falling to
much smaller values at higher temperatures; this re
sult was obtained by fitting the param eters of the
pseudo-spin theory to therm al expansion data [4]. The
com parison shows that the axial and equatorial orien
tations of the cation are associated with well-defined
minima in the potential energy surface, and that the
equatorial orientation is not the transition state be
tween adjacent axial orientations.

(3) NDAReOt
The measured N Q R frequency agreed closely with
published data for the deuterated salt [14], over the
whole tem perature investigated; this was taken as
evidence of a high degree of deuteration.
The Ti data for N D 4R e 0 4 are plotted in Fig. 3, and
show that Tx is slightly smaller than in N H 4R e 0 4
near room tem perature, showing that quadrupolar
relaxation is dom inant. The tem perature dependence
generally follows that of N H 4R e 0 4 above about
110 K, but below that tem perature 7\ becomes ap
proximately constant. The reason for this behaviour is
not known. The timescale for amm onium ion rotation
is expected to be longer by a factor in the range of J l
to 2, but this is not sufficient to explain the observa
tion. The possibility of relaxation by paramagnetic
impurities at low tem peratures was considered. The
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EPR spectrum of the sample was run in an X-band
spectrometer between 500 gauss and 3500 gauss with
a m odulation amplitude up to 20 gauss. No signal was
observed, suggesting the absence of param agnetic im
purities.
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