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1. INTRODUCTION

Ammonium-alkaline metal halides are known to have a complex x-T phase diagram
[1,2]. At low temperatures the diagram has a dynamic orientational disordered a-phase in the
region of small ammonium concentrations, an orientational glass state in the region of
medium ammonium concentrations, and orientational ordered phases [3-8] at high ammonium
concentration. With increasing ammonium concentration the NH,'-NH," interaction affects
the barrier that controls the reorientation of ammonium ions and it also influences the
dynamic properties of different phases.

The ammonium dynamics and structural phase transitions in Rby.(NH),I mixed
crystals were earlier studied at 20 K in the concentration region 0.01<x<0.66 [9] to compare
them with the ammonium dynamics and structural phase transitions in K;..(NH,). This
revealed some difference that could be due to the inner strain in K;.(NH,)I as the ionic
radius of ammonium is bigger than that of potassium and is approximately equal to the ionic
radius of rubidium. The results presented in the papers [9] and [10] show that in general, the
translational and librational ammonium dynamics in Rb;.(NHy).I and K;..(NH,),I is similar.
However, the temperature of 20 K was to high for observation of the tunneling transitions
and the resolution of the used spectrometer NERA-PR [11] at the IBR-2 high flux pulsed reactor
(JINR, Dubna) was to low for investigations of the quasielastic incoherent neutron scattering
(QINS) in more details.

In this paper we present the results of tunneling transitions and the QINS
investigations of Rby.«(NHi),I performed on the IN6 spectrometer at the HFR ILL at
Grenoble in the temperature range of 5 - 150 K.

2. EXPERIMENT AND RESULTS

Samples of Rb;.«(NH,),I mixed crystals with the concentration x=0.01, 0.02, 0.06,
0.16, 0.40, 0.50, and 0.66 are prepared by evaporation of corresponding stoichiometric
aqueous solutions. The inelastic incoherent neutron scattering (IINS) spectra are measured on
the NERA-PR time-of-flight inverted-geometry neutron spectrometer in FLNP, JINR, Dubna,
Russia [11] and the IN6 time-of-flight neutron spectrometer in ILL, Grenoble, France [12]. In
NERA-PR the scattered neutron energy is determined with a pyrolitic graphite crystal-
analyzer with A,=4.15 A and the elastic peak resolution 8E ~ 0.66 meV. In IN6 measurements
the incident neutron wavelength A,=5.12 A, the resolution 8E ~ 0.10 meV, and the detectors
cover the scattering angle from 13.2° to 104.77°. The detectors are divided into eight groups,
which makes it possible to obtain the S(Q,E)-scattering law for the scattering vectors
Q=0.282, 0.489, 0.736, 0.951, 1.164, 1.469, 1.730, and 1.943 A™.

For illustration, the QINS spectra of Rb;.x(NHj),I measured with NERA-PR for the
ammonium concentration x=0.06, 0.16, 0.40, and 0.66 at 20 K in the energy transfer region
-3<x<3 meV are shown in Fig. la and corresponding IN6 spectra measured in the region
-2<x<3 meV arein Fig. 1b. The intensities of the spectra (at AE=0) are normalized to 1 to
enable a comparison of QINS spectra measured with different spectrometers.

The QINS spectra of Rb;. x(NH4)xI as a function of concentration, 0.06<x<0.66, at 20
K in the energy transfer region ~3<x<3 meV show that the quasielastic contribution increases
with increasing ammonium concentration from x=0.06(0) to x=0.16(0) and then it decreases



at x=0.40(A) and x=0.66(-@-). This behaviour is explained by the fact that on the x—T phase
diagram at 20 K, samples with x=0.06 and 0.16 are in the region of the dynamic disordered
a-phase, sample with x=0.40 is in the orientational glass state, and with x=0.66 is in the
ordered phase. The QINS spectra for x=0.66 measured with two spectrometers can be
correspond through their resolution functions. The satellite maximums at AE~+0.6 meV in
the QINS spectrum of ING6 for x=0.06 (Fig. 1b) correspond to rotational tunneling transitions
not observed in the QINS spectrum measured with NERA-PR because the IN6 energy
resolution is higher.

QINS spectra from IN6 are exemplified for two ammonium concentrations, x=0.16
(Fig. 2a) and x=0.40 (Fig. 2b), as the temperature changes from 5 to 150 K. A series of
maximums is seen in the QINS spectra of the sample with x=0.16 at 5 K corresponding to
inelastic neutron scattering on the rotational tunneling levels of ammonium ions. As the
temperature increases tunneling transitions disappear in QINS spectra at 20 K, which
corresponds to a transition of neutron scattering from quantum motion of ammonium ions to
their classical motion described by jump reorientation [13].

Studies of the influence of ammonium concentrations, 0.01<x<0.66, on the rotational
tunneling levels of NH,' in the energy transfer region ~2<x<0 meV at 5 K are illustrated in
Fig. 3. An increase of the ammonium concentration is accompanied with a modification of the
tunneling levels pattern and disappearance of the tunneling levels contribution to QINS
spectra. This disappearance of tunneling transitions in the QINS spectra at 5 K for x=0.40
corresponds to a transition to the concentration region of the orientational glass state on the
x-T phase diagram of Rby«(NH,),I mixed crystals.

The positions of the tunneling levels as a function of ammonium concentration at 5 K
are determined and summarized in Table 1. If the situations of the tunneling levels for the
ammonium concentration x=0.01, 0.02, or 0.06 are similar and are observed at AE=0.56,
0.67, 1.19, 138, and 1.74 meV, the new additional tunneling levels appear for the
concentration x=0.16 at AE=0.42 and 0.93 meV. Absence of contribution from tunneling
levels in the QINS spectra for the concentration x=0.40, 0.50 or 0.66 is the result of the
influence of the NH4-NH, collective interaction on the growth of the potential barrier to
reorientations, which leads to “freezing” of orientational degrees of freedom. The areas under
the maximums of the tunneling levels are determined and their ratios to the maximum area of
the tunneling level with the energy E=0.56 meV are given in Table 2. The tunneling levels
with the energies E=0.56, 0.67 and 1.19 are similar to the earlier observed levels for
Rbo7.1(NHy)o.0201 [14].

The QINS spectra are treated on the basis of scattering law with two components: the
elastic, 1e(Q)G(E), and quasielastic, Iqe(Q)L(E), where G(E) and L(E) are Gaussian and
Lorenzian functions, respectively [15], Q is scattering vector and E is energy transfer. Then
QINS spectra are fitted by a non-linear least-square procedure, program “Fullprof”, with the
help of parameters, describing positions G(E) and L(E), intensities Ie and Iqe, and full width
at half of maximum (FWHM) of L(E). An analysis of FWHM calculated for QINS spectra at
each concentration and all scattering vectors as a function of temperature shows that FWHM
does not depend on the scattering vector. This confirms the correctness of the decomposition
of the observed QINS spectra into a G(E) function and a single Lorenzian function.

A comparison of the obtained FWHM shows that their temperature behaviour is
determined by the ammonium concentration. So the FWHM(T) curves as a function of the
ammonium concentration are divided into three groups: a group of FWHM(T) curves for the
concentration x=0.01, 0.02, 0.06 whose slopes are close and are approximately equal to
0.0018 meV/K, a group for the concentration x=0.40, 0.50 and 0.66 with slopes close to
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Table. 1. Comparison of tunneling transition energies of Rb;.(NH,),I mixed crystals, obtained
at 5 K in present study, with the results for Rb;.x(NHy),I [14] and K,..(NH,),Br [15].

Specimen Rb1.«(NH,)I Rb;«(NHy),I K <(NH,),Br [15]
[14]
X 0.01 0.02 0.16 0.029 0.005 Transition

E, meV 0.42
056 | 056 0.55 0.56 0.53 4.A, — T4,
067 | 068 (0.66) 0.67 | 7,T,.> 7-E, ET,

0.93

1.19 1.19 1.20 1.21 1.20 AA; — T,E
1.38 1.4 1.37
174 | 174 172 1.70 41A; —> ToT,

Table 2. Relative intensities of different tunneling transitions related to the 0.56 meV
tunneling transition in Rby.«(NH,).I mixed crystals.

x=0.01 x=0.02 x=0.06 x=0.16
N E, meV Si/Sz Si/Sz Si/82 Si/Sz
observed

1 0.42 0.15
2 0.56 1 1 1 1

3 0.67 0.24 0.25 0.22

4 0.93 0.08
5 1.19 0.19 0.20 0.17 0.15
6 1.39 0.007 0.006 0.007 0.03
7 1.74 0.018 0.019 0.022 0.023




0.007 meV/K, and a FWHM(T) for x=0.16 found between two above groups of curves with
an approximate slope of 0.0047 meV/K if one uses the linear approximation of experimental
points. These curves are shown in Fig. 4.

The group with x=0.01, 0.02 and 0.06 is characterized by similar tunneling levels at
low temperatures and lies in the region of the dynamic disordered o-phase on the x-~T phase
diagram. The group with x=0.16 is characterized by a modified tunneling levels pattern in
comparison with that of the group with a smaller ammonium concentration. The group with
x=0.40, 0.55, and 0.66 corresponds to the orientational state (x=0.40) and the region with an
ordered crystalline structure (x=0.50 and 0.66). This shows that obviously, there is an
intermediate concentration region (x=0.16) between the dynamic orientational disordered o-
phase (x=0.01-0.06) and the region of the orientational glass state (x=0.40). The temperature
curves of FWHM for different concentrations are found to be in correspondence with the
concentration curves of the tunneling levels. Namely, the behaviour of the tunneling levels
and the temperature dependence of FWHM for 0.01< x<0.06 are similar and do not depend
on the ammonium concentration. This means that IINS spectra for 0.40<x<0.66 do not have
contributions from the tunneling transitions and their temperature dependence slopes are
similar. However, for x=0.16 an intermediate situation is observed when the described
properties vary between the properties characteristic for these limited concentration regions.

Reorientations of ammonium ions is described through the elastic incoherent structure
factor EISF(Q) determined as a ratio of elastic scattering Ie(Q) to elastic scattering Ie(Q) plus
quasielastic scattering Iqe(Q) [16], i.e.,

EISF(Q) = Ie(Q)/(1e(Q) +1qe(Q)),

The EISF(Q) temperature curves are calculated for all ammonium concentrations and an
analysis of the curves makes it possible to identify their three general types. The first type of
the observed EISF(Q) is presented in Fig. 5a and characterizes the Rb;.(NH,),I mixed
crystals with x in the region from 0.01 to 0.16, the second type is illustrated in Fig. 5b for
x=0.40, and the third one is in Fig. 5c being similar for x=0.50 and 0.66. It is worth noting
that the scattering vector region where EISF(Q) are obtained is not sufficient for the
determination of an axis around which ammonium ions reorient contributing to quasielastic
scattering. The temperature curves for the observed three types of EISF(Q) are, however,
different and image the properties of different concentration regions on the x-T phase
diagram of Rb;.«(NH,4).I mixed crystals. Thus, they can be used for the identification of
concentration regions on the x—T phase diagram of Rb;«(NHy),I mixed crystals.

3. DISCUSSION AND CONCLUSIONS

The results of a recent study of the ammonium ion dynamics in the Rb,.(NHy),I
mixed crystals in the concentration region.0.01 < x < 0.66 at the temperature region from 5 to
150 K obtained by quasielastic incoherent neutron scattering (QINS) on the IN6 neutron
spectrometers are presented. Interesting concentration dependence curves of the tunneling
levels in mixed crystals at 5 K are obtained. The tunneling levels for the ammonium
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F1g 1. Quasielasﬁc incoherent neutron scattering (QINS) spectra of Rby.«(NH,)I mixed
crystals measured with neutron spectrometers at 20 K: (a) - NERA-PR and (b) - IN6.
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Fig. 3. Tunneling spectra of Rb;.«(NHy) I as a function of ammonium concentration at 5 K
(measured on IN6 spectrometer).
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concentration x=0.01, 0.02, and 0.06 are similar and almost all tunneling levels can be
described by the levels observed in K. (NH),Br with x=0.005 and described in [17]. The
comparison is illustrated in Table 1. The first three levels observed in this study were earlier
observed in Rb;.«(NHy),I with x=0.0029 [14].

An increase of the ammonium concentration is accompanied with a change of the
tunneling level pattern. For example, for x=0.16 two additional levels appear at AE=0.42 and
0.93 meV. The change of the tunneling level patterns may result from formation of clusters
with two adjacent ammonium ions in mixed crystal. This leads to the new specific splitting of
T-states [18]. Then, clusters with three adjacent ammonium ions, whose interaction changes
the tunneling level pattern, form in mixed crystals [19]. Finally, at some ammonium
concentrations tunneling transitions cannot arise because an increase in the ammonium
concentration is accompanied with the growth of the barrier to reorientation and the
orientational degrees of freedom of ammonium ions “freeze” forming the orientational glass
state.

The observed dependence of the tunneling levels in Rb;((NH,),I mixed crystals on the
ammonium concentration shows that a transition from dynamic orientational disordered to
orientational glass state region takes place in the medium concentration region which is
characterized by clusters with different tunneling levels and will be investigated in detail in
near future.

Quasielastic incoherent neutron scattering results obtained for Rby.o(NH,)I mixed
crystals in the concentration region 0.01 < x < 0.66 at 5 to 150 K show that such
characteristics of QINS as FWHM and EISF(Q) are specific for different concentration
regions which are the dynamic orientational disorder region, static orientational disorder
(orientational glass state) region, and the orientational order region.

Acknowledgments

The authors thank Mr. S.Jenkins for technical assistance and Dr.G.Cicognani for useful
discussions.

References:

1. R.J Havighurst, E.Mack Jr. and F.C.Blake, J.Am.Chem.Soc., 47, 29 (1925).

2. P.Brauer and I.R Jahn, Z Naturforsch., 33a, 1093 (1978).

3. 1 Fehst, R. Bohmer, W.Ott, A Loidl, S.Haussuhl and C.Bostoen, Phys.Rev.Lett., 64, 3139
(1990).

4. J.F Berret, C.Bostoen and B.Hennion, Phys.Rev., B 46, 13747 (1992).

5. M.Winterlich, R Bohmer and A Loidl, Phys.Rev.Lett., 75, 1783 (1995).

6. M.Paasch, G.J McIntyre, M.Reehuis, R.Sonntag and A Loidl, Z.Phys., B 99, 339 (1996)

7. M.Ohl, M Reehuis and A Krimmel, BENSC Experimental reports 1998, p. 150.

8. F.Guthoff, M.Ohl, M.Reehuis and A Loidl, Physica B 266, 310 (1999).

9. I Natkaniec, M.L.Martinez Sarrion, L.Mestres and L.S.Smirnov, Physica B 276-278, 294
(2000). -

10. I Natkaniec and L.S.Smirnov, Physica B 234-236, 409 (1997).

11. I Natkaniec, S.I.Bragin, J.Brankowski and J.Mayer, ICANS-XII, Abingdon, 1993, RAL
Report 94-025, v.1, p. 89.

12. R.Scherm, C.Carlile, A.J.Dianoux, J.Suck and J. White, ILL Report 76S23S, 1976.

10



A.J Dianoux, R E.Ghosh, H.Hervet and R.E Lechner, IN5 Program Package, Institute

Laue Langevin report, 1975.

13. A Huller and L Baetz, In: Quantum aspects of molecular motions in solids. Ed. by
H.Heidemann, A Magerl, M.Prager, D.Richter and T.Springer, N.Y., 1987, p.2.

14. A Heidemann, J.Howard, K.J Lushington, J.A.Morrison, W.Press and J.Tomkinson,
J.Phys.Soc.Japan, 52, 2401 (1983).

15. F.Volino, A.J Dianoux and H.Hervet, J.Physique, Colloq. 37, C3-55 (1976).

16. H.Hervet, A.J Dianoux, R.E Lechner and F.Volino, J.Physique, 37, 587 (1976).

17. A.Inaba, H.Chihara, J.A Morrison, H.Blank, A Heidemann and J.Tomkinson,
J.Phys.Soc.Japan, 59, 522 (1990).

18. M.Prager, W Press and K Roessler, J.Mol.Struc., 60, 173 (1980).

19. A Heidemann, In: Quantum aspects of molecular motions in solids. Ed. by H.Heidemann,
A Magerl, M.Prager, D.Richter and T.Springer, N.Y., 1987, p.44.

Received by Publishing Depz;rtment
on August 13, 2001.

11



Hatkanen M. u mp. E14-2001-171
Bnusgnue KOHUEHTPAUMH U TEMIIEPaTyphl Ha TyHHEJIbHBIE HEPEXOIbI
U BpallaTeIbHyl0 JMHAMUKY aMMOHHUS B CMELIAaHHBIX KPUCTALIAX

Rby_y NH4),1

Cwmemannsie Kpuctamisl Rby_, (NH 4 ), I u3yqanucs ¢ moMolupio HEYIpyroro Hekore-
PEHTHOTO paccessHUs HEUTPOHOB C UCTIONIb30BAHHEM CIIEKTPOMETPOB BpEMEHH IPOJIETa B KOH-
LEeHTPaUMOHHOM obnactu x T dasosoii auarpammer 0,01 <x<0,66 B TeMIepaTypHOM HHTEp-
Bajte 5 <T'<150 K, rne HaxoaTCs NMHAMUYECKH U CTATHYECKH OPUEHTALHOHHO Pa3ynopsano-
uenHble (asel.  Ilokasano, uyro mnpu 5K BpamarenbHole TYHHENbHbIE —YPOBHM
1t KoHueHTpauui ammonusd x=0,01, 0,02 u 0,06 anamoruynsl. g x=0,16 HaGmonatucek
HOTIONIHUTENBHbBIE TYHHETIBHBIC YPOBHH, KOTOPBIE MOTYT GbITh OOBSICHEHBI KaK PE3yJbTaT pac-
wemieHus T-cocrosnuii 3a cuer NH 4 —NH 4 -B3aumopeiicreus. s x=0,40 TyHHeNbHbIE
YPOBHH He HaOMIONATHCh B pe3yiprare 00pa30BaHMsl COCTOSHMS OPHEHTALIHOHHOTO CTEKJIa.
VYrpyrue HeKOrepeHTHbIe CTPYKTYpHbIe hakTopsl wis KoHueHnTpaumii 0,01 <x<0,16 (auHa-
MHYECKH OPUEHTALIMOHHO pas3ynopsnoYeHHas o-tasa), x =0,40 (CoCTOTHHE OPUEHTALMOHHO-
ro crexna) u 0,50<x<0,66 (OPHEHTALIMOHHO YNOPSAOYEHHOE COCTOSHUE) MMEIOT pa3Hble
TEMIIEpPaTypHbIE 3aBUCHMOCTH.

Pa6ota BemonHeHa B JlaGoparopun HeitTpoHHON (usuku um. U.M.Dpanka OUSH.

Ipenpunt O6BENMHEHHOTO MHCTHTYTA SUEPHBIX MccienoBanuii. ly6ua, 2001
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Influence of Concentration and Temperature

on Tunneling and Rotational Dynamics of Ammonium

in Rb_, (NHy), I Mixed Crystals

The Rby_y NH 4), I mixed crystals are studied by inelastic incoherent neutron scattering
using time-of-flight spectrometers in the concentration region of the x-T phase diagram
0.01<x<0.66 at 5 <T<150 K, where dynamic and static orientational disorder phases are
generally found. It is shown that at 5 K rotational tunneling levels for ammonium concentra-
tions x=0.01, 0.02 and 0.06 are similar. Additional tunneling levels are observed for x=0.16
which can be explained as the result of T-states splitting for account of NH, -NH 4 interac-
tion. Tunneling levels are not observed for x=0.40 as the result of forming orientational
glass state. The elastic incoherent structure factors for concentrations 0.01 <x<0.16 (dy-
namic orientational ~disordered a-phase), x=0.40 (orientational glass state)
and 0.50 <x<0.66 (orientational ordered state) have different temperature dependences.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.
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