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The low-temperature crystal structure and temperature dependence of lattice parameters and atomic mean-
square displacements of thallium nitr{fEINO,) and cesium nitrit¢d CsSNG,) have been determined by neutron
powder diffraction. Previously, based on specific heat and dielectric relaxation measurements, both compounds
were reported to exhibit partial dynamic orientational disorder of the H@ons below the transition tem-
peratures 282.4 and 209.2 K, respectively, from the plastic, disordered high-temperature phase | to the low-
temperature phase Il. A glass-transition-like freezing of the associated reorientational motions was reported to
occur below 60 and 40 K, respectively. In the present study, we could not confirm the previous space-group
assignment€mmmand R3m for the low-temperature crystal structure of TIN@nd CsNQ, respectively.

Instead, we find that these compounds have space d@®8ypl in phase Il. A structural model assuming that

all atoms occupy unique sites and the two oxygen atoms of eaghaNiOn are located on crystallographically
equivalent sites gives excellent agreement with the observed data. This model leaves no large-angle orienta-
tional degrees of freedom for the N@nion anticipated by previous studies. The glasslike behavior apparent

in specific heat and dielectric relaxation studies can only be reconciled with our results if the glasslike
transition involves relatively small displacements or reorientations of the &n. This would be a novel

type of glasslike transitior.S0163-182608)06618-1

I. INTRODUCTION dynamics slow and the reorientation time becomes compa-
rable with the experimental time scale 5 ks for the entropy
Both TINO, and CsNQ belong to the class of plastic relaxation®’ All configurational contributions to the thermo-
crystals. Their room-temperature phase, denoted phase |, dynamic functions appear to vanish and there is a glasslike
mechanically soft and easily deformable. The phase | crystatansition at 60 K in TINQ and 40 K in CsNQ. It may be
structure has been reported previously to be of the CsCl typraoted that this type of glasslike transition differs from that

(space grouf®m3m).>? The orientations of the NQanions ~ observed in  monomolecular solids such as Sice,
in the lattice have no long range order and the anions aréyclohexanof, or Ce.'% In contrast to these compounds,
likely to be freely rotating. Phase | undergoes a reversibl@nly a part of the atoms, namely, the N@énions, take partin
first-order phase transition at 282.4 K for TIN(Refs. 3,4  the glasslike transition in TIN®and CsNQ, and the metal
and at 209.2 K for CsN@(Ref. 4 to phase Il with a lower atoms do not contribute to the disorder.
symmetry. Previously, the lattice structure of the low- The aim of the present neutron-diffraction study was to
temperature phase Il was reported to be of space grougetermine crystal structural information on the low-
Cmmmor (less likely) Cmn2 for TINO, (Ref. 4 and R3m temperatqre phase I, including atomic sngs gnq the_possmle
for CSNO,.2 reorientational geometry, and thus to gain insight into the
On the basis of specific heat and dielectric relaxationMicroscopic details of the proposed_ glasslike transition. We
studies®* it was suggested that some degree of dynamic orifound that for both TIN@ and CsNQ in the whole tempera-
entational disorder of the NQanions persists on cooling to ture range below the phase transition, phase Il can be de-
temperatures far below the transition to phase II. The dipolagcribed by a highly ordered crystal structure, space group
NO, anions undergo increasingly slower reorientational mo-P3:21. Thus the previous space group assignments were not
tions in their lattice sites as phase Il is cooled. These studiegonfirmed. In the present crystal structural model no degrees
as well as NMR(Refs. 5,6 investigations have shown that of freedom are left for large-scale reorientational motions of
the reorientational dynamics occurs with an Arrhenius enthe NGO, anion. The temperature dependence of the atomic
ergy of 17-19 kJ/mol for TINQ and 14 kJ/mol for CsSN@  mean-square displacements yields evidence only for small-
The dipolar relaxation measurements are not sensitive to angle orientational disorder and small-scale reorientational
180° flip about the G, (twofold) axis of the NQ anion,  motions of the N@ anions. The glasslike behavior apparent
because such a flip does not change the dipole moment ais+ specific heat and dielectric relaxation studies therefore can
sociated with the N@group. Cooling of the partially orien- only be reconciled with our results if the glasslike transition
tationally disordered crystal was thought to cause an increagsvolves relatively small displacements or reorientations of
in the ordered arrangement of these groups, but before the NO, anion. We believe that this would be a novel type of
completely ordered state can be reached, the orientationglasslike transition.
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II. EXPERIMENTAL METHODS

TINO, was prepared by double decomposition of 90%
barium nitrite (10% barium chloride and 99.99% thallium
carbonate in an agueous solution. Rose-orange colored mi-
crocrystals, obtained by slow evaporation of the solution at
room temperature, were washed in ethanol in order to re-
move chloride impurities, recrystallized, and dried in a des-
iccator for three weeks prior to the study. A small amount of
impurity in our sample is found in the neutron-diffraction
patterns. A check by x-ray luminescence showed that this
impurity did not contain barium. The impurity neutron pow-
der pattern was inconsistent with the reported crystal struc-
tures of TLCO; or TICI and the impurity, whose concentra-
tion is estimated to less than 3%, was not identified.
Nevertheless, this impurity did not interfere with our analysis
of the powder patterns.

CsNG, was obtained by double decomposition>e90%
barium nitrite (8% potassium perchlorgt@and 99% cesium
sulfate in aqueous solution. The highly soluble CsN@as
separated from the much less soluble perchlorate impurity by
decanting the saturated solution. Pale-yellow microcrystals,
obtained by slow evaporation of the solution at room tem-
perature, were recrystallized and dried in an desiccator for
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three weeks prior to the study. No indication for the presence

of chemical impurities was found in the neutron-diffraction  FIG. 1. The neutron powder pattern of TIN@t (a) 290 K in its

pattern of CsN@. completely orientationally-disordered phaséh), at 275 K after the
The microcrystalline samples were loaded in a dry inertPhase transition to phase Il, afd) at 10 K. The markerg+) are

atmosphere into a thin vanadium tube 50 mm long and 5 mrihe data, the solid line is t_he Rietveld fit. The bottom of parels

internal diameter. This was placed in a helium-closed-cyclénd(c) and shows the residuals.

cryostat and the neutron powder pattern was measured on the

C2 800 channel diffractometer at the NRU reactor at the Yhen the sample was cooled from 290 K, a sudden

Chalk River Laboratories. An incident beam of wavelengththange in the diffraction pattern was observed, as shown by

1.3302 A was provided by a silicon monochromator. Diffrac-& omparison of Figs.(&) and 1b). This corresponds to the

tion patterns were collected with counting times of two hours/I"St-order phase transition at 282 K, as noted by others using

at each of the many controlled temperatures between 10 arfglorimetry?* Below 282 K, the overall diffraction pattern
300 K. A more detailed description of the spectrometer and®mains unchanged down to 10[Rig. 1(c)]. Slight changes
related equipment is given elsewhétdieasurements made " the positions of the Bragg reflections and a variation of
during both the cooling and heating cycle showed no meatheir intensities indicate thermal contraction and a reduction
surable difference in the diffraction pattern at any given temOf @omic motions on cooling. The weak Bragg reflections
perature. So the data taken with increasing and decreasiffP™ the impurity did not change at the 282 K phase transi-

temperatures were combined for analysis. The accuracy don. )
the temperature is=1 K. The Rietveld analysis of the '€ observed powder pattemn in the low-temperature

neutron-powder-diffraction spectra has been carried out ud2nase of TINQ is inconsistent with the orthorhombic sym-
ing GSAS!2 metry, space grouftmmmor Cmn®, suggested earlier

from an x-ray Laue photograph of a single crystal. Instead,
we find a trigonal symmetry, namely, the enantiomorphic
pair of space groupB3,21 andP3,21 matches the observed
set of Bragg reflections, with lattice parametees

The neutron-diffraction patterns from TINOpowder, =56253(11) A andt=7.4447(15) A at 275 K. This corre-
measured at 290, 275, and 10 K are shown in the three pagponds to a reduction of the volume per chemical unit of
els in Fig. 1. The powder pattern observed at 290Rg.  TINO, by 4.6% at the phase-+ Il transition. Notably, any
1(@)], in phase | of TINQ, is consistent with the CsCl type rhombohedral space group fails to reproduce the weak but
structure, space groupm3m. The lattice parameter ia  significant Bragg peak at@=15.9°, this is th€100) peak in
=4.143(1) A at 290 K, somewhat smaller than the value ofthe trigonal/hexagonal setting.
4.21 A reported by Cavalcat al! A few additional Bragg The two possible trigonal space group3,21 andP3,21
reflections in our sample appear, for example, at 19.5°differ only in their chirality. InP3,21, each type of atoms
25.6°, and 40.4°, though their intensity is too weak to beforms a right-handed screw and iR3,21 a left-handed
apparent in the figure. Since the intensity of these reflectionscrew along th€001) direction with respect to the 120° ro-
varied strongly between different samples produced indepenations. From our data we cannot distinguish between these
dently, we associate them with the small unidentified chemitwo structures, and both structural variants may occur in dif-
cal impurity. ferent crystallites. We arbitrarily chose the space group

Ill. RESULTS
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In order to determine the atom positions, we carried out
an initial round of Rietveld analysis on TINGvithout any
constraint on the N-O distanak, o or on the NG bonding
angle Bo.n.o- The fit converged rapidly and values df.q
=1.25(2) A andBo.n.0=113.45)° were found at 10 K. At
275 K, dn.0=1.18(4) A, andBo.n.0=116(1)°. Thediffrac-
tion patterns obtained for CsNQvere analyzed in the same
manner, resulting in values of 1.@23 A and 114.85)° at 10
K, and 1.164) A and 114(1)° at 180 KThese values are

lose to the values in the literature df.o=1.24—-1.26 A
nd Bo.n.o=113—115°, observed for various nitrité3 The
agreement of the fitted NCanion geometry with the litera-

FIG. 2. The neutron powder pattern of CsN&i (a) 225 K in its
completely orientationally disordered phaséb), at 180 K after the
phase transition to phase Il, afg) at 10 K. The marker¢+) are
the data, the solid line is the Rietveld fit. The bottom of pariels
and(c) and shows the residuals.

P3,21 to represent the crystal structure of TINO

The neutron-diffraction pattern from CsNQrystalline
powder, measured at 225, 180, and 10 K is shown in th
three panels in Fig. 2. The powder pattern observed at 225
[Fig. 2@], i.e., in phase | of CsNg) is also consistent with

the CsCl type structure, space groBm3m. The lattice pa-  tyre supports the validity of our structural model.

rameter isa=4.324(3) A at 225 K. At 295 K we find In the final Rietveld analysis, the N-O distance was fixed
=4.358(3) A, close to the value of 4.389 A reportedto 1.25 and 1.23 A for TINQand CsNQ, respectively, since
previously? Again, the first-order phase transition is associ-it is not thought to vary with temperature. The N®ond
ated with a sudden change in the diffraction pattern, amngle, however, was kept free. We fitted isotropic Debye-
shown by a comparison of Figs(&? and 2b). Below 209 K,  waller factors to our data. Fits assuming anisotropic values
the overall diffraction pattern remains unchanged down to 1Gor the Debye-Waller factors were unstable and thus did not
K [Fig. 2c)]. yield reliable results.

The observed powder pattern in the low-temperature The final analysis yielded the crystal structural parameters
phase Il of CsN@ is inconsistent with the rhombohedral |isted in Table | for TING and Table Il for CSNQ. Notably,
symmetry, space grouR3m, derived earlier from x-ray-  the change of the unit cell parameters between 10 and 275 K
powder-diffraction data. Instead, we find the same trigonals very large,Aa/a=1.4% andAc/c=1.7% in TINO,, re-
space grougP3,21 as in TINQ by matching the observed sulting in a change of the unit cell volume h&V/V
set of Bragg reflections, with lattice parametees =4.5%. The corresponding values for CsN@re Aa/a
=5.931(3) A andc=7.853(4) A at 180 K. This corre- =1.1% andAc/c=0.3% andAV/V=2.5% between 10 and
sponds to a reduction of the volume per chemical unit oft80 K. The linewidths of the Bragg reflections were tem-
CsNG, by 1.4% at the phase + |l transition, much less perature independent and resolution limited, thus no strain
than in TING,. effects are present. The unit cell contains three chemical

The presence of the weak but significdh00) peak, lo-  units of TINO, or CsNG and all oxygen atoms occupy crys-
cated at #=15.0°, excludes a rhombohedral symmetry fortallographically equivalent sites. The resulting crystal struc-
CsNQO, as proposed in Ref. 2. We should note, however, thature of TINO, is depicted in Fig. 3.
in a hexagonal setting the cell parameters given in Ref. 2 are From the present lattice parameters and atom positions in
close to the ones observed in our study,€4.307 A and TINO, at 10 K we calculate shortest atomic distances of
a;p=87.4° correspond tape,=5.950 A andc,.,=7.795 A.  dy.0=2.847 A,d7y=3.163 A, and a shortest nonbonding
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TABLE II. Crystal structural parameters of CshGn space 6ok g T ]
groupP3,21. T 1 We 00°9°0 00 oOR
T aof <o oo *°*
T=10K R,=4.9% 2 Lol ?{@F‘“. " wa ]
lattice a (A) b (A) ® ools® . .
parameters 5.867D) 7.830410) 1304} o AdAA
L A
Atom (site) X y z g 1322 A‘ .
Cs (3a) 0.305313  0.305313) 0 I
N (3b) 0.31228) 0.31228) 1/2
O (6¢) 0.375811) 0.47688) 0.61475) -
<
T=180K R,=5.4% N’\
3
lattice a A b (A) v
parameters 5.93135) 7.852736)
Atom (site) X y z
Cs (3a) 0.307947) 0.307947) 0 FIG. 4. Plots for TINQ of the thermal expansion coefficieat
N (3b) 0.306630) 0.306630) 12 determined from the powder patterns, tHa ratio, and the atomic
O (6c¢) 0.385%51) 0.476323) 0.611Q15) mean-square displacemerits’).

importance for the later discussion.

N-O distance ofdy.o=2.920 A. The shortest distance be- The temperature dependence of different parameters de-
tween two oxygen atoms in neighboring Bl@nions is rived from the Rieveld refinements are summarized in Fig. 4
do.o=3.119 A. In CsNQ the corresponding values are for TINO, and Fig. 5 for CsN@: the temperature depen-
des.0=3.079 A, deen=3.400 A, dy.0=3.177 A, anddoo  dence of the thermal expansion coefficientfor the two
=3.298 A principal lattice directions, thec/a ratio, and the mean

The values for the atom radii in the N@nion are usually square displacemeiiti?) (as derived from isotropic Debye-
assumed to be close to their van-der-Waals naghi 1.50 A Waller factoy of the three atom types in TINCand CsNQ.
and ro=1.40 A Using the valuesr;=1.40 A and In addition to these values, we find a smooth increase of
res=1.69 A we find that the atom packing is dense in Bop.o in TINO, from 113.§5)° at 10 K t0115.45)° at
TINO, and CsNQ. The metal to oxygen distance is close to 275 K. In CsNQ, Bo.n.o=114(1)° isfound to be approxi-
the sum of the atom radii, hence these atoms are in contaghately temperature independent.
The metal to nitrogen distance is slightly larger than that
expected from the sum of the atom radii. The nonbonding 8.0
N-O distance in TIN@ is also close to the sum of the atomic 60F ]
radii, while in CsNQ it is significantly larger. This fact is of 40F °, ]
cofegd®e 87 07 Mo ]
1335 A aaaastt 4 4 4 A

A

1.330 - A, —

o (1074K1)

c/a

1.325 a A

1.320¢
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FIG. 3. Lattice structure of TIN®in the ordered phase Il. For
clarity, the origin is shifted by1/6,1/6~1/3). The atoms are de-
picted with the radiirpy=1.4 A, ry=1.5 A, andro=1.4 A. The FIG. 5. Plots for CsN@ of the thermal expansion coefficieat
structure of CsN@ shows only minor differences in the atom po- determined from the powder patterns, tia ratio, and the atomic
sitions ¢ cs=1.69 A). mean-square displacemet?).
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IV. DISCUSSION TABLE Ill. Observed and calculated values for the mean square

displacement in TIN@ and CsNQ extrapolated foiT — 0.
A. Crystal structure

We first discuss the low-temperature, phase Il crystal Observed Calculated
structure of TINQ and CsNQ. The space group3,21 is of (u?(0))(A?) (u(0))(A?)
a much lower symmetry compared to the cubic phase | CsCl
structure. TINO,

The phase | and phase Il structures are related in the fol=
lowing way. In a first step, starting from the CsCl structure,TI
one of the four(111) axes in the cube becomes thexis in

0.0102) 0.0070
0.0132) 0.0135

phase II, and the unit cell is somewhat expanded along the © 0.0274) 0.0135
axis, changing the/a ratio from /3/2=1.225 to 1.324 for

both TINO, and CsNQ, just below the phase transition tem- CSNG.

peratures. The symmetry of the resulting _unit cell would besg 0.01%2) 0.0084
rhombohedral Whl(zth was suggested earlier as the phase | 0.0603) 0.0143
structure of CsNQ@“ In a second step, the Tl and N@ns 0.06G3) 0.0143
are shifted toward one of the three equivalent screw axes o(? i '

the rhombohedral cell, reducing the symmetry to trigonal.

The N atoms are closer to the screw axis than O atoms. Th@escribe motions of TINGCsNO, as a rigid unit, and the

positions of the two oxygen atoms of an M@nion are re-  optic modes correspond to the relative motion of the

lated by symmetry with respect to a twofold axis within the thallium/cesium with respect to the NGons. For the latter

trigonal plane. The described two symmetry reducing stepgodes, the vibrational energy is distributed between

take place together at the first-order phase transition. thallium/cesium and N@ions in a way that the sum of their
In the resulting crystal structure model, all atom sites arenomenta is zero.

unique and fully occupied. There is no degree of freedom left By evaluating Eq.(1), using the value® =% wp /Kg
for large-angle reorientational disorder or reorientational mo-65.7 K and @z=%wg/kg=189.5 K for TINO, and
tions of the NQ ions involving different lattice sites. Thisis @,=79.9 K and®==176.9 K for CSNQ from Ref. 4, we
in contrast to the higher lattice symmetries proposed earlierive at the theoretical values fou2(0)) listed in Table Il.
which allowed for a set of two@mmn) or three R3m) These values characterize the quantum-mechanical zero-
different but crystallographically equivalent orientations of point vibrations. The calculated values for the nitrogen and
the NGO, molecule, each of which was expected to be occu-oxygen atoms take into account only the translational modes
pied by only one half and one third of the N@roups, for the NO, anion as a rigid unit. They do not contain con-
respectively>* A splitting of the NG, orientation into a pair tributions from possible librational modes and internal vibra-
of two crystallographically equivalent orientations would betions of the NQ anion. The contribution from the former is
still consistent with the present space group assignmentertainly not negligible, but the latter are probably negligible
However, as discussed below, there is no compelling eviin the temperature range under consideration.
dence for such a splitting in our data. Comparing the observed and calculated values for
In order to identify a possible small-angle reorientational{u?(0)) listed in Table Il in TING, we find agreement for
disorder of the N@ anion, we now discuss the individual thallium and nitrogen atoms. The observed value for oxygen,
isotropic atom mean-square displacements from their avehowever, is about a factor of 2 larger than calculated. The
age position(u?). The temperature dependencesof) are  additional contribution to the mean-square displacement cor-
shown in Fig. 4 for TINQ and Fig. 5 for CSN@. The ex- responds to 0.12 A. This may either point to an additional
trapolated values dfu?(0)) for T—0 are listed in Table Ill.  contribution from zero-point librational motions of the MO
In a harmonic model, the values ¢i%(T)) are related to molecule or to a contribution from small static orientational
the density of states of the vibrational spectrd(w) of each  disorder of the N@ anions. In the latter case, the mean de-
unit: viation from the average orientation would be a small rota-
tion of about £7°, as estimated from the value of
-\ Sh 1 ho 0.12*A and the distance of the O atoms from the N@nter
(us(m) = ﬁj Z(w)_cot 2kgT do. (D) of mass of 1.04 A.
In CsNO, we find much larger disagreement between the
Here, [Z(w)dw=1, andm is the effective mass of the vi- observed and calculated values far?(0)). The observed
brating unit under consideratios, is the Plancks constant value for cesium is close to, but somewhat larger than calcu-
andkg the Boltzmann factor. lated, and for nitrogen and oxygen the values are 4.2 times
In a Debye modelZ(w)=3w? w> (for o<wp). In an  larger than calculated, pointing to a doubling of the average
Einstein model the vibrational spectrum consists of a singlalisplacement from the equilibrium positions as compared to
frequencywg andZ(w)= 6(w— wg). the zero-point motions in a harmonic model. This significant
Moriya et al* have derived values for the Debye tempera-enhancement of the mean-square displacement, correspond-
ture of the acoustic and the Einstein temperature of the optiing to 0.21 A, again may be partly explained by additional
vibrational modes for TIN@ and CsNQ by fitting the tem-  zero-point contributions from librational modes. However,
perature dependence of the specific heat at low temperaturesssuming the librational modes to be similar in TIN&nd
According to the normal mode analysis, the acoustic mode€sNQ,, there is strong evidence for static small-angle orien-
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tational or/and small-scale positional disorder of the,NO  The deviations from the harmonic behavior for nitrogen
anions in CsN@. The larger enhancement of the nitrogen/and oxygen are even more significant in CsN®@s dis-
oxygen(u?(0)) in CsNQ, as compared to TINOmay be cussed above, an enhanced value/wf) was already ob-
related to the 0.25 A larger value of the nonbonding N-Oserved in the limiff—0. Even taking into account this offset
distance in the formefsee abovg leaving somewhat more (see dashed-dotted line in Fig),3he observed values for
space for the N@molecule in CSNQ. (u%(T)) and the slopa(u?(T))/dT are larger than expected
From the overall behavior ofu?(0)) we conclude that from a harmonic model above 70 K. At 200 K the additional

. . 2 . . .
there is some evidence for a small-scale disorder of the NOCOmrIbUtIOnS to(u®) not included in the harmonic model

: : ; account for an additional mean-square displacement of
anions at least in CsNQat low temperature. Any possible 2 .
orientational disorder, however, results only from very smallwo'17 A, corresponding to a length scale of 0.41 A. Note

deviations from the average ordered crystal structure. The i gtggh';: value s a significant fraction of the N-O distance of

re.tically., this disorder co'uld _result from a splitting 'of the The fact that in both TINQ and CsNQ deviations from
orleptatlon of the !\IQ anion into twp crystallographically o harmonic model are observed for the Nand not for
equivalent orientations, each occupied randomly by half ofne thajlium or cesium, strongly suggests that they are related
the NG, anions. Such a model_ would still be in accord with ;5 4 4ditional motions of the NQanion and not to a general
the present space group assignment. However, the pres harmonicity of the acoustic lattice vibrations. Therefore,

data are consistent only with a very small spacial splitting ofe 4550ciate this behavior with a strong anharmonicity of the
the nitrogen and oxygen sites. We performed Rietveld ref'neﬁbrational motions of the N@anions.

ments of our data based on this model and did not obtain any o, fingings are difficult to reconcile with the results of

compelling evidence for such a splitting. several previous experiments. The excess specific heat found

in a large temperature range of almost 100 K below the first-
order phase transition temperatdrekearly shows that there
is a contribution to the configurational entropy in addition to
We now discuss the temperature dependence of the meatike harmonic contributions from acoustic, optic, and libra-
square displacements. The theoretical temperature depetienal modes in this temperature range. It is unclear whether
dences for TIN@ and CsNQ, calculated with Eq(1), are  the strongly anharmonic behavior in this temperature range
shown in Figs. 4 and 5, respectively, as solid lines for theobserved in the present experiments can fully account for
thallium and cesium ions and as dashed lines for the nitrogethis additional specific heat.
and oxygen atoms. We find good agreement for the mean- The results of dielectric relaxation measurements imply
square displacement of thallium and cesium ions in TJNO that in TING, and CsNQ for each NQ anion at least two
and CsNQ, respectively. This shows that these ions behaveossible orientations of its dipole moment must exist, caus-
approximately as vibrating in a harmonic potential up to el-ing a polarizability of the ensemble of NCanions in the
evated temperatures. presence of an external electric field. NMR measurements
The behavior observed for the NGon, however, does confirm the presence of relaxational motions between differ-
not correspond to the expectations from a harmonic modeknt orientations of the NQanion®® The large barrier heights
In TINO, the temperature dependences(of(T)) for both ~ AE between these different orientations determined in the
the nitrogen and oxygen atoms are very similar. The twdNMR and dielectric relaxation measurementd E{kg
curves appear to be slightly shifted by a constant value=2285 K in TING, and 1680 K in CsN@) appear to be
A{u?(T))=0.015 2 (in contrast, in CsN@the correspond- inconsistent with the possible only small-scale disorder de-
ing curves overlap The observed temperature dependenceermined in the present experiment.
of (u?(T)) for nitrogen in TING is unusual in the sense that At present, we cannot offer an explanation for this appar-
it falls below the theoretical line in the temperature rangeent contradiction between the present neutron-diffraction
30-150 K. We are not certain whether this result is intrinsicdata and the previous specific heat and dipolar relaxation
or is related to an artifact of the least-squares fitting proceresults. If the glasslike behavior apparent in these data in-
dure. In the former case, the vibrational spectrdfw) for  volves only relatively small displacements of the Né&hion,
the NG, ions would have to exhibit a lower density of statesas suggested by our results, both compounds FIN@d
of low-energy lattice vibrations as compared with a DebyeCsNO, would exhibit a novel type of glasslike transition.
model. However, we would expect this to also show up in For completeness, we finally discuss the thermal expan-
the (u?(T)) data for the thallium ions, in contrast to the sion coefficients of TIN@ and CsNQ derived from the tem-
observations. perature dependence of the lattice constants are shown in
The temperature dependence (@) for nitrogen and Figs. 4 and 5, respectively, for both principal orientations of
oxygen is linear above=75 K. For both curves the slope the trigonal lattice. In both compounds, the thermal expan-
d(u?(T))/dT above 75 K is larger than expected from the sion coefficient is generally large. In TING the tempera-
harmonic model. In addition, the linear extrapolation of theture dependence af shows a significant anomaly for expan-
observed temperature dependenceTes0, yields anega- sion parallel to thec axis around 90 K. A weak anomaly
tive intercept with the(u?) axis. This behavior shows that around the same temperature can be noted also far #xés.
above~75 K (u?(T)) contains additional contributions not This anomaly is also reflected in the temperature dependence
included in the harmonic model. At 275 K these account forof the c/a ratio, depicted in Fig. 4 which is constant below
an additional mean-square displacement=df.03 A2, cor- 60 K but starts to increase above 60 K and reaches its steep-
responding to a length scale of 0.17 A. est slope at around 90 K. Notably, tleéa ratio starts to

B. Temperature-dependent properties
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change at the glasslike transition temperature observed in thHewever, an anomalous temperature dependence of the mean
previous specific heat and dielectric relaxationsquare displacement of the nitrogen and oxygen atoms. The
measurements. This behavior strongly suggests that the glasslike behavior apparent in specific heat and dielectric re-
anomaly in the thermal expansion is related to this transitionaxation studies can only be reconciled with our results if the
and to the onset of additional motions of the NiOn in the  glasslike transition involves relatively small reorientations of
corresponding temperature range. the NO, anion. This would be a novel type of glass transi-

In CsNQ,, the data for the temperature dependence of tjon. Single crystal studies on the low-temperature crystal

unfortunately are of lower quality. Thg f[emperature depensiyycture are desirable to verify our proposed md@lel.
dence ofc/a in CsNQ, does not exhibit the pronounced

features as in TIN@ A slight increase ofc/a, starting
around 40 K, is followed by a turnover to a strong decrease
of c/a above 100 K. The latter may be related to the large
deviation of(u?) from the harmonic behavior for the NO
ion. In CsNQ the glass-transition-like features in the spe-

cific heat and dielectric relaxation have been observed at 40 We would like to thank R'.L' D_onaberg_er, .P. Swainson,
K. and D.C. Tennant for help in this experiment. The use of

Chalk River LaboratorieSCRL) facilities and a research
grant from NSERC are gratefully acknowledged. One of us
(M.F.C) wishes to thank CRL for the hospitality during a

Our results rule out large-angle orientational degrees o$abbatical stay. One of YR.F) was supported by the Deut-
freedom in phase Il of TINQand CsNQ. We do observe, sche Forschungsgemeinschatt.
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