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Deuteron NMR investigations of glass and phase transitions Kl );_,(NDy4l), mixed crystals
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Powdered potassium ammonium iodide mixed crystals with ammonium concentrations of 20% and 70%
have been studied using deuteron NMR techniques. For the less doped sample the deuteron line starts to
broaden and the spin-lattice relaxation timebecomes nonexponential below about 20 K. These observations
indicate the breakdown of ergodicity and the onset of orientational glass freezing. At the lowest temperatures
T, reaches a plateau value. For the 70% sample a relatively abrupt onset of two-phase beAavi®5 &t is
inferred from measurements of the spin-spin and spin-lattice relaxation times. These observations are taken to
indicate an order-disorder transition to a crystalline phase which exhibits dynamically distinguishable lattice
sites.[S0163-182@08)05921-9

I. INTRODUCTION evidenced by the temperature dependence of the second mo-
ment[xgea (Ref. 19] of the NMR line. Near the freezing
Potassium ammonium iodide crystals (KIL)(NH,I), temperatureT; of ammonium iodide orientational glasses,
form a series of solid solutions which show a complexthe temperature dependence of the glass order parameter is
(x,T)-phase diagram.Ammonium-iodide-rich mixed crys- not as abrupt as in most spin glasé&Rather, in the vicinity
tals undergo a number of structural phase transitions for temgf T, a smooth variation ofje, is found, implying in par-
peraturesT <250 K >* Upon sufficient dilution on the cation  ticylar that the order parameter is nonzero already afigve
lattice, i.e., below the critical concentratiag~0.45, the CU-  Thjs |atter effect is thought to arise from the coupling of the
bic high-temperature crystal symmetry is preserved down tQyientational degrees of freedom to the disorder on the center

the lowest tempgraturgs. For<x. an orientational glass ot nass [attice. This disorder obviously is due to local fluc-
state is observed.In this state the ammonium tetrahedra v, viqng of composition. These usually result in static lattice

which constitute the orientational degrees of freedom are froétrains that are called random fields. It has been shown that

zen mto dlsordgred ponflguratlons. This S|tyat|on is similar tothese random fields can also have a pronounced effect on the
that in magnetic spin glasses and has stimulated numero

u o o .
theoretical investigatiors® asecay of the longitudinal magnetization observed in NMR

< , " : experiments’
Surprisingly, the ammonium group exhibits a dipole mo- Previ | h d he d .
ment when embedded in the cubic structure of reviously, we have reported on the deuteron magnetiza-

(KI);_(NH,)) .7 Therefore dielectric spectroscopy could tion recovery in a powder sample 1)osNDal)os® The
be used to discern various glassy phases in this mixeBUrPose of the present_ article is to prgsent corres.p_ondlng
system®® Below the percolation threshold &t0.20, indi- measurements on specimens with nominal compositions of
cations for a single-particle slowdown have been reported¢=0.2 and 0.7. In addition, we will show the NMR spectra
For 0.25<x<0.45 collective freezing has been found to Of these samples, which have been recorded down to liquid
dominate’ which could be well described using a power law helium temperatures.
behavior as predicted by several mode!8 For concentra-
tions closer to the critical one, the dielectric results suggested
the existence of a short-range variant of a long-range-ordered Il. EXPERIMENTAL DETAILS
structure, the so-calleé phase® which is stable slightly . .
abovex.. Much less is known about the phase behavior of MOost NMR experiments were carried out at a Larmor fre-
the deuterated mixed crystals; however, the absence of lovuency of 2rx40.2 MHz using a home-built spectrometer.
temperature phase transitions is documented for concentrdhe length of ther/2 pulse typically was 4is. Spectra were
tions up tox=0.51* recorded using the solid echo technique using appropriate
The focus of many previous studies has been on the tenphase cycling. The pulse spacing typically was 20 The
perature dependence of the order parameters dlzmwkbe- processing of the spectra incorporated minor first- and
low the critical concentration. In the latter regime ansecond-order phase corrections. Temperature stability of
Edwards-Anderson type of order parametg, can be *0.1 K was achieved using a cryostat from Oxford Instru-
defined? and has been investigated using a number of exments operated in the static mode. Some preliminary experi-
perimental techniques. These include neutrbxray!*and  ments extending dowrot3 K were recorded using a another
light scattering® as well as nuclear magnetic resonancespectrometer at a Larmor frequency@f=2mXx52.7 MHz.
(NMR) relaxometry and spectroscopy methods. The NMRThe samples were grown from aqueous,Q solution,
experiments have been carried out usffig,'® *N,¥” and  finely powdered under a dry atmosphere, and sealed in glass
121 (Ref. 18 as probe nuclei. Generally, a relatively well- ampoules. The compositionsgiven in the following refer to
defined onset of the glass ordering has been reported, as, e.the nominal ones.
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) o deuteron spectra @Kl ), o(ND4l)g o The solid line is a fit using Eq.
FIG. 1. Spectra of(Kl)og(ND4l)o, normalized to exhibit the (3) ang the parameters given in the text. The inset shows the pa-

same peak maximum. Note that the linewidth of the spectrum takepy meters characterizing the wings of the spectra. It exhibits a tem-
at 16.7 K is dominated by the field inhomogeneity of the SUPErcoNyerature dependence that is similar to thaivbf. The dashed line
ducting magnet used for this study. For lower temperatures thesfiacts the background contribution.

NMR line broadens and develops a wing. The inset shows half of

the symmetrized spectra in a semilogarithmic representation. Fromrou s is fast on the time scale set®VvL. This is true even
the straight lines in the inset, it is seen that the wings decay agroup Y-
log, 1 (f )/1(0)]= /o at 4.8 K and of course should also be borne out by measure-

ments of the spin-lattice relaxation tinig .

We have recorded the magnetization recovigrft) fol-
lowing an inversion pulse augmented by a solid echo se-
A. Orientational glass transition in (Kl )y g(ND4l)o. guence over several orders of magnitude in ttm8imilar to
our previous study carried out 6Kl ) s(NDy4l)g 5 16 we find
Qiso for the sample witk=0.2 thatM (t) can nicely be fitted
to a Kohlrausch functiomM (t) <exg —(/T;)*"”]. Using the
exponenty, the average spin-lattice relaxation tind@,)
=T,I'[1(1-v)]/(1—v) can be determined wherE de-
notes Euler's gamma function. In Fig. 3 we show the mean
Jelaxation times thus obtained as a function of inverse tem-

erature. Starting from high temperature, the relaxation times

ecrease in an almost thermally activated fashion with

IIl. RESULTS AND ANALYSES

In Fig. 1 we show the normalized deuteron resonanc
spectral (f )/1(f=0) of a powder sample with an ammo-
nium concentration ok=0.2 for several temperatures. Here
the frequency offset is denoted ds=(w—w )/27. At
higher temperature§l6.7 K and abovethe line shape is
dominated by the instrumental resolution, which is set to
width of about 1 kHz by the field inhomogeneity of our
present magnet system. Upon cooling the lines develop
broad wing. At 4.8 K it shows a full width at half maximum
of about 5 kHz. A close inspection of the data also reveals
that at low temperature the central part of the lines exhibits (Kl)o,g(ND4|)o.2
some additional broadening. For all temperatures the shape 10 L A S
of this central component can be well characterized by a
Gaussian function. For the description of the wings, how-
ever, no simple line shape function was found to be fully
satisfactory. In the inset of Fig. 1 we have replotted a part of
the spectra using a logarithmic ordinate axis. It is seen that
the wings of I(f) exhibit an exponential law
log,d I (f )/1(f=0)]=—f/o, with a slopes™?! that de-
creases with temperature.
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In Fig. 2 we have plotted the second momets of the 0 5>23< ;Xx »
deuteron lines, with the instrumental contribution already x 52.70 MHz
subtracted. It is seen thd , strongly increases as the tem- o 40.24 MHz o
perature is lowered. The inset shows that the inverse slepes 0 100 200 300
exhibit a very similar trend. This is to be expected since the 1000 / [T(K)]

second moment is dominated by the wings of the spectral

lines. ) FIG. 3. Average spin-lattice relaxation times &fl )o (NDy4l) »

It should be noticed that even at the lowest temperaturegjotted vs inverse temperature. The line corresponds to thermally
the powder line shapes remain practically unstructured angctivated behavior with an energy barrier®fks =47 K. The inset
their breadth is only a tiny fraction of the width/2m  shows the temperature dependence of the stretching expeifient
=3eqQh=136.5kHz of the rigid deuteron spectrum of T<30K. At higher temperaturegis zero within experimental er-
ND,l.?! This indicates that the motion of the ammonium ror.
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FIG. 4. Bottom part of representative deuteron spectra of FIG. 5. Spin-lattice and spin-spin-relaxation times from bimodal
(K)o s(ND4l)g 7. At low temperatures there are indications for fits to the longitudinal and transverse magnetization curves of
emerging edge singularities at the frequencies which are marked b¥1), {ND,l), ; are shown in partéa) and(b), respectively; cf. Egs.
bars. They correspond to frequency splittings of 44.6 Ktiick (1) and(2). Above Tc=35 K, marked by the arrow, only compo-
barg and 134 kHz(thin bars. nentA (circleg is present. Deuterons performing threefold jumps

give rise to componerB (crosses For several intermediate tem-
(T,)cexp(—E/kgT). The line in the figure corresponds to an peratures no unambiguous assignment is possible on the basis of the
energy barrielE/kg of 47 K. At low temperatures no mini- T, data. Note that due to the finite dead time of our spectrometer
mum in the spin-lattice relaxation time could be observedthe relaxation times for componeBtat T<6 K are somewhat un-
Rather, within experimental error, a plateau value is reachegertain. The solid and dashed lines correspond to effective energy
for the measurements carried out using a Larmor frequencharriers of 170 and 22 K, respectively.

of 52.7 MHz. The measurements performed at a lower frey, o frther cooling. At the lowest temperature the precur-

quency(40.24 MH2 show that a shorter plateau value will sors of edge singularities usually known from solid state

most likely be reached if the experiments are extended t@pectra can be recognized. The thick vertical bars in Fig. 4
lower temperatures. In order to check whether the observed .k their frequency positions at22.7 kHz. It is remark-

temperature independencebf is due to reduction eff_ec?c% _able that these coincide with the edge singularities expected
(see also the discussion belpwe have measured spin-spin o, 4 ND, group that performs rapid 120° jumps around one

relaxation times. Sinc&, was always found to be longer .. 7 . . .
than 200us and thus much larger than the solid echo refo-Of its Cs axes’ Rapid means that the jump rate is larger than

cusing time, ther; experiments are not deteriorated by this given by the speqral widt. Upon _close |_nspe_ct|on_ |nd!ca-
effect. tions for singularities at- 67 kHz (thin vertical lines in Fig.

Constant low-temperature spin-lattice relaxation time 4) due to the presence of more rigid ammonium groups can
P P %e detected. The central component then obviously corre-
were also observed in crystals such as,@iHethang (Ref.

sponds either to a motional process which is much faster
23) and Rh_,(NH,),H,PO, (a proton glass(Ref. 24. In .
these solids th@; plateau was interpreted to indicate that than that around th€s axes or to a quas-isotropic type of

tunneling processes become dominant at low temperature motion. Most likely seems to be that the molecules giving
9p P ‘rise to the central component perform tetrahedral jumps.

In the inset of Fig. 3 the temperature dependence of the Also for (K1),s(NDyl)o, spin-lattice relaxation measure-

exponenty is presented. It is seen that it is _s|gn_|f|cantly ments were carried out. The magnetization recovery curves
nonzero below temperatures of about 20 K. Like in super-

. — .~ were found to be single exponential at high temperatures.
cooled liquids and polymef3the onset of nonexponentiality : . .

S , . Again, they could be described as thermally activateee
of the intrinsically exponential deuteron relaxatidsignals

the occurrence of a distribution of molecular correlationthe solid line in Fig. 5 The activation energi¢/ks is of the

times and hence the breakdown of ergodicity on the timeOrder of 170 K. BelowTc~35K the magnetization curves

scale set byf,. Remarkably, the ergodicity breaking occurs abruptly turn nonexponential, but attempts to describe them

at a temperature which coincides with the one at which th(\aN'th a single stretched exponential function failed. A good

line shape starts to broaden. Also, it should be noted that th%qrametnzatmn could, howeyer, be ach.|eved with a SUPErpo-
; . X sition of a Kohlrausch function and a single exponential,
plateau inT, is reached only much below the freezing tem-

perature. M(t)=A exd — (t/T;4)]+B exd — (t/T1g) 0], (1)

incorporating two components for convenience denotel as
and B.?8 The fitting parameters thus obtained are presented
We have also recorded solid echo spectra forin Figs. 5 and 6. The coefficientd;4)(=T14) and{T;g)
(K1)g.3(NDyl)g.7. The lower parts of some of the spectra areare shown in Fig. &). The latter are obtained from least-
presented in Fig. 4. In addition to the central componensquares fits to the magnetization recovery curveb<af ;.
below T~10 K, a wing becomes apparent that broadendt is seen that the relaxation times of componéntpass

B. Two-phase behavior in(Kl )q 3(NDyl)g 7
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1.00 11— S(1)=A exfl —(27/T,0)?]+B exd — (27/T)* 1.

. orsl P, - @

o 8 We expect that the ratio of the weighting factdksand B

S 050F o, . appearing in this equation and those deduced from the spin-

3 * lattice relaxation measuremerts. Eqg. (1)] follow the same

= 025 fomT, . temperature dependence. Théig should not depend on
ofromT, 1§ (a) whether it was determined fromi; or from T, measure-

- 0.00 =, : : : : : : : : ments. Within experimental error this conjecture is indeed

5 075 o 1 confirmed, at least fof >10 K; cf. Fig. §a). Componen®

5 o dephases in a Gaussian manner and thus seems to behave as

S 050r 1 expected. The other exponeit,associated with component

o 2 B, steadily increases with decreasing temperdtiig 6(b)].

_E’ 025 's. %, . . The temperature dependencesTgf, and particularly of

§ .\..200 * (b T, as shc_)wn in Fig. &) are quite mtc_erestlng. Whild@ ,4

O ool AN below T¢ is almost constantT,g continuously decreases

» 0 10 20 30 40 50 with temperature. Below about 8 K, the fittddg values are
temperature T(K) comparable to the dead time of our spectrometer. The small

values of T,g suggest that we are closely approaching the
FIG. 6. Temperature dependence of parameters characterizirdgeuteronT, minimum, indicative for motion taking place on

the decay of the longitudinal and the transverse magnetization dhe time scale given by the inverse width of the rigid lattice
componentB of (Kl)os(NDgl)o7 In frame (a) the fractionfg  spectrum. It is reassuring that this is also to be inferred from
=B/(A+B) is shown. The dashed line is to guide the eye, only. Inthe low-temperature spectra shown in Fig. 4. It is well
frame (b) we show the exponents (solid symbolg and\ (open  known that in this regime of intermediate narrowing, a part
symbol$ as defined in Egs(1) and (2), respectively. AboveTc  of the magnetizatioriviz., that characterized by the shortest
=35K, marked by the arrow, the longitudinal magnetization de--|—2) is usually not refocused using a solid echo sequence.
cays e.xponent'ially and the transverse magnetization dephases inT"ﬁiS phenomenon gives rise to a so-called reduction 2fctor
Gaussian fashion. of the very fast dephasing components. Sifigewas mea-

smoothly throughT - and reach a shallow minimum near 13 sured u5|rlg a SO“.d e”cho technique, th|s naturally gxplams the
apparent “reduction” offg as determined from spin-lattice

K. On the Iow-temperature side the magnitude of the SlOp?elaxation times at low temperaturésf. Fig. 6a)]. Obvi-
5= |d(T1)/d(1/T)] is about & factor of 8 smaller than on the ously, in this temperature range it is more reliable to evaluate
high-temperature side. Such a behavior usually is |nd|cat|v<=T3 from measurements of Spin-spin relaxation times
for a very asymmetric distribution of correlation tinfés=or B pin-sp '
componenB the average spin-lattice relaxation times in the
range of thel; minimum are about a factor of 8 shorter than

for componeni. o We will first discuss the results for the sample with
The stretching exponent of compondhts shown in Fig.  =0.2. As shown in previous investigations, e.g., Ref. 17, the
6(b). Immediately belowT¢ it exhibits values of 0.2 passes second moment of the deuteron NMR line is proportional to
through a minimum near where the minimumfipshows up  the Edwards-Anderson order paramedgy. There are sev-
and towards low temperatures increases again. The apparesfal theoretical approaches that allow one to determine
narrowing of the deuteron magnetization recovery in the vi-qEA_5,6 From a simple mean field model which takes into

cinity of the T; minimum (for which s—0) is well known!®  account random bonds as well as random fietgs, can be
A squeezed mapping of the distribution of correlation timescalculated self-consistently Va

onto the distribution of spin-lattice relaxation times is, how-
ever, also to be expected in the slow motion regime where 1 )
the coefficiens is relatively small. This may explain why for qEA:\/? f dz € “4anif[z\qea(Tg/T)*+(TA/T)?].
x=0.7 the exponen¥ observed at low temperatur¢Big. 4
6(b)] is smaller than the corresponding values found for the &)
mixed crystals withx=0.2 (Fig. 3) and 0.5 Here T4 and T, are measures of the contributions due to
From the weighting factors appearing in Ed), we can random bonds and random fields, respectively. From the fit
define the fraction of deuterorfa=B/(A+ B) that exhibit  of Eq. (3) to the experimental data, as represented by the
the shorter spin-lattice relaxation time. As documented irsolid line in Fig. 2, we findT;=6.9 K andT,=1.8 K. In a
Fig. 6(a), fg rapidly increases below. The temperature first approximationl y should scale with the concentration of
dependence of this quantity resembles that of an order pdhe orientational degrees of freedom. Therefore it is not sur-
rameter associated with a second-order phase transition. Cprising to find that herd is about a factor of 2 smaller than
riously, however,fz seems to decrease at the lowest tem-for samples wittx~0.4—0.5'"*8 The relative importance of
peratures. the random field contributions as quantified by the ratio
In order to investigate this latter effect, we have studiedT, /T4, due to entropy reasons, should be largest Xor
the transversal dephasii®jr); i.e., we have measured spin- =0.5. In fact, for thex=0.2 crystalT, /T, is considerably
spin relaxation times. Again, beloW., we find it necessary smaller than for the previously investigated, more heavily
to use a two-component description doped sample¥'8

IV. DISCUSSION
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Next, we turn to the(Kl)q s(NDyl)o 7 crystal. As noted investigation. The difference in the phase transition tempera-
above, the minimum values @, and T, differ by a factor  tures, apart from the fact that we compare protonated and
of about 8; see also Fig(&. This compares well with what deuterated compounds, is probably due to differences in the
is expected from the assumption of two differently rotatingammonium concentration. Another slight difference is that at
ammonium species. For isotropically reorienting NfJoups 5 K the fractionfy determined from NMR is larger than
a coupling constant of 136.5 kHz determines fhemini-  0.75. In order to estimate the low-temperature limit fgf
mum. The more complex motion of deuterons, carrying outmore reliably, it is obvious that deuteron spin-lattice relax-
rapid threefold jumps with an additioné&lowen reorienta- ation times and spectra should be determined at much lower
tion of the C5 axis, leads to a reduced coupling constant oftemperatures.
about 45.5 kHz. Since spin-lattice relaxation times depend
quadratically on the coupling constant, a factor of 9 is ex-
pected under the circumstances just described. Note, how- V. CONCLUSIONS

ever, that according to the assignment given in F9).57 1 In the present work we have used static and dynamic deu-

shoulql be longer thamlAi L_et us reiterate that this assign- teron NMR measurements to study the freezing of the am-
ment is based on the coincidence of the temperature depen:-

dences off; as determined fronT, as well as fromrT, [cf. monium groups in the mixed crystals (KL),(ND4|), for x

Fig. 6a)]. At present, we are unable to resolve Wi =0.2 and 0.7. For the less doped sample we find a continu-
<%‘ [cf. Figp5(a)] \'Ne note. however. that still angtBher ous broadening of the NMR absorption line. The analysis of
1A . . . y y . . A A

assignment of two speci@sandB (which would predict that the data using Ed3) indicates that the onset of the freezing

T, is O times longer thaff;5) is obtained by assuming that process is only slightly affected by static random fields,

A ds 1o a deut llel t ; 4B t stemming from local composition fluctuations. At low tem-
corresponds to a deuteron paraliel to tl’.@ams andb fo peratures the spin-lattice relaxation times become tempera-
the three deuterons involved in ti@y rotation. This would

ve f—3 ind dent of t t Si this | tture independent, in analogy to measurements on several
give Tg=3, Indeépendent ot temperature. Since tiS 1S N0ty 4 41m solid$32This is a possible hint of the existence of
observed experimentalljcf. Fig. 6@], we think that the

i it del is f db dat tunneling excitations. For the crystal wik+ 0.7 the behav-
wcl):—5| fhmo € tISI ?}’r‘)’(rfo 7ythour ata.t iKing feature is th ior of the spin-spin and spin-lattice relaxation times indicates
orthe crystal withk=1. 7 In€ most striking teature 1S th€ 54 5 second-order phase transition takes place near 35 K. It
observation of a phase transition at a very low temperature qf »qsqciated with the occurrence of ammonium molecules

TC:?’S K [cf. Fig. G(a)]_, below which we find ev.idgnce for that perform anisotropic reorientations on a subset of lattice
the existence of two different deuteron sites. It is interestingioq \which steadily grows in number upon cooling. This

to mention that in a related protor?gted com_poundtype of behavior is compatible with results from neutron dif-
(KNg2ANH4l)o.75 @ structural phase transition was discov-

d ke ol - . diffracti fraction in which evidence for a partially ordered low-
ered to take place af¢=63 K using neutron diffraction emperature phase was obtairigetom the deuteron spectra
techniques. Upon cooling, this sample transforms from a

X : . of (Kl)p3(NDy4l)g 7 direct evidence for th€, motion of the
NaCl-type symmetry into a trigonal one. The latter is Char'ammonium groups is becoming detectable at low tempera-
acterized by a distortion angle of 89.9° and therefore can b

. ) . fure (T=5K). Further insight into the slowing down of the
conS|dereq pseudoc_ublc for. most purposetsSf( this COM- " gynamics in these crystals is to be expected from investiga-
pound exhibited an interesting structure which contains fou

; . i _ : OUtions carried out at lower temperatures.
ammonium sublattices with two inequivalent ammonium
sites in the unit cell. On three of these sublattices the mol-

ecu]es were found to e>.<hibttgv symmetry(site B in the ACKNOWLEDGMENTS
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