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Abstract. Above 30% deuteration, ammonium hexachloropalladate undergoes the phase trans-
ition Fm3m — P2;1/n, with T, increasing to 30.2 K for puréND4),PdCk. Rotational tunnelling

of NH4 and NH;D was used to study this phase transition. The transition energies are related
to the tunnelling matrix elemenis. NH3D can be described as a one-dimensional rotor, with

the one-dimensional matrix elements being almost exactly the averages of the three-dimensional
ones. In the high-temperature phase the intensities of the respective tunnelling transitions confirm
a statistical occurrence probability of the isomers. In the low-temperature phase the strength of
the rotational potential increases by about 30%. A broadening of thdDNthnelling line with
decreasing temperature above the crystallographic phase transition is interpreted as an intermediate
glass phase which evolves due to long-range dipolar coupling combined with positional disorder.

1. Introduction

Rotational potentials of ammonium ions (iNH4)>,BCs compounds, wh B a tetravalent
metal ion ad C a halogen, are systematically studied by tunnelling spectroscopy using
neutrons [1,2]. Ammonium hexachloropalladatéH,),PdCk, is in this class the compound
with the largest tunnel splitting. The crystal structure of the protonated species 3s:
down to helium temperature. The tunnelling sublevels are determined by the tetrahedral site
symmetry of the ammonium ion. Thisleadsto the well-known doublet at the transition energies
howa_t = 58 neV andhwe_,t ~ %ﬁa)A%T. In terms of tunnelling matrix elements this level
scheme is described by just one single parameter, tifedl20lap matrix elemerit, since the
four possibly different:; are identical by symmetry and the three 180erlap matrix elements
H; are negligibly small [3].

Because of its large tunnel splitting\NH,4),PdCk was seen as a candidate for showing
the large isotope effect of rotational tunnelling. Very unexpectedly, howeM&,),PdCk
transforms into a new crystallographic low-temperature phagg at 30.2 K [4]. In mixed
crystals the phase transition temperature is expected to decrease with increasing degree of
protonation until, at some critical concentratig the phase transition is suppressed. The
occurrence of the phase transition at such low temperature allows us to apply the very sensitive
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rotational tunnelling spectroscopy to investigate this phase transition characteristic of the
perovskite ABCg family [5].

1.1. The effect of H/D mixing

A sample made of a mixture of purely protonated and purely deuterated material will contain—
due to proton exchange—partially deuterated ammonium species. Since they are chemically
equivalent they will occupy sites statistically. Accordingly, effects of disorder have to be
considered. At low degrees of deuteration the predominant species gizaitd NH,. Both

show large tunnel splittings with reasonable intensities.

1.2. The phase transition

The phase transition iiND,4),PdCk leads from the high-temperature (HT) cubic ph&ge3m

to a low-temperature (LT) monoclinic pha&®;/» [6]. The most important change in the

LT structure is a loss of any symmetry at the site of the ammonium ion accompanied by a
large-angle rotation of the ammoniums and a small-angle rotation ogRa@Glhedra to new
equilibrium orientations. The reduced site symmetry of the ammonium ion will be connected
with a splitting of the T states. Due to the change of the environment of the ammoniunTion at

the rotational barrier and thus the size of the tunnel splitting will change, too. The largelA

tunnel splitting of the high-temperature phase allows for rather strong potential changes before
the tunnel splitting of the LT phase is too small to be resolved in a high-resolution neutron
scattering experiment. This makes the system very favourable for the intended study.

A similar sequence of phases to the one that occurs in the title compound is found
for ammonium hexachloroplatinate. In this material the phase transition temperature of
the deuterated compound & = 27.2 K and the low-temperature crystal structure is
P4,/n [7]. Despite the considerably stronger rotational potential of the ammonium ion, a
deuteration-induced phase transition was observed in ammonium hexachloroplumbate at the
higher temperaturé. = 384 K [8].

There are other ammonium compounds of the perovskite type known, where a transition
occurs in the protonated materighH,4),SeC} shows a phase transition Bt = 24.5 K. The
transition leads into a phase of unknown lower symmetry and a correspondingly complicated
tunnelling spectrum [9].

2. Experimental procedure and results

2.1. Sample preparation

The sample preparation is based on Bd&id ammonium chlorine as ingot materials. A
problem with preparing APdCk, A = NHj or NDj, is due to the fact that the stable valence

of Pd is Pd* and not Pd" as needed for the title compound. Only in an acid environment,
i.e. when prepared under a flow of chlorine gas [10], does the synthesis lead to the required
compound:

PACh + 2NH,Cl + Cl, — (NH,),PdCk.

The degree of deuteratiarp is adjusted by choosing the appropriate ratio of J&Hand

ND4CI. In this way six samples have been obtained with nominal concentratipas 0,

0.1, 0.3, 0.5, 0.7, 1. There was no extra control of the degree of deuteration in the final
samples. However, the tunnelling spectra themselves allow an independent estimate of the
actual degree of deuteration to be obtained: if the protons are distributed statistically among
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the various isotopomers, their occurrence probability obeys a binomial distributiorp)
and the proton density of a partially deuterated specieg (s, cp) (table 1, columns 2 to 5).
This can be tested experimentally (see below).

Table 1. np(n, cp) for variouscp and all isotopomers with # 0. p(n, cp) is the binomial
distribution for finding a proton in the isotopomers NBY,_,. The sum of all termap(n, cp)
yields the average number of protons of the ammonium ions at the givel is proportional to
the total scattering probability of unit weight of the material.

Concentration I(NH4)  1(NH3D) I(NH2D3) I(ND3H) T, (K)

cp=0.1 2.62 0.87 0.10 0.00 —
cp =03 0.96 1.23 0.26 0.41 —
cp =05 0.25 0.75 0.75 0.25 18.0
cp =07 0.03 0.23 0.53 0.41 24.7
cp =10 — — — — 30.2

2.2. Structural information

2.2.1. X-ray diffraction. To determine the phase transition temperature for the various degrees
of deuteration, diffraction patterns of each sample were recorded as functions of temperature
by an automized low-temperature x-ray diffractometer over the rangg'8K) < 32 while
the sample was cooled down in a closed-cycle refrigerator with a temperature slope of about
4 K h~1. Phase transition temperatures can be determined with an accuracy of about 1 K.
Table 1 (last column) show&. obtained by this technique.

No phase transition is found for samples with < 0.3. At c¢p = 0.5, T, has steeply
increased tev:% of the value for the fully deuterated material (figure 1).

40

temperature [K]
N
o

Figure 1. The variation of the temperature of then3m — P21/n phase transition with
deuteratiorcp. The dashed curve is an extrapolation to low temperatures consistent with there
being no phase transition belay = 0.3.

The HT cell volume atf, amounts to about 9183 There is an increase of the LT
cell volume atT, of about 0.2%. The cell volume stays constant in the LT phase while it
still decreases at the same temperature for concentrations where the phase transition does not
occur [11].
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2.2.2. Neutron diffraction. The space group of the lo®-phase was determined using
data taken at the neutron powder diffractometer D2b of the ILL, Grenoble.cd~at 0.3

the structure remains cubic down to the lowest temperatute 4 K as found in the x-ray
experiment. The mixed crystals witly > 0.5 are monoclinic with space group2;/n like

the fully deuterated material [6]. Lattice parameters and cell volumes obtained from neutron
diffraction coincide well with those derived from x-rays.

2.3. Inelastic neutron scattering

To cover the energy range8 to 65 ueV, the high-resolution backscattering spectrometer
IN10B ofthe ILL, Grenoble, was used with its K00} variable-temperature monochromator
at a wavelength. ~ 6.27 A and energy resolutioh® ~ 2.0 ueV. A typical measuring time
for a complete spectrum was about 15 h. Finally, the maximum energy was reduced to about
30 ueV to get about 15 spectra in the range of sample temperatlfés £ 7 < 22 K and
deuterium concentrationsD< ¢p < 0.5. The data atp = 0.1 were completed by spectra
taken at the backscattering spectrometer BSJ at the research reactor FRJ2 ofiliehFZ e
three spectra taken fep = 0.5 are characteristic of the high- and low-temperature phases
and an intermediate situation; the sample with= 0.3 undergoes significant changes of the
NH;3D line profile despite the fact that it does not transform into the LT phase; similar features
are observed for the sample with = 0.1 with a denser net of temperature points (figure 2).
Transition energies are obtained by a standard fitting procedure. The scattering function
is composed of an elastic line and tunnelling transitions. The former is represented by a
3-function and the latter by Lorentzians. The additional broad features are represented by
Lorentzians, too. The scattering function composed this way is convoluted with the measured
resolution function. Figure 3 shows the transition energies extracted this way; table 2 gives
the numerical values. Some quantitative analysis is given in section 3.1.4.

3. Discussion

3.1. High-temperature (HT) and low-temperature (LT) phases

The spectrum of the HT phase, e.g. that §gr= 0.5 and7T = 22 K (figure 2), can be
straightforwardly explained: the weak lines at 22.4/448V represent the known

E/A — T splitting of the librational ground state of the three-dimensional, Kbfor. The
dominant new single line at 1448V is due to NHD species. The high occurrence probability

of NH3D explains its large intensity. The transition energy is close to that estimated by a rule
of thumb from a potential strength scaling up the Ndbtential using the ratio of the related
rotational constants [12].

At T = 2.0 K the sample withep = 0.5 is in the LT phase. The strongest tunnelling
line is now athw, = 7.2 neV (figure 2) and must be assigned—again due to its intensity—to
the one-dimensional N4 rotor. The weak features at 10eV and above are assigned to
NH4 tunnelling. Thus all transitions are shifted to lower energies by about a factor of 2 due to
stronger rotational potentials.

3.1.1. Scaling of tunnelling matrix elements in the higlphase. For reasonably strong
potential barriers the only important overlap matrix elements are those related to rotation
about the four threefold axes (126verlaph;,i = 1,...,4). In the HT phase the molecular

site symmetry ist and the four possible matrix elements are all identical and calldtithe

zero of the energy scale is fixed to the unsplit T states of the ground state, the levels are [3,13]
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Figure 2. Tunnelling spectra of APdCk, A = ammonium, atdeuterations = 0.5andcp = 0.3,
instrument IN10B, ILL, andp = 0.1, instrument BSJ, FZuich. Atcp = 0.1 and 0.3 the sample
is in the HT phase at all temperatures.
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Figure 3. Sample: APdCk, A = ammonium. The temperature dependence of the observed tunnel
frequencies of the three partially deuterated samples investigated and linewidthsfd@.1. Solid
symbols refer to NiJ. Open symbols refer to N¢D. The solid curves are guides to the eye.

E(AA) = 8h, E(TT) = 0, E(EE) = —4h. Sinceh is negative, A is the tunnelling ground
state. From the measured transition enéigy_.t = 58 ueV [4] one obtaing = —7.25ueV.

Partial deuteration reduces the symmetry of the potential. Due to the unique threefold
axis of NH3D, the one tunnelling matrix element exchanging only protons is distinct
from and larger than the otherdy > h, = hz = hy4, and the energy levels become [3]
E(AA) = 2hq + 6hy, E(TA) = 2hq — 2hy, E(TE) = —hq + ho, E(EE) = —hy — 3hy. hyis
connected with a cyclic exchange of two protons and one deuteron.

Two procedures are proposed for estimating the pararmghem 4 obtained for the fully
protonated species:

(a) Thefirstrecipe emphasizesthe analogy to one-dimensional rotation. The rotational ground
state in this case is a doublet. This is obtained mathematically from the above equations
by choosingh, = 0. Physically the disappearance/gfis justified by the fact thak,
describes the exchange of unequal atoms, H with D. The only sizable tunnel matrix element
then ish;. It describes the rotation about the threefold symmetry axis of the molecule.
This tunnelling level scheme evolves from that of the original three-dimensional rotor
when, at maximum splitting of the T states, one T state coincides with the A ground state
the two others with the E level (cf. reference [3]). Under the assumption that the matrix
elementr; is unchanged, a tunnel splitting

_ 3.
o (NH3D) = Shooa7(NHa) = 2175 ueV (1)

is calculated. The environment is assumed to remain tetragonal. The above equation can
be rewritten as [3]

1
h1 = Z Z h; (2)
which means that the one-dimensional tunnelling matrix element is just the average of the
three-dimensional tunnelling matrix elements of theg®tspecies.

Due to the strange behaviour of the plHtunnelling line, spectral features can only
be compared at higher temperature in the mixed compound. For exampig, 0.1
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Table 2. The temperature dependence of the tunnelling transition enérgiés€V) of partially
deuterated ammonium hexachloropalladates. The linewidths are given in brackets. IN10B and BSJ
are backscattering spectrometers at ILL and &Iitch, respectively, IN5 is the cold time-of-flight
spectrometer of the ILL.

D T (K) NH4 NH3D Instrument
00 36 581 IN5
9.0 58.0 IN5
16.2 544 IN5
245 432 IN5
283 372 IN5S
319 326 IN5
351  29.0 IN5
01 15 29.2 19.3 11.7 IN10B
8.3 29.0 IN10B
20.0 23.9 16.0 IN10B
2.1 29.1(1.1) 21.1 126 8.8 BSJ
8.7 29.1(1.1) 10.6 BSJ
13.2 28.5(1.1) 17.3 BSJ
15.7 27.4(1.1) 18.2(3.8) BSJ
18.8 25.8(1.1) 17.1(2.2) BSJ
21.6 22.8(1.1) 15.2(1.2) BSJ
26.0 19.9(1.2) 13.2(1.2) BSJ
29.7 330 16.5(1.8) 11.0(1.8) BSJ
03 15 28.8 19.3 11.7 IN10B
8.3 29.0 IN10B
11.0 28.1 17.6 IN10B
13.9 26.8 17.1 IN10B
185 503 25.2 16.5 IN10B
22.0 22.9 14.8 IN10B
05 20 192 117 7.1 IN10B
18.5 15 7.0 IN10B
196 476 236 14.8 6.8 IN10B
220 449 225 14.9 IN10B

andT = 18.8 K equation (1) yields
_ 3
hw(NH3D) = 17.8 ueV < e 26.9 ueV = 20.2 ueV.

The potential of the partially deuterated species is stronger than is predicted by
extrapolation.

NH4CIO, follows the same relation: the tunnel splitting of RBlin NH,CIO, was
found at~3.3 eV [14]. Due to them-plane at the ammonium site, the four possible
orientations of NHD are inequivalent in this material: rotations about different rotational
axes involve different tunnelling matrix elemerits and thus lead to different tunnel
splittings. However, the special values of the[15] lead to a single triply degenerate
somewhat broadened tunnelling line—found in the experiment—and an unresolved fourth
one. The observed splitting is again smaller than the one calculated from equation (1):
g x 2> h; = 3.06 ueV. This means that, again, the barrier is stronger for the partially
deuterated molecule.

Applied to NH,D, the model makes all 12@verlap matrix elements very small and
the tunnel splittings merge into the elastic line. This agrees with the fact that except
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for almost free-rotor systems, e.g. Hofmann clathrates [16], ammonia on MgO [17] or
methane [18, 19], rotational tunnelling around axes including an exchange of hydrogen
and deuterium was never observed.

NDsH has the same symmetry as BiBibut the overlap matrix elememntis much
smaller and—since the proton is not involved in the particle exchange—the transition
probability is weighted with the small incoherent scattering cross section of deuterium
only. Thus a transition will be weak, and the energy transfer small. Despite the weak
scattering, it might be technically possible to observe this transition at a large degree of
deuteratiorrp where protonated species are present with very low probability only. At
such concentration our sample will transform into the tetrahedral phase, however.

(b) The second method is based on the isotope effect in rotational tunnelling. The argument-
ation follows from the Sclirdinger equation of the problem [3]:

V E;
<—v2+§ — E)‘I”' =0. (3)

V2 represents the dimensionless kinetic rotational en@&ggthe rotational constant of the
rotor, V the rotational potential, which is the product of a strength factor and a symmetry
adapted normalized function (see the next section)darite eigenfunction of state At

full deuteration the spatial symmetry of the problem is unchanged. However, the strength
ofthe rotational potential is increased by the ratio of the rotational constants [3]. Asregards
rotational levels, both systems obey the same mathematical formalism and the tunnel
splitting can be safely predicted from that of the protonated species. Maki [18, 20] had
proposed interpolating the tunnel matrix elements of the partially deuterated isotopomers
despite the different symmefrgm the same formalism. On the basis of data on matrix-
isolated methane, the matrix eleménis kept unchanged arig calculated as the matrix
element of a protonated species in a potential scaled up from that of the fully protonated
species, the strength factor being calkegl[13], by the ratio of the respective rotational
constantsB,:

h1(H3)NH,Dp = h1(H3)NH, (A3)

B
ha(H2D)nHap = h1(H3)NH, (As NF )
BNH;D

From the symmetry ingredients of theory and intuition, it looks likely that the
extrapolation to matrix elements exchanging equal particles may be correct while the
generalization to an exchange of unequal atoms looks arbitrary for the strong rotational
potentials considered in this paper. This view is supported by the fact that in none of the
partially deuterated methyl groups, besides almost free rotors [16,17, 19], was a tunnel
splitting ever observed.

The quantitative treatment shows that the Maki procedure leads to nonzero tunnelling
matrix elements of different size and thus to tunnelling spectra with split lines in
disagreement with the experiment. The experiment supports the similarity gD NH
tunnelling with one-dimensional rotation.

3.1.2. Rotational potentials. Barrier heights are calculated on the basis of the tunnel
matrix elements of the three-dimensional rotor in a tetrahedral environment with a potential
V(r) = AsH3(r) [13], wheret represents the quaternions afg is the lowest-order
symmetry-allowed cubic rotator function, and the exact solution of the Mathieu equation of
the one-dimensional threefold rotor in a potentidly) = (V3/2)(1 — cog3p)). To compare

the two phases, the system with = 0.5 is considered. The results are given in table 3. If
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the librational mode%y; were to be included, the potential shapes would need the inclusion
of higher-order terms. In the case of hHhe corresponding mathematics is not available; in
the case of NKD, Eq; is not known.

Table 3. Potential barriers of NgD and NH; rotors forcp = 0.5 as estimated from the tunnel
splittings observed.

ho (neV) Species Phase Potential,

19* NH3D Fm3m V3 = 38
7.2 NH;D P21/n V3 =50
29/58 NHg4 Fm3m A3 =50
10/20 NH,; P21/n A3 =66

* Extrapolated to zero temperature on the basis of the temperature dependence observed for the
samples not showing a structural phase transitigng 0.3.

The shift of the NHD tunnelling line is related to an increase of the strength of the
rotational potential fromVz = 38B to 50B. On scalingAs by the same factor &, the
tunnelling pattern of the three-dimensional Nidtor in the new environment is estimated to
behwer = 10 neV and twice that value for the A> T transition. There does indeed exist
such a doublet of lines (figure 2). The increased width of these lines must be related to T-state
splittings at the lower site symmetry.

Investigating rotational tunnelling as a function of pressure has shown [4] that the potential
barrier of the ammonium ion iiNH,4),PdCk and thus the intermolecular interacti®f(r)
increases with intermolecular distancess r—*2. The observed change of tunnelling
frequency at the phase transition would thus involve a linear contraction by 2.5%. The
diffraction experiment shows, however, that the volume of the unit cell increagebyab.2%.

The crystallographic parameters [6, 11] show that the packing of nearest neighbours changes
significantly due to the large-angle reorientation of the ammonium ion. Correspondingly,
the unique distance of hydrogen atoms from the nearest chlorine ions of 2.9 A in the HT
phase becomes different and some as short as 2.4 A. Thus it is probably not the average
interatomic distance but the reduced distance to the nearest neighbours which creates the
increased rotational potential of the LT phase.

3.1.3. Intensities. Inthe high-temperature cubic phase all theoretical information is available
for quantitative analysis of the spectra. The scattering function of the three-dimensional
tetrahedral rotor (Ng) normalized to the scattering of one proton is [3]

7 9. 5 ) 4 .
S(Q, w) = 2200 §(w) + 5(1 — Jo)é(w + war) + §(1 — Jjo)d(w £ wer). 4)
Similarly the normalized scattering function of a one-dimensional threefold rotog[@\Id
5 4. 2 .
S(Q, w) = (é+§J0)5(w)+§(1—jo)3(wiwz)- (5)

The spherical Bessel functigp appears in the structure factors due to orientational averaging.
Thus, if the occurrence of the various isotopic species is rangdm ¢p), then the ratio
of intensities of the respective transitions is
$(Q, @) _ 4p@ co) ©)
S(Q.wer)  3p(4,cp)
Figure 4 includes also literature results from other experiments like those described in [14].
It shows that this relation is indeed fulfilled at all degrees of deuteration. It tells us also
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Figure 4. The three-dimensional tunnelling structure factor normalized to the occurrence
probability of NH; ions plotted versus the one-dimensional tunnelling structure factor normalized
to the occurrence probability of N\fD. The solid line shows the theoretically expected ratio. Full
symbols: this experiment; open points: reference [14].

immediately that all samples had the claimed degree of deuteration. The assignment of
the tunnelling transitions in the high-temperature phase is thus fully confirmed by the line
intensities, and proton sites are occupied by H/D statistically. This latter has to be emphasized,
since it has been claimed that deviations from full exchange have been seen in an ammonia
compound [16].

3.1.4. Linewidths. The shift and broadening of tunnelling lines with temperature is caused
by coupling to phonons and follows Arrhenius laws [21]:

kT

EF
I'(T) ~ exp(—k—T>.

The broadening is due to resonant coupling to phonons of the single-particle librational energy
and thust” = Ey, while the shift involves coupling to all low-energy phonons and thus
ES < Ep. The simplest spectra of the fully protonated material allow this analysis (figure 5).

Since there is a low density of states beldigy, one would expeckS = EU = Eo;.

The broadening was too weak to be measured. Given the measured librational energy of
Eo1 = 5.8 meV [4], ES = 5.2 meV is indeed only a little smaller.

With deuteration, the phase transition is expected to influence the temperature dependence
of the tunnelling sublevels. This is based on the general property of second-order phase
transitions being driven by the softening of a characteristic mode whose eigenvector has the
same symmetry as the final distortion.

In the case of the very thoroughly investigated cubictetragonal transition of #BCg
compounds, the characteristic mode is a libration of thg B&ahedra around the future
tetragonal axis. The atoms atthe corner of this octahedron are nearest neighbours of the protons
of the ammonium group and largely determine the strength of the rotational potential. The
critical slowing down of this mode &t. offers a new possibility for studying the interaction of a
tunnelling rotor with phonons: instead of populating all phonon states with increasing sample

ES
Ahw,(T) ~ exp(——)
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Figure 5. An Arrhenius plot of the shift of the tunnelling lines of ammonium ionghit 1), PdCk.
Energies are ipeV, temperatures in K.

temperature, one special phonorpigpulated selectively at decreasing sample temperature
due to the softening of the related eigenmode. At the same time the librational mode probably
shifts as a result of the changing environment and thus coupling to phonons is modified.
However, since the linbroadening with decreasing temperatyire. withT — T, approaching

zero (figure 2¢p = 0.1), is only seen for the N§D species, its origin is more probably an
inhomogeneous broadening due to disorder (see the next section).

3.2. The dipolar glass phase

The most surprising observation concerns the different behaviour gbMHd NH, molecules

on changing the temperature (figure 2; linewidth). The occurrence probability of the two
species is stable; they occupy crystallographically equivalent sites. Despite all of these
similarities, there is a temperature regime where the one-dimensiond) Kbtor becomes
spread out over a wide energy range while the doublet of the tunnellingriitécules remains
almost unchanged (figure 3; linewidth). In the generally used local single-particle model this
means that, contrary to expectation, the rotational potential of thgDNHtor changes very
differently to that of NH. This intermediate regime is best seen at low degrees of deuteration,
¢p < 0.3, where a structural phase transition could not be detected.

There is no quantitative explanation of this observation yet. The reason for this
behaviour has been searched for in different properties of &ittl NHD and the disorder
of mixed crystals. Experience with other systems with disorder, like rubidium ammonium
dihydrogen phosphate [22] and argon/nitrogen [23], shows that mixed systems with different
crystallographic structures of the pure compounds often form glassy low-temperature phases
at intermediate concentrations.

A material very closely related to our system is mix#d); _, (NH4l),. In this system the
discrepancy between molecular and site symmetry leads to a tilted orientation of the ammonium
ion with one distinguished N—H-1 bond. The polarization of the environment creates
an induced dipole moment. The corresponding long-range interaction in combination with
occupational disorder leads to an orientational dipolar glass phase at arguQd 7 [24, 25].

With daa ~ 5 A, distances between ammonium ions are much larger in ammonium hexahalo-
compounds than in Ni. The octupole—octupole interaction between them is rather localized,



5494 M Prager et al

~r~7, and does not influence the ammonium rotational potential appreciably [26]. The
situation becomes different for N®. Due to its lower symmetry, the molecule represents

a dipole with long-range interaction with other ammoniums. The relative importance of
dipole—dipole interaction with respect to octupole—octupole interaction increases asd

thus a factor~600 at the nearest ammonium—ammonium distahge~ 5 A. Its absolute
value requires a knowledge of the dipole moment. Due to the lack of experimental data we
estimate the dipole moment of NB from the assumption that the centre of mass of the
molecule coincides with the crystallographic site, while the centre of charge, on the other
hand, is still the geometric centre of the molecule. This leads to an off-centre position with
a displacement 0f0.055 A. For a fixed environment the centre of the negative charge is
unchanged. Assuming a full positive and a full negative charge for the ammonium ion and the
environment, respectively, the dipole momenti@.1D. For this dipole moment the dipole—
dipole energy at the intermolecular distankg is, in temperature units, about2 being

the Boltzmann constant. In a temperature regime where the lattice shows an instability, this
weak additional interaction can enable the 4iiHon to flip along the soft direction of the
potential to new equilibrium orientations which are probably close to those of the final LT
crystallographic phase. The statistical occupation of ammonium sites Rip Mtblecules

must lead to orientational disorder in a glass-like phase. The fluctuation of the rotational
barrier should be of the order of the dipolar interaction, i.e. 10% of the basic potential. A
rough estimate shows that the corresponding line broadening is then@ma accordance

with observation.

NMR techniques are generally able to detect subtle motions of ammonium ions such as
the small-angle reorientational jumps around the symmetry axes in some other perovskites
[27]. It looks difficult, however, to characterize the complex and distinct behaviour of the
various isotopic ammonium species in the weak rotational potential of our partially deuterated
compound by NMR lineshape experiments. More detailed calculations and further experiments
along the lines discussed in reference [25] have to be performed before a consistent quantitative
description of this interesting system can be given.

4. Summary and conclusions

Ammonium palladium hexachloride belongs to the group of systems for which quantum
mechanical differences between the protonated and deuterated species drives a deuteration-
induced phase transition at very low temperatures. The structural phase transition appears at
a partial deuteration just abovg = 0.3.

High-resolution neutron tunnelling spectroscopy of the librational ground state of the
ammonium ions is used to study the system around the phase transition. Partial deuteration
is reflected in the presence of all types of partially deuterated ammonium species. Neutron
scattering is sensitive to Nfand NH;D. Tunnelling spectra can be explained quantitatively
as superpositions of single-particle rotational transitions and under the assumption {Bat NH
undergoes one-dimensional tunnelling about its symmetry axis. Its 1D tunnelling matrix
element is simply the average of the 3D tunnelling matrix elements. (A scaling of tunnelling
matrix elements as proposed for methane [20] fails.) Theratio of the intensities of the tunnelling
lines due to NH and NH;D shows that H/D exchange is complete: the ammonium occurrence
probabilities are binomial.

On transformation into the low-temperature phase the tunnelling energy is diminished,
according to the increase of the rotational barrier by about 30%.

While the NH, tunnelling lines within a phase change with temperature according to
the established theory [21], the NH lines already significantly broaden with decreasing
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temperature abovE.. We interpret this phenomenon as inhomogeneous broadening: dipolar
interaction between N4D species and positional disorder is supposed to lead to a dipolar glass
state. The observed tunnelling line then represents the envelope of many weakly different
tunnelling states.
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