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ABSTRACT

Quasielastic neutron scattering is used to study the disordering processes in two classes of -
semiconductor: I-IV Zintl compounds and the phosphorus-selenium system. Two alkali-metal—
polyvalent metal Zintl compounds, CsPb and NaSn, exhibit a two-stage melting process with high-
temperature solid phases characterized by rapid dynamical disorder. In CsPb this disorder is clearly
associated with rapid reorientations of polyanions with thecations participating in the dynamical
disorder on the same time scale. In NaSn the disorder is associated with fast reorientations of the
polyanions closely coupled to a slower migration of the cations. The two high-temperature solid -
phases of the molecular crystal P4Se3 are confirmed to be rotor phases with small but significant -
differences in the reorientational motions in the two phases. = . L o
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1. Introduction

In a one-component solid, melting can be thought of simply as the onset of translational
disorder which breaks down the long—rax;ge order of the crystal. In a more complex system,
several kinds of disorder are possible. These can include translational disorder of one sublattice
(fast-ion conductors), chemical disorder between two or more sublattices (disordered alloys),
orientational disorder of molecules or complex ions (rotor phases), or lattice melting in one or two
directions in the crystal (ferroelastic phases). Formally, one can associate an entropy. increase
with each of the disordering processes involved in a particular system. Melting may occur ina
form that all the disordering processes take place at one temperature — the melting point — with a
characteristic entropy of melting that represents the sum of the contributions from each process.
* Other systems may exhibit a sequence of transitio_ns_ where partial disordering takes place, each -
with an entropy change appropriate to the process involved; the sum of all the energy changes can
be considered as the true entropy ()f melting: The latter systems provide an excellent viewpoint for
studying the effects of the different processes involved.in melting on the physical properties of-

interest.

This article discusses the disordering processes in two classes of semiconductor: I-IV
Zintl compounds, in which charge transfer and directional bonding lead to the formation of
tetrahedral polyanions, and the phosphorus-selenium system, which forms P4Sep molecular units .
based on the P4 tetrahedron.

2. Zintl compounds

Zintl compounds are formed from an electropositive metal A and.an electronegative metal or

semimetal M; electron transfer from A to M, along with directional bonding between the M- ions,
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leads to chemical behavior in these ions characteristic of elements to the right of M in the periodic . -
table.  This article discusses dynamic disorder in two equiatomic Zintl compounds, CsPb and
NaSn, which share a number of unusual properties with other Zintl compounds of Pb and Sn, -
arising from the formation of tetrahedral Pbs%- or Sng* Zintl ions. Crystal structures of these
compounds have polyanions of this type arranged on a bet lattice, separated by alkali metal ions,
each of which is shared by two polyanions [1]. In the neutron diffraction patterns of the liquids,
strong “first sharp diffraction peaks" are observed, due to dense random packing of the polyanions
2,31

" The enthalpy function [4] of CsPb is shown in Fig. 1 along with that of KPb, to illustrate
.differences in melting behavior as discussed above. It is seen that, whereas KPb has a single
melting transition; CsPb has two transitions about 50 K apart, with the enthalpy and entropy of -

" melting spiit rather evenly between them. The structure of the three phases was established in. .
neutron diffraction measurements [2]. The structure factors of the low-temperature (B) crystalline
phase and the liquid were similar to those of other Pb [2]ai1d Sn [3] Zintl compounds, but that of . -

~ the intermediate (e) phase was unusual, combini:ng afeatureatQ ~'1 A‘l‘th_at appeared- to-i)e aset

of unresolved Bragg peaks with a diffuse, noncrystalline pattern at larger Q.

To investigate the nature of the disorder, inelastic neutron scattering measurements were
carried out on the IN-6 spectrometer at ILL [5]. As expected, in the quasielastic region the spectra -
in the B phase had the shape-of the unbroadened resolution function of the instrument, while those
of the liquid had the usual lorenztian shape . The spectra of the o phase showed a superposition of-
unbroadened and broadened components, which could be well represented by a-delta function and -
single lorentzian function, respectively, broadened by the resolution function. The intensities of .
the two components as a function of Q are reproduced here in Fig. 2. The delta-function intensity.
is seen to peak in the region of the Bragg peaks atQ ~ 1 A-L, but have a significant, non-zero value

over the rest of the measured Q range, while the lorentzian-function has a small peak just to the left-




of the Bragg peaks (Q ~0.9 A1) and then starts rise to large values at @ ~ 1.5 A°1; the sum of the
two appears to account for the static structure factor measured in the diffraction experiment (2], so
there is no significant additional component to the scattering in this Q range. This behavior is
immediately suggestive of dynamic orientational disorder of the type found in plastic crystals and

other rotor phases.

To extract quantitative information, a simple model was adopted in which the atoms were

assumed to form Cs4Pbys units; these were assumed to undergo independent, random jumps .

between the four orientations found in the B crystal structure in.succession as one moves up thec -

axis [5]. Since these orientations are unegually spaced, two jump times, 13 and 2, were assumed
for nearest- and next-nearest-neighbor jumps, respectively. The quasielastic scattering spectra
calculated from this model showed both unbroadened and broadened components similar to the .
measured ones. The integrated intensities of ;thc--iwo components, which are independent of the

values of 71 and 1o, are compared in Fig. 2 with the measured values, averaged over the different

runs, and seen to bein e€xcellent agreement. Models with only independent Pbs% polyanions. - -

- reorienting do not reproduce the first peak in the intensity of the lorentzian component-at 0=09 -

A-l. Therefore the Cs* cations must be participating in the dynamic disorder, on a similar time -

scale to that of the Pbg* reorientations.

The d.c. electrical conductivity of CsPb rises sharply at the B—o transition, indicating a
significant decrease in the gap in o(E) [6].- It increases slowly with temperature in the o phase, and

drops slightly at the melting point.

Na-Sn is also observed to have a complex melting behavior, exhibited in the calorimetric
data [7] shown in Fig. 3. The crystal structure at low temperature [8] is the same as in CsPb and

the other Zintl compounds of Sn and Pb with the alkali metals (except Li). To investigate, again,




the possibility of dynamic disorder in the high-temperature solid phase, inelastic neutron scattering

measurements were carried out at the IRIS and HET spectrometers at ISIS [9].

Quasielastic scattering spectra measured on the IRIS spectrometer again showed
characteristic broadening in both the o solid and liquid phases. Especially remarkable, in view of
the significant incoherent scattering cross section of Na, was the absence of observable diffuse
elastic scattering in the o phase, which was zero within experimental error when averaged over all
angles except those near 0 =1 A-1, where there was significant Bragg scattering. The absence of

significant incoherent elastic scattering indicates that the dynamic disorder associated with the Nat

ions is translational, rather than orientational, in nature. The intensities of the single lorentzian - . -

functions fitted to the spectra measured on IRIS and HET at each angle are shown as a function of
QO in Fig. 4. The HET results show a broad component whose width and intensity both increase
considerably at higher O; the dramatic rise in intensity above 1.5 A-1is reminiscent of that found in
CsPb (Fig. 2) . This component is not seen in the IRIS data at higher 0, presumably because itis
too broad to show up within the IRIS window (0.4 meV). On the other hand the IRIS data show
. a much narrower componént whose intensity falls rapidly with @ which is presumably too narrow
to be picked out on top of the broad component in the poorer resolution HET data. It is reasonable
to associate this narrow component with the Na* migration and the broad component with the more

rapid reorientations of the Sng?- polyanions.

_Taken together, these results show that the dynamic disorder in the a phase of NaSn
consists of rapid reorientations of the polyanions (fast rotor behavior) which enhance the slower
cation migré.ﬁon (fast-ion conduction). This situation contrasts with that in CsPb where the -
polyanion rotations and cation motions appcaf to take place on the same time scale. Although the

jump frequencies are different in NaSn, the two processes must be strongly coupled since only one

phase transition is observed prior to melting.




The electrical transport in NaSn is coupled to the dynamic atomic disorder but in a-different
way from CsPb. The electrical conductivity [10] shows a drop in conductivity at the B—a transition, .
presumably reflecting the additional scattering associated with the dynamic disorder; in contrast, any
jonic component of the measured conductivity must increase at the transition. The large jump, by
two orders of magnitude, observed in the conductivity of CsPb at the o transition is here found to
take place within the o phase, reflecting a close coupling between atomic migration and electronic

mbbility [6]. There appears to be litde if any change in the conductivity on melting.
3. Phosphorus-Selenium

The phosphorus-sclcnium system is best known for its glass-forming ability [11]: glasses
can be readily formed by quenching from the melt over most of the compositional range, broken -

only in the region around the P4Se3 composition where the formation of a molecular crystal of that

composition appears to preclude glass formation [12]. Crystalline P4Se3 exhibits two phase -

transitions in the solid as the temperature is increased. The orthorhombic o phase that is stable at

room tcﬁapcramrc transforms at 85°C to a rhombohedral f phase that further transforms toacubicy - .

‘phase at 244°C, before ﬁclﬁng at 244°C. On the basis of geometrical considerations, supported by’
diffraction data [13] and evidence from NMR [14], the § and y phases are believed to -be rotor -

phases with rapidly reorienting P4Se3 units. The two solid-solid transitions. have considerable = - -

hysteresis, the y-B transition temperature being reduced by over 50°C on cooling from the melt; -

while the B-a is suppressed entirely and replaced by an orientational glass transition at around -45°C
[13,15). According to the DSC analysis {15] shown in Fig. 5, the larger part of the entropy of
melting, 11.3 kJ/mol, is taken up at the «-B transition. This is very close to the value of R In 48 - -
(11.5 kJ/mol ) which would correspond to the configurational entropy associated with the 6
possible orientations of a trigonal molecule about the (nearly equivalent) body diagonal axes of the
thombohedral cell. The entropy changes at the B-yand melting transitions are much smaller — 1.3

and 2.4 kJ/mol respectively.




To investigate the microscopic dynamics of the rotor phases, quasielastic scattering
measurements were carried out on the IRIS spectrometer at temperatures of 20°C, 180°C and 200°C,
corresponding to the metastable quenched B phase, stable B phase just prior to the B-y transition, and .
the middle of the stable yphase. Details will be given in a later publication along with model fits to
the data [16]. Quasielastic broadening was seen at all three temperatures, with the width increasing
with temperature. Preliminary results for the intensities in the B (averaging over the two
temperatures) and y phases are shown in Fig. 6. Small but significant differences are seen between
the two phases, indicating that the geometry of the molecular reorientations is sightly different in the
two phases. If the B phase is indeed characterized by reorientations between discrete orientations of -
the molecule in the thombohedral cell, it is possible that the reorientations.are isotropic in the cubic

cell of the yphase. These suggestions will be tested by the model calculations referred to above.

4. Conclusions

Two alkali-metal—polyvalent metal Zind compounds, CsPb and NaSn, exhibit a two-stage
melting process with high-temperature solid phases chﬁractﬁﬁzed by rapid dynamical disorder: .In .
CsPb this disorder is clearly associated with rapid reorientations of Pbs*- polyanions with the Cst.
cations participating in the dynamical disorder on the same time scale. In NaSn the disorder is -
associated with fast reorientations of the Sng4- polyanions closely coupled to a slower migration of
the Nat cations. The two high-temperature solid phases of the molecular crystal P4Se3 are
confirmed to bc rotor phases with small but significant differences in the reorientational motions in

the two phases.
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Figure Captions

Fig. 1. Enthalpy of KPb and CsPb as a function of temperature [4].

Fig. 2. Measured intensities (circles) of (a) lorentzian and (b) delta function peaks
for CsPb at 888 K, compared with those calculated from an orientational jump
model (solid lines) [S].

Fig. 3. Enthalpy of NaSn as a function of temperature [7].

Fig. 4. Intensities of fitted lorentzian peaks for NaSn at 500°C: « IRIS, o HET (20
meV), A HET (40 meV). The lines joining the points are a guide to the eye only.

Fig. 5. DSC results for P4Se3 [15]: first heating; --—-- subsequent heatings.

Fig. 6. Measured intensities of lorentzian peaks for P4S03 in the B (average of 20°C and
180°C) and y (200°C) phases. '
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