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Dimethylammonium aluminum sulphate hexahydr@eél;),NH,AI (SO,),-6H,0 (DMAAS) is a representa-
tive of a family of inorganic hydrogen-bonded insulators with a complicated structure of the H-bond network.
The microscopic nature of the ferroelectric phase transitidh at152 K was studied via th#H and?’Al NMR
spectrum, spin-lattice relaxation, and relaxation in the dipolar frame. Two kinds of molecular motions were
detected in the paraphase with frequencies differing for about five orders of magnitude. The slow motion
corresponds to the dimethylammoniull@MA) reorientational dynamics that freezes out at the ferroelectric
transition whereas the fast motion reflects the dynamics of the H-bond network, which shows no anomaly at
T.. The results demonstrate that the DMA reorientation freeze-out is the prime reason for the ferroelectric
transition in DMAAS. The DMA slowing-down dynamics has a profound effect on the other two sublattices of
the DMAAS structure, the SQand the A{H,O)g, via the hydrogen bonding. The effect of the relatively slow
DMA reorientations is a gradual lowering of the time-average local crystal symmetry which biases the local
potentials of water molecules in the (A,O)s complexes as well as the potentials of the H bonds. The gradual
freeze-out of the water “jump-over” motion seems to be responsible for the appearance of four minima in the
27Al spin-lattice relaxation rate in the paraphase which appear in addition to the global minimum at the
ferroelectric transition. The splitting of tHéAl spectral lines much below the ferroelectric transition tempera-
ture indicates that proton ordering in the H bonds begins to take place below[$DX63-182899)11105-§

[. INTRODUCTION complicated structure than in KDP. These are the di-
methylammonium  aluminum  sulphate  hexahydrate
Hydrogen-bonded insulating crystals represent a class qfCH;),NH,AI(SO,),-6H,O (DMAAS), the dimethyl-
solids which exhibit many interesting physical phenomenammonium gallium sulphate hexahydrite
like ferroelectricity, ferroelasticity, superionic conductivity (CHs),NH,GaSQy),-6H,0 (DMAGaS) and their deuterated
and glassy ordering in the ferroelectric-antiferroelectric mix-forms. These crystals exhibit ferroelectricity and ferroelastic-
tures. In these systems hydrogen bonds connect differeiitty. The microscopic nature of the above phenomena is still
structural elements of the crystalline lattice and the aboveoorly understood due to a high complexity of the crystalline
phenomena are crucially related to the structure and dynanstructure and the H-bonding network. There are three basic
ics of the H-bond network. Physical properties of H-bondedstructural elements in DMAAS(Fig. 1). First are the
crystals are strongly related to the dimensionality of thel Al(H,0)s]>" complexes which form regular octahedrons
H-bond network. The simplest case is thg-H{SOy), family ~ containing Al atom in the center and six water molecules in
in which a “zero-dimensional” H-bond networkisolated the apices. Each water molecule forms two strong -O®
SO-H---SO, dimerg exist. The dimensionality of the net- hydrogen bonds with the second structural elements, the
work is increased in CsHSOfamily which contains one- [SQ,]2” anions. There are twelve H bonds between a given
dimensional (1D) H-bonded chains of SQtetrahedra. In  Al(H,0)s complex and the surrounding $@trahedra, cre-
squaric acid the H-bond network is two-dimensio(2D), ating a rather complicated H-bond network. The combined
whereas in KHPQ, (KDP) family a three-dimensiondBD)  Al(H,0)¢-SO, sublattice forms void channels inside which
network exists where all four apices of a given A€trahe- the third structural elements, the dimethylammonium
dron are H-bonded to other tetrahedra. All the above netf(CH;),NH,]* (DMA) cations are located. The DMA cat-
works are geometrically still rather simple. For instance, thdéons form two weak N-H--O hydrogen bonds between the
3D KDP network is a stack of 2D H-bonded planes, where inamino (NH,) group of the DMA molecule and the S@et-
each plane there exist two sets of orthogonal 1D H-bondedahedra. Two oxygen atoms of a given S@olecule form
chains. The physical properties of the above systems can liewo O-H --O bonds each with the Al complexes, whereas
to a good approximation modeled by considering the staticeach of the remaining two oxygens forms one 6-8 bond
and dynamics of the H-bond network only, whereas the efwith the Al complex and one N-H-O bond with the DMA
fect of the rest of the crystalline lattice can be considered amolecule.
minor. Ferroelastic propertié€ of DMAAS and the ferroelectric
Recently a new family of H-bonded inorganic insula- (FE) phase transitior?® at T,=152 K were discovered re-
tors has been discovered where the dimension of the Heently. At the FE transition the crystal symmetry changes
bond network is still 3D, but has a considerably morefrom 2/m to m. The microscopic mechanism of the ferroelec-
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FIG. 1. A projection of théCH,),NH,AI (SOy),-6H,0 crystal structure onto th@,c) plane in the ferroelectric phasgihe notation of axes
is taken from Ref. 1 witha=0.6403 nm,b=1.0747 nm, ana&=1.1128 nm). The monoclini¢a,c) plane is the mirror plane arllis the
twofold axis in the paraphase. The arrow shows the direction of the spontaneous polarization. One set of twel@D#dls connecting
a given Al(H,0); complex with the SQtetrahedra is showfdashed lines

tric ordering is still not understood. It is by now commonly not resolve the H-bond dynamics from the DMA motion. In
accepted that the FE transition is of an order-disorder typehis paper we present a local, site-specific study of the
connected with the ordering of the DMA groups. RtT,  DMAAS dynamics using the NMR spectroscopy ¥ and
the DMA groups are dynamically disordered, executing ran#’Al nuclei where the DMA and the H-bond dynamics are
dom flips around the axis connecting the two methyl oxy-observed separately, showing clearly their respective roles in
gens. This axis lies in the mirrdac) plane of the paraelec- the FE phase transition.
tric structure. X-ray studyhas determined four equilibrium
positions of the amino group, two realized with a probability Il. PROTON NMR RELAXATION
0.4 and the other two with 0.1. BeloWw, the DMA mol-
ecules freeze in one position and the spontaneous dielectric The dynamics of the DMAAS crystal can be conveniently
polarizationP occurs in them plane. The direction oP¢is  studied by NMR relaxation techniques. The spin-lattice
parallel to the vector joining the nitrogen atoms of the tworelaxation rate T;) ~* probes the dynamics on the frequency
DMA groups in the unit cell. The DMA group thus repre- scale of the nuclear spin precession (#a). TheH relax-
sents the basic reversible electric dipole and its ordering creation rate in the dipolar frameTgp) 1 is, on the other hand,
atesP below T, . sensitive to much slower motions in the kHz range, so that it
Most spectroscopic studies of the FE transition inis possible to perform a “two-clock” experiment, where the
DMAAS like dielectric relaxatior;>~** sound velocity and dynamics of the investigated system is observed on two ex-
specific heal? considered the DMA ordering as the only perimental time scales which differ by four orders of magni-
reason for the occurrence of the ferroelectricity. The role oftude. In DMAAS such an experiment could provide a key to
hydrogen bonding in the ferroelectric ordering was ne-resolve the relatively fast H-bond dynamics from the consid-
glected, namely the possible freezing of the proton motiorerably slower DMA cation reorientations.
and the associated electrical polarization of the hydrogen In DMAAS there exist three kinds of protons, the
bonds. Due to a complicated H-bonding scheme between ad-H---O, the N-H--O, and the CH, which are all coupled
three building elements of the DMAAS structure it is how- by the magnetic dipole interaction. In addition, tHal nu-
ever possible that the freezing of the proton motion and thelei have a rather strong magnetic dipole moment too, so that
DMA freeze-out are interrelated. It could be that the DMA the coupling of protons to th&Al nuclei should be consid-
freezing is not the prime reason for the phase transition but ared as well. Due to a complicated magnetic-dipole coupling
consequence of the proton H-bond slowing-down dynamicsscheme of a large number of nuclei we use instead of the
A definite answer to this question has not been obtained sexact dipole-dipole relaxation formulas the simpler model
far as a selective study of the proton motion has not beethat the nuclei experience randomly fluctuating uncorrelated
carried out as yet. The existing investigations were periocal magnetic fields created by their neighbors. Within this
formed with the bulk spectroscopic techniques which couldmodel we are able to make a simultaneous analysis of the
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and T, relaxation times in the “two-clock” experiment. T (K)
~ We assume that the DMAAS dynamics can be divided 350 250 200 150
into two kinds of motions. First are the DMA cation reori- . . . . .
entations which were shown to take place between four equi- 10
librium positions' Two of these have the enerdg, and the ]
other two E; (Ez>E,) with the Boltzmann occupation 10° T,
probabilities W;exp{—E; /kgT}. The DMA reorientations o~
are thus performed in an asymmetric potential with the bias c
energyA=E;—E,. In such a case one defines the popula- ~ 10%;
tion differencep CHE
- 1]
W, — W, tant] = 1 -
p=W,—W,=tanf| 73 = (N :
L 10°4
and writes the DMA reorientation ratg,;;, as a sum of the
“up” a—prate (r; ) and the “down” f—a rate (r %) o
2
1 1 1 4
=—+—. ) 1000/T (K™

TDMA TT T

—

FIG. 2. Temperature dependence of the proton spin-lattice re-
laxation timeT; (solid circles and the proton relaxation time in the
dipolar frameT;p (open circley of a DMAAS powder specimen.

The rates can be expressed in termp @i

TomMA= 7'1%, (33 Solid lines represent fits with Eq&t) and (5).
1 STDMA )
1+ —=C(1-p?)| mpppt+ ————
=TV 1o E’ (3b) Tip (I=p PMA T 1+ (womoma)?
5’7'2
1-p +D(TZ+ T+ (o)) ®)
T|=T1 m, (3C)

The prefactor#\, B, C, andD are treated as fit parameters in

wherer; = 715expE; /ksT). HereE, is the activation energy the fitting procedure.
for the DMA reorientation in the symmetricA(=0) poten- The proton spin-lattice relaxation time, of a DMAAS
tial and the “up” and “down” rates obey the detailed bal- powder specimen was measured as a function of temperature
ance conditiony; /7, =exp(A/kgT). The DMA reorientations at a frequencyo(*H) =32 MHz. On cooling from 350 KT,
are considered to be rather slow and are expected to freefiest increases and exhibits a maximumTat 292 K. Below
out at the phase transition temperature, yielding a static dithat temperature it decreases continuou$lg. 2) and ex-
electric polarization below ;=152 K. hibits a minimum around 156 K, thus slightly aboie.

The other dynamic processes in DMAAS are consideredsuch a behavior can be explained by E. which predicts
to be much faster and do not freezeTat. These are the two minima(occurring atwgmpya=1 andwg7,=1) in the
intra-H-bond motions of the O-H-O and N-H--O protons temperature dependence®f as a consequence of the pres-
in the H-bond double-well potentials and the 120°Cihd  ence of two dynamic processes on different time scales that
180° H,O reorientations. We assume that these processes cénth slow-down on cooling. The minimum at higher tem-
be characterized by an autocorrelation time, perature is produced by the slower of the two motions. This
= 1,0eXpE,/ksT). Which one of these actually dominates minimum in fact occurs above our highest measured tem-
the proton relaxation will be estimated by a comparison ofperature so that only the increasifsjow-motior) part of the
the magnitude of the relaxation rates to the theoretical value§; vs 1/T curve was detected between 350 and 292 K. The
obtained for a given molecular structure and geometry.  measurements were not extended to higher temperatures be-

The proton spin-lattice relaxation rat&,) ~* is obtained cause the crystal starts to decompose by loosing the crystal-
by summing up the spectral densities of the autocorrelatiotine water. Below 290 K the faster motion slows down to the

functions for both kinds of motions extent that it produces another minimum at 156 K. This
minimum occurs atwgm,=1 and the Arrhenius analysis
1 ) TOMA > yields 7,,=7.0x10 ¥s andE,=119+5 meV. The same
T—1=A(1—p )1+(onDMA)2 B 1+ (o) (4 value of the activation energy was determined also in the

dielectric relaxation stud¥.It is interesting to calculate the
Here 1- p? is the “depopulation” factot* due to the asym- value of 7, at the phase transition temperature 152 K. We
metry of the DMA potential ando, is the nuclear Larmor obtain 7,~10 °s which demonstrates that this motion can
frequency. Within the same model of randomly fluctuatingnot be associated with the order-disorder freezing at the FE
local magnetic fields one obtains the relaxation rate in theransition as it is too fast to yield a static dielectric polariza-
dipolar frame {T,p) ~* as® tion atT;. It corresponds to other degrees of freedom of the
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DMAAS structure. One such possibility are 180° “jump- lower two degenerate energy stakesof the DMA molecule
over” motions of water molecules in the @,0)s com-  at roomT of 99%, whereas the x-ray stutipas estimated
plexes, which were detected by the Raman spectrostopythis to be about 80%. Further study is necessary to clarify
TheE, value of 119 meV is somewhat higher than that char-this discrepancy.
acterizing the proton motion within a double-well potential There still remains the question on which motion is re-
of a hydrogen bond(proton intra-H-bond motion in sponsible for the minimum i, at 156 K. Since theT,
H-bonded dielectrics like the KDP family where the activa- value in the minimum is actually independent of any value of
tion energy was typically found in the range 70—80 meV. Itthe autocorrelation time and thus model-independent, it is
is thus not very likely that the proton intra-H-bond motion possible to compare th&; value in the minimum to the
would determine the, process. The contribution of the GH theoretical values obtained for various types of proton relax-
rotations can however not be excluded. ation mechanisms. For the 180° flips of water molecules in

Whereas the parameters of thge motion could be deter- the Al(H,O)s complexes we take in a crude estimate the
mined rather precisely from the, data, the determination of water molecules as isolated with the H-H distance of 0.154
Toma from T, is much less precisd.; probes the dynamics nm (i.e., the O-H distance 0.0975 nm and the O-H-O angle
in the 10 Hz frequency observation window whereas the105°. For well defined pairs of interacting protons we use
DMA dynamics is considerably slower and influencesThe the exact dipole-dipole formula derived for the random mo-
only little. It is thus desirable to make another observation ofecular jumps and reorientatiotis
the same system with a technique that probes the dynamics 42
on a slower experimental time scale. Such a possibility is 1 i Y'h Tc 4t

. ; = > = + , (6)

provided by the proton dipolar relaxation tirifgy, which is T, 510 1) |1+wgre  1+4wfT:
sensitive to molecular motions in the kHz range, thus four . . . .
orders of magnitude slower thah,. T;p is conveniently v_vhererij is the interproton _d|sta_ncez, the gyromagnetic ra-
measured by the Jeener-Broekaert pulse seqifemdsch t!o and 7, the ggtocorrelatlon time for the ;@ reonentg-
transfers the high-field Zeeman spin order into the dipolafions: In the minimum éo7.=0.65) we get the theoretical
order by the application of a pair of phase-shifted rf pulsesY@Ue (T1)n,0=12ms which is a factor 20 shorter than the
In this way the dipolar energy reservoir is efficiently cooled e€xperimental value of 250 ms. A similar calculation for the
resulting in a very low spin temperature. The evolution of theCHs reorientations using the C-H distance of 0.109 nm and
dipolar spin temperature towards the equilibrium than prothe H-C-H angle 107.1° yieldsT)cn,= 13 ms whereas the
ceeds with the time constaii,;. The change of the spin NH, reorientations(the N-H distance 0.134 nm and the
temperature is induced by the transitions between the energy-N-H angle 93.37 yield (Tl)NH2= 50 ms. All these theoret-
levels of the proton magnetic dipole moments in the dipolak.q| yajues are too short. It is very likely that the above
flelds of their neighbors and the transition frequencies fallj,qjecules move in an asymmetric potential due to the crys-
into the kHz frequency range. o talline electric fields so that one would have to include a

The protonT,p of DMAAS is displayed in Fig. 2. Be- genopylation factor * p? in Eq. (6), which would makeT,
tween 330 and 230 Ryp is weakly temperature dependent |onger. Unfortunately the actual potential shapes for the mol-
and has a rather short value of 1 to 1.5 ms indicating th@cyles of the DMAAS structure are not known so that a
presence of molecular dynamic processes with frequenciesantitative analysis cannot be made. The dominant relax-
within the kHz range. A shallow minimum is observed at atjon mechanism can thus not be identified in a simple way.

260 K followed by a rapid increase below, so thBdp  There exists in addition also spin-diffusion among protons
reaches the value of 36 ms at 180 K. Below that temperaturg, 5t actually mixes all the relaxation pathways.

T,p starts to decrease again. The parameters ofrihg,
motion were extracted from the simultaneous fitTgf and
T,p with Egs.(4) and(5) using the predeterminety, andE,
values. The experimental data could be well reproduced Protons interact predominantly among themselves via the
(solid lines in Fig. 2 by the parameters;;=2.9x10 °s, magnetic dipole interaction whereas the coupling to the rest
E1=67+x5 meV andA =228+ 10 meV for the DMA motion.  of the lattice is relatively weak. Structural displacements of
The fit of T, is excellent in the whole temperature range,the lattice ions have thus little effect on the proton resonance
whereas the above model fails to reprodiigg at tempera- so that the information obtained from protons is not very
tures higher than 250 K, probably due to the crudeness of thsite-specific. A much more site specific study is provided by
approximations used. the /Al NMR. 2’Al is a quadrupolar nucleugspin | =5/2)

At the phase transition temperature 152 K the above paand its electric quadrupole moment interacts with the electric
rameter values yield the average “dwell” times=2.98 field gradient(EFG) tensor produced by the charges of the
x10 *s and r;=8x10 '!s, so that the DMA molecule surrounding ions and electrons. Static displacements of the
spends practically all the time in the lower energy state andtoms change the EFG at the aluminum sites and affect the
is observed static in the NMR spectroscopic observation. Aposition and shape of thiéAl NMR spectral lines. Dynamic
room-T, on the other hand, the motion is considerably fastercomponents of the atomic displacements produce, on the
TTmlo‘Gs andrﬁlo‘gs; so that it is reasonable to asso- other hand, spin-lattice relaxation via the time-fluctuating
ciate this motion with the DMA reorientation freeze-out, electric quadrupole interaction. The largest contribution to
yielding a static dielectric polarization beloW.. The value the EFG at the Al sites comes from the closest electric
of the bias energyd =228 meV should be regarded as a charges, which are the six water molecules octahedrally co-
gualitative estimate only. It yields the occupancy of theordinated around a given Al atom. As these water molecules

1. 27Al NMR
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frequency field of various frequencies. Whenever the fre-
LB quency of the rf field matches one of the three frequencies of
40'_ the 2’Al zero-field quadrupolar transitions, the Al nuclei ab-
g : P sorb the rf energy and their quadrupolar energy reservoir is
o heated. Due to a magnetic dipolar coupling betweerf tAe
. B and*H nuclei, the energy flows from the h&fAl to the cold
T proton subsystem and the proton spin temperature raises.
............. o F This is detected as a drop in the proton magnetization after
esssemmmininssssssess s s v mmmsarone s 2o ssmmnn + 4o 2 0 3L the adiabatic remagnetization_ The drop is detected every
time the frequency of the rf field matches one of fHal
quadrupolar transitions. The experiment was performed at
———p e 183 K as only there the proton dipolar relaxation time was
60 80 100 120 140 160 180 200 220 240 260 280 300 long enough. Three transitions were found for th¢lAkite
T(K) with the frequencies 275, 535, and 810 kktorresponding
to =1/2=*3/2, =3/2— £5/2, and *+1/2— *+5/2 transi-
tions) and 360, 690 and 1050 kHz for the (&) site. The
corresponding quadrupole coupling constants and the asym-
metry parameters are?qQ/h=1790+ 20 kHz and»=0.15
+0.1 for the A1) site ande?qQ/h=2315+20kHz andyn
=0.18+0.1 for the Al2) site. The quadrupolar transitions
could be assigned rather unambiguously to th& nuclei
due to a large width of the double resonance lines resulting
from a large?’Al magnetic dipole moment. In the sample
there are alsd“N nuclei whose frequencies lie in the same
range as those of’Al. However, due to a smaft*N mag-
netic dipole moment, their resonance lines would be much
narrower and weaker. In addition, in the weak magnetic field
of the double resonance experiment the dipolar coupling of
integer spin'*N (1=1) nuclei to protons is greatly reduced
due to the “spin quenching” effett and the’N lines can
The 2’Al NMR spectrum (central transition has been not be easily observed. The double resonance experiment
measured in a DMAAS monocrystal as a function of tem-shows that there are two Al sites in the unit cell at the tem-
perature. The crystalline axis was positioned perpendicular perature 183 K. The fact that these two sites are chemically
to the magnetic field and the crystal was rotated to such amequivalent(differente?qQ/h and 7) demonstrates that the
orientation that all the spectral lines appeared resolved. Adocal symmetry of the Al sites is lower than reported/ere
cording to the crystal structure, twiAl resonance lines are the Al sites related by a twofold or a twofold screw axis,
expected at room temperature for a general crystal orientdheir EFG tensors would be chemically equivaléhe same
tion. There are namely two Al sites in the unit cell which EFG tensor eigenvalugsut physically inequivalentiffer-
were reported to be related by a twofold symmetry ‘xis ent orientations of the eigenvectrsesulting in a single set
(parallel tob). This symmetry requires the two Al EFG ten- of Al transitions in the double resonance experiment. In view
sors to be chemically equivalent but physically inequivalentof the rather close?qQ/h and » values of the two Al sites,
At 310 K we found however four lines in the NMR spectrum the reported twofold symmetry is however approximately
instead of expected tw(Fig. 3). The reason is the domain obeyed and can be considered as a pseudo-twofold symme-
structure of DMAAS consisting of twin domaihéin the  try. Itis likely that this pseudo-twofold symmetry detected at
m-plane with the twist angle of 20.4°. The domains are cre-183 K (i.e., relatively close td.) becomes an exact twofold
ated under external stress and stay in the sample indefinitegymmetry due to the motional averaging effects at higher
after creation. The twinning doubles the number of resotemperatures.
nance lines so that four lines are observed instead of two. In The temperature dependence of the resonance line posi-
order to verify that there are really only two Al sites in the tions in the?’Al spectrum has been measured between 310
unit cell we performed a double resonance experiffent and 70 K with a high temperature resolution in steps of 1 to
where the pure zero-fieltfAl quadrupole resonand®QR) 2 K (Fig. 3. Each of the four Al lines observed at 310 K
lines are detected indirectly via the protons. NQR is insensigradually splits into two already few degrees below that tem-
tive to the different orientation of the domains so that itperature. The eight’Al lines show a different temperature
yields the number of sets of three resonance lines equal tependence on cooling. The positions of some of the lines
the number of chemically inequivaleRfAl sites in the unit  show a monotonic change whereas the others show an un-
cell. In the double resonance experiment the nuclear spingsual behavior. This is especially pronounced on the lines
are first polarized in a high magnetic field.8 T) and than labeledB andE which are shown on an expanded frequency
adiabatically demagnetized in the laboratory frame to a lowscale in Fig. 4. The position of the lir@ [Fig. 4(a)] shows
field (0.6 mT). This efficiently cools the spins which acquire unusual deeps in the paraelectric phase at temperatures ap-
a very low spin temperature. The sample is kept in the lowproximately 242, 207, and 169 K. The liftg on the other
magnetic field for a certain time and is irradiated by a radio-hand, splits three times into two lines in a way that one line
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FIG. 3. Temperature dependence of tal NMR spectral line
positions in a DMAAS monocrystdlvy(?’Al) = 26.134 MH3Z.

form hydrogen bonds with the surrounding Stétrahedra,
the ?’Al nuclei see the static distribution of H-bond charges
(the 2’Al spectrum and the H-bond dynamidshe 2’Al spin-
lattice relaxation rafe Since one oxygen of each H bond is
located on the SPmolecule, the?’Al sees also the deforma-
tions of the SQtetrahedra which may occur as a result of the
DMA freeze-out dynamics. The DMA molecules are coupled
to the SQ via the N-H--O bonding and the freezing of the
DMA reorientations results in a static deformation of the,SO
tetrahedral geometry.

A. ?"Al NMR spectrum and the double resonance experiment
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ferroelectric transition. This process shows practically no
discontinuity atT.. Since the dielectric data indicate rather
unambiguously that the phase transition is connected with
the DMA reorientations freeze-out, the following explana-
tion of the 2’Al NMR spectrum can be given. The DMA
molecules themselves do not contribute significantly to the
Al EFG tensor due to a relatively large distance between the
DMA and the A(H,0)s complex. The EFG is determined
predominantly by the charges of water molecules and the
H-bonded oxygens of the S@etrahedra. The changes of the
NMR spectrum reflect the change of geometry of the H-bond
network and the associated distortions of the, &rahedra.
The above changes are induced by the gradual freeze-out of
the DMA molecules which lower the local crystal symmetry,
so that the potential in which the water molecules move,
becomes biased. This biasing restricts the freedom for the
H,O 180° flips so that the water molecules gradually freeze
on cooling. Similarly the biasing of the potential can produce
also the slowing-down of the proton intra-H-bond motion.
The above hypothesis requires that the DMA reorientations
aboveT, are slow or comparable to the NMR spectrum fre-
quency scaléwhich is in the ten kHz rangen order that the
changes of the spectral line positions appear static. Such
slow dynamic processes were indeed observed in the above
described protor; experiment. The’/Al NMR spectrum
thus reflects the complicated interplay between the DMA,
SQ,, and A(H,0)g H-bonded sublattices. A slowing-down
of the DMA motion induces gradual structural rearrange-
ments in the other two sublattices, so that all structural ele-
ments adjust to each other in an energetically favorable way.
Despite some similarity with phase transitidresg., the be-

g S e e e L e N LI B S s o
60 80 100 120 140 160 180 200 220 240 260 280 300
T(K)

havior of the lineE in Fig. 4b) resembles a sequence of
three first-order phase transitigrthis process cannot be re-
garded as a sequence of macroscopic phase transitions as no

FIG. 4. Temperature dependence of the lilega) and E (b) . )
from Fig. 3 displayed on an expanded frequency scale. The arrow‘ﬁjslssomé1tecj changes of the average crystal symmetry were ob

indicate the temperatures where the minima of4t#d spin-lattice Served so far.
relaxation ratgFig. 5 occur in the paraphase.
B. 2Al spin-lattice relaxation

appears at a slightly shifted position and increases in inten- ) , . .
sity whereas the other decreases in intensity and graduall)(] In order to obtain more information on the dynamics of
disappears. The temperatures of the anomalies in the ines e DMAAS system, &”Al spin-lattice relaxation experi-
andE are related. At the positional minima of the lidthe ~ Ment has been performed. Measurezr171ents were made on a
doublet structure of the linE disappears. At the ferroelectric PMAAS monocrystal at a frequenay,(“’Al)=26.134 MHz.
transition temperature 152 K no marked changes in the sped"€ inversion-recovery method was used to determine the
tral lines are observed. AT, some of the lines show an SPin-lattice relaxation rate. There are two spin transition
insignificant continuous change in frequency whereas th@robabilitiesW; and W, involved in the *’Al electric qua-
others pasd, smoothly. Going belovT ., into the FE phase drupolar relaxation, corresponding to them==*1 and
further discontinuous changes are observed between 115 afd"= * 2 changes of the magnetic quantum numbey.and
105 K on two linesA and E, where again one line gradually Wz_ were extracted from the magnetlzatlon-.recovery curve
disappears and a new one appears slightly shifted in freusing the standard analy%%‘o_r spin|=5/2. SinceW; and
quency. The line® andE show another change at about 90 W2 behave with temperature in a completely analogous way,
K, where each of these two lines splits into a doublet whichonly Wy is discussed in the following. Temperature depen-
does not vanish on further cooling. dence ofW; was measured from 310 to 70 K from the

The observed changes of frequencies of 3 spectral Fourier-transformed spectra on the ligeThis line was cho-
lines directly reflect the static changes of the EFG tensor at€n in order to throw some more light on the nature of the
the position of the Al nuclei on cooling. These changes are &nusual splittings found at three temperatures in the
consequence of the static positional displacements of thBaraphaseW, is shown in Fig. 5 where a typical slowing-
charged ions in the vicinity of the Al sites. In Fig. 3 it is down behavior on cooling is observed. The inverse transition
clearly observed that the static rearrangement of atoms in therobability Wy * (loosely speaking the spin-lattice relaxation
DMAAS structure is as a continuous process starting alreadiime T,) decreases from room temperature dowrTto At
at room temperature which is as much-a260 K above the 152 KW; * exhibits a global minimum and starts to increase
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network, they may experience different bias fields so that
their reorientational motions freeze-out at different tempera-
tures. The gradual $0 freeze-out gives a possible explana-
tion of the four minima in the temperature dependence of
Wl‘l in the paraphase. The minima are rather sharp and re-
semble a local soft-mode slowing-down dynamics. As al-
ready stated, no macroscopic symmetry changes were de-
tected so far at the temperatures of the minima.

There is still another puzzling question why the minimum

in Wy ! occurs exactly aff, since it is evident that the
slowing-down motion producing th&’Al relaxation is not
wrk el directly the DMA freeze-out but a much faster dynamic pro-

10 s

:
1
:
i
N :
:
:

cess. The answer can be given by a comparison of thke
and the proton relaxation time minima. Proton relaxation
time was measured at a frequency 32 MHz and the minimum
in T, occurred at 156 K. The&’Al T, was measured at
26.134 MHz and the minimum occurred at 152 K. Due to a
slightly lower frequency the?’Al minimum (of the
Bloembergen-Purcell-Pound-typeas shifted to lower tem-
i peratures and accidentally coincides with the FE transition
on further lowering the temperature. In the paraphase thgmperature. This can be verified by a simple calculation.
experirlnental points generlallly follow a straight line in the Calculatingr, with the aboveE, and 7., parameters for the
logW; * vs 17T plot. In addition four other minima are ob- temperature 156 K yields the resonance frequency from the
served in the paraphase at temperatures 276, 242, 207, apgndition for the minimum of the relaxation rate,
169 K. These are the same temperatures at which the anoma-1/(2,77.) =33 MHz. Within the experimental accuracy
lies in the lineE are observed in Fig.() (the anomaly at  thjs value agrees well with the actual proton resonance fre-
276 K was in fact not observed in the spectral line positiongyency 32 MHz.
due to a too large temperature increment in the measure-
men). Below T, the experimental points again follow a
straight line with approximately the negative slope of the
high-T part. Two additional discontinuities are observed at
106 and 94 K which coincide with the anomalies observed in  DMAAS is a representative of a family of inorganic
the linesA, B, andG at these temperatures. Here it is worth hydrogen-bonded insulators where the H-bond network is
mentioning that around 105 K small anomalies were detectedonsiderably more complicated than in the commonly inves-
also in the other physical parameters, the crystal elasficity tigated families of KH(SQ,),, CSHSQ, squaric acid and
the dielectric constarif, and the spontaneous polarizatfoh. ~ KDP. Whereas the physical properties of the latter families
was however shown that no new components in the spontaan be to a good approximation explained by considering the
neous polarization appear at that temperature so that thd-bond network only, the origin of the ferroelectric ordering
anomalies cannot be associated with a macroscopic ferroh DMAAS is more complicated and cannot be analyzed
electric phase transition. within the H-bond network substructure only. The and
The spin-lattice relaxation data allow to extract the auto-2’Al NMR studies have demonstrated the existence of two
correlation timer,, for molecular motions producing tHéAl kinds of molecular motions in the paraphase with frequen-
spin-lattice relaxation in DMAAS. At the minimumr,  cies which differ for about five orders of magnitude. The
equals to the inverse nuclear Larmor frequency, whereforglow motion corresponds to the DMA reorientational dynam-
we get 7.=6x10 %s at T,. Disregarding the four addi- ics which freezes-out at the ferroelectric transition whereas
tional minima in the paraphase for the moment, the activathe fast motion reflects the dynamics of the H-bond network
tion energy is obtained from thE, slope of the global mini- and shows no anomaly &.. The results demonstrate that
mum asE,=115+5 meV andr,.=6x 10 ®s. These values the DMA rotation freeze-out is indeed the prime reason for
are within the experimental accuracy equal to those obtainethe ferroelectric transition in DMAAS. The DMA slowing-
for the 7, dynamic process in the protoh, analysis. This down dynamics has a profound effect on the other two sub-
demonstrates that both nuclei, the protons and’tAé see lattices, the S@and the A(H,0)g, via the hydrogen bond-
the same molecular motion. The shegtvalue of the order ing. The effect of the relatively slow DMA reorientations is a
of 10 °s atT, again demonstrates that the detected motiorgradual lowering of the time-average local crystal symmetry
is too fast to yield a static dielectric polarization in the ferro- which biases the local potentials of the water molecules as
electric phase and cannot be associated with the DMAwell as of the H bonds. A consequence is a gradual freeze-
freeze-out. We propose instead to associate this motion withut of the water dynamics in the paraphase which manifests
the H,O dynamics around a given Al atom and explain itsin the appearance of four additional minima in tHal spin-
slowing-down character by the gradual biasing of the localattice relaxation rate. The additional splitting of tRéAl
water potentials as a result of the DMA gradual freeze-outspectral lines much below the FE transition temperature in-
which lowers the local crystal symmetry. Since there aredicates that the proton ordering in the H bonds begins to take
many structurally different water molecules in the H-bondplace below 90 K.

169 K
T

T T T i T T T T
4 6 8 10 12 14
1000/T (K™)

FIG. 5. Temperature dependence of &al spin-lattice relax-
ation rateW,; of DMAAS measured on the lin& [shown in Fig.

4(b)].

IV. CONCLUSIONS
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