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Dimethylammonium aluminum sulphate hexahydrate~CH3!2NH2Al ~SO4!2•6H2O ~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 transition atTc5152 K was studied via the1H and27Al 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 dimethylammonium~DMA ! 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
Tc . 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 SO4 and the Al~H2O!6, 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 Al~H2O!6 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 the27Al spectral lines much below the ferroelectric transition tempera-
ture indicates that proton ordering in the H bonds begins to take place below 90 K.@S0163-1829~99!11105-6#
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I. INTRODUCTION

Hydrogen-bonded insulating crystals represent a clas
solids which exhibit many interesting physical phenome
like ferroelectricity, ferroelasticity, superionic conductivi
and glassy ordering in the ferroelectric-antiferroelectric m
tures. In these systems hydrogen bonds connect diffe
structural elements of the crystalline lattice and the ab
phenomena are crucially related to the structure and dyn
ics of the H-bond network. Physical properties of H-bond
crystals are strongly related to the dimensionality of
H-bond network. The simplest case is the K3H~SO4!2 family
in which a ‘‘zero-dimensional’’ H-bond network~isolated
SO4-H¯SO4 dimers! exist. The dimensionality of the net
work is increased in CsHSO4 family which contains one-
dimensional~1D! H-bonded chains of SO4 tetrahedra. In
squaric acid the H-bond network is two-dimensional~2D!,
whereas in KH2PO4 ~KDP! family a three-dimensional~3D!
network exists where all four apices of a given PO4 tetrahe-
dron are H-bonded to other tetrahedra. All the above n
works are geometrically still rather simple. For instance,
3D KDP network is a stack of 2D H-bonded planes, where
each plane there exist two sets of orthogonal 1D H-bon
chains. The physical properties of the above systems ca
to a good approximation modeled by considering the sta
and dynamics of the H-bond network only, whereas the
fect of the rest of the crystalline lattice can be considered
minor.

Recently a new family of H-bonded inorganic insul
tors has been discovered where the dimension of the
bond network is still 3D, but has a considerably mo
PRB 590163-1829/99/59~5!/3460~8!/$15.00
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complicated structure than in KDP. These are the
methylammonium aluminum sulphate hexahydrate1,2

~CH3!2NH2Al ~SO4!2•6H2O ~DMAAS!, the dimethyl-
ammonium gallium sulphate hexahydrate3–5

~CH3!2NH2Ga~SO4!2•6H2O ~DMAGaS! and their deuterated
forms. These crystals exhibit ferroelectricity and ferroelas
ity. The microscopic nature of the above phenomena is
poorly understood due to a high complexity of the crystalli
structure and the H-bonding network. There are three b
structural elements in DMAAS~Fig. 1!. First are the
@Al ~H2O!6#

31 complexes which form regular octahedro
containing Al atom in the center and six water molecules
the apices. Each water molecule forms two strong O-H¯O
hydrogen bonds with the second structural elements,
@SO4#

22 anions. There are twelve H bonds between a giv
Al ~H2O!6 complex and the surrounding SO4 tetrahedra, cre-
ating a rather complicated H-bond network. The combin
Al ~H2O!6-SO4 sublattice forms void channels inside whic
the third structural elements, the dimethylammoniu
@~CH3!2NH2#

1 ~DMA ! cations are located. The DMA cat
ions form two weak N-H̄ O hydrogen bonds between th
amino (NH2) group of the DMA molecule and the SO4 tet-
rahedra. Two oxygen atoms of a given SO4 molecule form
two O-H̄ O bonds each with the Al complexes, where
each of the remaining two oxygens forms one O-H¯O bond
with the Al complex and one N-H̄ O bond with the DMA
molecule.

Ferroelastic properties6,7 of DMAAS and the ferroelectric
~FE! phase transition1,2,8 at Tc5152 K were discovered re
cently. At the FE transition the crystal symmetry chang
from 2/m to m. The microscopic mechanism of the ferroele
3460 ©1999 The American Physical Society
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FIG. 1. A projection of the~CH3!2NH2Al ~SO4!2•6H2O crystal structure onto the~a,c! plane in the ferroelectric phase~the notation of axes
is taken from Ref. 1 witha50.6403 nm,b51.0747 nm, andc51.1128 nm). The monoclinic~a,c! plane is the mirror plane andb is the
twofold axis in the paraphase. The arrow shows the direction of the spontaneous polarization. One set of twelve O-H¯O bonds connecting
a given Al~H2O!6 complex with the SO4 tetrahedra is shown~dashed lines!.
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tric ordering is still not understood. It is by now common
accepted that the FE transition is of an order-disorder ty
connected with the ordering of the DMA groups. AtT.Tc
the DMA groups are dynamically disordered, executing r
dom flips around the axis connecting the two methyl ox
gens. This axis lies in the mirror~ac! plane of the paraelec
tric structure. X-ray study1 has determined four equilibrium
positions of the amino group, two realized with a probabil
0.4 and the other two with 0.1. BelowTc the DMA mol-
ecules freeze in one position and the spontaneous diele
polarizationPs occurs in them plane. The direction ofPs is
parallel to the vector joining the nitrogen atoms of the tw
DMA groups in the unit cell. The DMA group thus repre
sents the basic reversible electric dipole and its ordering
atesPs below Tc .

Most spectroscopic studies of the FE transition
DMAAS like dielectric relaxation,1,9–11 sound velocity and
specific heat,12 considered the DMA ordering as the on
reason for the occurrence of the ferroelectricity. The role
hydrogen bonding in the ferroelectric ordering was n
glected, namely the possible freezing of the proton mot
and the associated electrical polarization of the hydro
bonds. Due to a complicated H-bonding scheme betwee
three building elements of the DMAAS structure it is how
ever possible that the freezing of the proton motion and
DMA freeze-out are interrelated. It could be that the DM
freezing is not the prime reason for the phase transition b
consequence of the proton H-bond slowing-down dynam
A definite answer to this question has not been obtained
far as a selective study of the proton motion has not b
carried out as yet. The existing investigations were p
formed with the bulk spectroscopic techniques which co
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not resolve the H-bond dynamics from the DMA motion.
this paper we present a local, site-specific study of
DMAAS dynamics using the NMR spectroscopy of1H and
27Al nuclei where the DMA and the H-bond dynamics a
observed separately, showing clearly their respective role
the FE phase transition.

II. PROTON NMR RELAXATION

The dynamics of the DMAAS crystal can be convenien
studied by NMR relaxation techniques. The1H spin-lattice
relaxation rate (T1)21 probes the dynamics on the frequen
scale of the nuclear spin precession (107 Hz). The1H relax-
ation rate in the dipolar frame (T1D)21 is, on the other hand
sensitive to much slower motions in the kHz range, so tha
is possible to perform a ‘‘two-clock’’ experiment, where th
dynamics of the investigated system is observed on two
perimental time scales which differ by four orders of mag
tude. In DMAAS such an experiment could provide a key
resolve the relatively fast H-bond dynamics from the cons
erably slower DMA cation reorientations.

In DMAAS there exist three kinds of protons, th
O-H¯O, the N-H̄ O, and the CH3, which are all coupled
by the magnetic dipole interaction. In addition, the27Al nu-
clei have a rather strong magnetic dipole moment too, so
the coupling of protons to the27Al nuclei should be consid-
ered as well. Due to a complicated magnetic-dipole coupl
scheme of a large number of nuclei we use instead of
exact dipole-dipole relaxation formulas the simpler mod
that the nuclei experience randomly fluctuating uncorrela
local magnetic fields created by their neighbors. Within t
model we are able to make a simultaneous analysis of theT1
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3462 PRB 59J. DOLINŠEK et al.
andT1D relaxation times in the ‘‘two-clock’’ experiment.
We assume that the DMAAS dynamics can be divid

into two kinds of motions. First are the DMA cation reor
entations which were shown to take place between four e
librium positions.1 Two of these have the energyEa and the
other two Eb (Eb.Ea) with the Boltzmann occupation
probabilities Wi}exp$2Ei /kBT%. The DMA reorientations
are thus performed in an asymmetric potential with the b
energyD5Eb2Ea . In such a case one defines the popu
tion differencep

p5Wa2Wb5tanhS D

2kBTD ~1!

and writes the DMA reorientation ratetDMA
21 as a sum of the

‘‘up’’ a→b rate (t↑
21) and the ‘‘down’’ b→a rate (t↓

21)

1

tDMA
5

1

t↑
1

1

t↓
. ~2!

The rates can be expressed in terms ofp as13

tDMA5t1

A12p2

2
, ~3a!

t↑5t1A11p

12p
, ~3b!

t↓5t1A12p

11p
, ~3c!

wheret15t10exp(E1 /kBT). HereE1 is the activation energy
for the DMA reorientation in the symmetric (D50) poten-
tial and the ‘‘up’’ and ‘‘down’’ rates obey the detailed ba
ance condition;t↑ /t↓5exp(D/kBT). The DMA reorientations
are considered to be rather slow and are expected to fr
out at the phase transition temperature, yielding a static
electric polarization belowTc5152 K.

The other dynamic processes in DMAAS are conside
to be much faster and do not freeze atTc . These are the
intra-H-bond motions of the O-H̄ O and N-H̄ O protons
in the H-bond double-well potentials and the 120° CH3 and
180° H2O reorientations. We assume that these processes
be characterized by an autocorrelation timet2
5t20exp(E2 /kBT). Which one of these actually dominate
the proton relaxation will be estimated by a comparison
the magnitude of the relaxation rates to the theoretical va
obtained for a given molecular structure and geometry.

The proton spin-lattice relaxation rate (T1)21 is obtained
by summing up the spectral densities of the autocorrela
functions for both kinds of motions

1

T1
5A~12p2!

tDMA

11~v0tDMA !2 1B
t2

11~v0t2!2 . ~4!

Here 12p2 is the ‘‘depopulation’’ factor14 due to the asym-
metry of the DMA potential andv0 is the nuclear Larmor
frequency. Within the same model of randomly fluctuati
local magnetic fields one obtains the relaxation rate in
dipolar frame (T1D)21 as15
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T1D
5C~12p2!S tDMA1

5tDMA

11~v0tDMA !2D
1DS t21

5t2

11~v0t2!2D . ~5!

The prefactorsA, B, C, andD are treated as fit parameters
the fitting procedure.

The proton spin-lattice relaxation timeT1 of a DMAAS
powder specimen was measured as a function of tempera
at a frequencyn0(1H)532 MHz. On cooling from 350 KT1
first increases and exhibits a maximum atT5292 K. Below
that temperature it decreases continuously~Fig. 2! and ex-
hibits a minimum around 156 K, thus slightly aboveTc .
Such a behavior can be explained by Eq.~4! which predicts
two minima ~occurring atv0tDMA51 andv0t251) in the
temperature dependence ofT1 as a consequence of the pre
ence of two dynamic processes on different time scales
both slow-down on cooling. The minimum at higher tem
perature is produced by the slower of the two motions. T
minimum in fact occurs above our highest measured te
perature so that only the increasing~slow-motion! part of the
T1 vs 1/T curve was detected between 350 and 292 K. T
measurements were not extended to higher temperature
cause the crystal starts to decompose by loosing the cry
line water. Below 290 K the faster motion slows down to t
extent that it produces another minimum at 156 K. Th
minimum occurs atv0t251 and the Arrhenius analysi
yields t2057.0310213s and E2511965 meV. The same
value of the activation energy was determined also in
dielectric relaxation study.9 It is interesting to calculate the
value of t2 at the phase transition temperature 152 K. W
obtain t2'1029 s which demonstrates that this motion c
not be associated with the order-disorder freezing at the
transition as it is too fast to yield a static dielectric polariz
tion atTc . It corresponds to other degrees of freedom of

FIG. 2. Temperature dependence of the proton spin-lattice
laxation timeT1 ~solid circles! and the proton relaxation time in th
dipolar frameT1D ~open circles! of a DMAAS powder specimen.
Solid lines represent fits with Eqs.~4! and ~5!.



-

p
ar
ia

a-
. I
n

f

he

o
m

u

la
es
ed
h
ro

er
la
fa

nt
th
ci
a

tu

ce

e

f t

p

an
. A
te
o-
t,

a
he

rify

e-

of
t is

ax-
in

he
54

gle
se
o-

l
e
e
nd

e

ve
ys-
a

ol-
a

lax-
ay.
ns

the
rest
of

nce
ry
by

tric
he
the
the

the
ng
to

tric
co-
les
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DMAAS structure. One such possibility are 180° ‘‘jump
over’’ motions of water molecules in the Al~H2O!6 com-
plexes, which were detected by the Raman spectrosco2

TheE2 value of 119 meV is somewhat higher than that ch
acterizing the proton motion within a double-well potent
of a hydrogen bond~proton intra-H-bond motion! in
H-bonded dielectrics like the KDP family where the activ
tion energy was typically found in the range 70–80 meV
is thus not very likely that the proton intra-H-bond motio
would determine thet2 process. The contribution of the CH3
rotations can however not be excluded.

Whereas the parameters of thet2 motion could be deter-
mined rather precisely from theT1 data, the determination o
tDMA from T1 is much less precise.T1 probes the dynamics
in the 107 Hz frequency observation window whereas t
DMA dynamics is considerably slower and influences theT1
only little. It is thus desirable to make another observation
the same system with a technique that probes the dyna
on a slower experimental time scale. Such a possibility
provided by the proton dipolar relaxation timeT1D , which is
sensitive to molecular motions in the kHz range, thus fo
orders of magnitude slower thanT1 . T1D is conveniently
measured by the Jeener-Broekaert pulse sequence16 which
transfers the high-field Zeeman spin order into the dipo
order by the application of a pair of phase-shifted rf puls
In this way the dipolar energy reservoir is efficiently cool
resulting in a very low spin temperature. The evolution of t
dipolar spin temperature towards the equilibrium than p
ceeds with the time constantT1D . The change of the spin
temperature is induced by the transitions between the en
levels of the proton magnetic dipole moments in the dipo
fields of their neighbors and the transition frequencies
into the kHz frequency range.

The protonT1D of DMAAS is displayed in Fig. 2. Be-
tween 330 and 230 KT1D is weakly temperature depende
and has a rather short value of 1 to 1.5 ms indicating
presence of molecular dynamic processes with frequen
within the kHz range. A shallow minimum is observed
260 K followed by a rapid increase below, so thatT1D
reaches the value of 36 ms at 180 K. Below that tempera
T1D starts to decrease again. The parameters of thetDMA
motion were extracted from the simultaneous fit ofT1 and
T1D with Eqs.~4! and~5! using the predeterminedt20 andE2
values. The experimental data could be well reprodu
~solid lines in Fig. 2! by the parameterst1052.931029 s,
E156765 meV andD5228610 meV for the DMA motion.
The fit of T1 is excellent in the whole temperature rang
whereas the above model fails to reproduceT1D at tempera-
tures higher than 250 K, probably due to the crudeness o
approximations used.

At the phase transition temperature 152 K the above
rameter values yield the average ‘‘dwell’’ timest↑52.98
31023 s and t↓58310211s, so that the DMA molecule
spends practically all the time in the lower energy state
is observed static in the NMR spectroscopic observation
room-T, on the other hand, the motion is considerably fas
t↑'1026 s andt↓'1029 s; so that it is reasonable to ass
ciate this motion with the DMA reorientation freeze-ou
yielding a static dielectric polarization belowTc . The value
of the bias energyD5228 meV should be regarded as
qualitative estimate only. It yields the occupancy of t
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lower two degenerate energy statesEa of the DMA molecule
at room-T of 99%, whereas the x-ray study1 has estimated
this to be about 80%. Further study is necessary to cla
this discrepancy.

There still remains the question on which motion is r
sponsible for the minimum inT1 at 156 K. Since theT1
value in the minimum is actually independent of any value
the autocorrelation time and thus model-independent, i
possible to compare theT1 value in the minimum to the
theoretical values obtained for various types of proton rel
ation mechanisms. For the 180° flips of water molecules
the Al~H2O!6 complexes we take in a crude estimate t
water molecules as isolated with the H-H distance of 0.1
nm ~i.e., the O-H distance 0.0975 nm and the O-H-O an
105°!. For well defined pairs of interacting protons we u
the exact dipole-dipole formula derived for the random m
lecular jumps and reorientations17

1

T1
5(

i , j

3

10

g4\2

r i j
6 H tc

11v0
2tc

2 1
4tc

114v0
2tc

2J , ~6!

wherer i j is the interproton distance,g the gyromagnetic ra-
tio and tc the autocorrelation time for the H2O reorienta-
tions. In the minimum (v0tc50.65) we get the theoretica
value (T1)H2O512 ms which is a factor 20 shorter than th
experimental value of 250 ms. A similar calculation for th
CH3 reorientations using the C-H distance of 0.109 nm a
the H-C-H angle 107.1° yields (T1)CH3

513 ms whereas the

NH2 reorientations~the N-H distance 0.134 nm and th
H-N-H angle 93.3°! yield (T1)NH2

550 ms. All these theoret-
ical values are too short. It is very likely that the abo
molecules move in an asymmetric potential due to the cr
talline electric fields so that one would have to include
depopulation factor 12p2 in Eq. ~6!, which would makeT1
longer. Unfortunately the actual potential shapes for the m
ecules of the DMAAS structure are not known so that
quantitative analysis cannot be made. The dominant re
ation mechanism can thus not be identified in a simple w
There exists in addition also spin-diffusion among proto
that actually mixes all the relaxation pathways.

III. 27Al NMR

Protons interact predominantly among themselves via
magnetic dipole interaction whereas the coupling to the
of the lattice is relatively weak. Structural displacements
the lattice ions have thus little effect on the proton resona
so that the information obtained from protons is not ve
site-specific. A much more site specific study is provided
the 27Al NMR. 27Al is a quadrupolar nucleus~spin I 55/2)
and its electric quadrupole moment interacts with the elec
field gradient~EFG! tensor produced by the charges of t
surrounding ions and electrons. Static displacements of
atoms change the EFG at the aluminum sites and affect
position and shape of the27Al NMR spectral lines. Dynamic
components of the atomic displacements produce, on
other hand, spin-lattice relaxation via the time-fluctuati
electric quadrupole interaction. The largest contribution
the EFG at the Al sites comes from the closest elec
charges, which are the six water molecules octahedrally
ordinated around a given Al atom. As these water molecu
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form hydrogen bonds with the surrounding SO4 tetrahedra,
the 27Al nuclei see the static distribution of H-bond charg
~the 27Al spectrum! and the H-bond dynamics~the 27Al spin-
lattice relaxation rate!. Since one oxygen of each H bond
located on the SO4 molecule, the27Al sees also the deforma
tions of the SO4 tetrahedra which may occur as a result of t
DMA freeze-out dynamics. The DMA molecules are coupl
to the SO4 via the N-H̄ O bonding and the freezing of th
DMA reorientations results in a static deformation of the S4
tetrahedral geometry.

A. 27Al NMR spectrum and the double resonance experiment

The 27Al NMR spectrum ~central transition! has been
measured in a DMAAS monocrystal as a function of te
perature. The crystallinec axis was positioned perpendicula
to the magnetic field and the crystal was rotated to such
orientation that all the spectral lines appeared resolved.
cording to the crystal structure, two27Al resonance lines are
expected at room temperature for a general crystal orie
tion. There are namely two Al sites in the unit cell whic
were reported to be related by a twofold symmetry ax1

~parallel tob!. This symmetry requires the two Al EFG ten
sors to be chemically equivalent but physically inequivale
At 310 K we found however four lines in the NMR spectru
instead of expected two~Fig. 3!. The reason is the domai
structure of DMAAS consisting of twin domains6,7 in the
m-plane with the twist angle of 20.4°. The domains are c
ated under external stress and stay in the sample indefin
after creation. The twinning doubles the number of re
nance lines so that four lines are observed instead of two
order to verify that there are really only two Al sites in th
unit cell we performed a double resonance experime18

where the pure zero-field27Al quadrupole resonance~NQR!
lines are detected indirectly via the protons. NQR is insen
tive to the different orientation of the domains so that
yields the number of sets of three resonance lines equa
the number of chemically inequivalent27Al sites in the unit
cell. In the double resonance experiment the nuclear s
are first polarized in a high magnetic field~0.8 T! and than
adiabatically demagnetized in the laboratory frame to a
field ~0.6 mT!. This efficiently cools the spins which acquir
a very low spin temperature. The sample is kept in the l
magnetic field for a certain time and is irradiated by a rad

FIG. 3. Temperature dependence of the27Al NMR spectral line
positions in a DMAAS monocrystal@n0(27Al) 526.134 MHz#.
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frequency field of various frequencies. Whenever the f
quency of the rf field matches one of the three frequencie
the 27Al zero-field quadrupolar transitions, the Al nuclei a
sorb the rf energy and their quadrupolar energy reservo
heated. Due to a magnetic dipolar coupling between the27Al
and1H nuclei, the energy flows from the hot27Al to the cold
proton subsystem and the proton spin temperature ra
This is detected as a drop in the proton magnetization a
the adiabatic remagnetization. The drop is detected ev
time the frequency of the rf field matches one of the27Al
quadrupolar transitions. The experiment was performed
183 K as only there the proton dipolar relaxation time w
long enough. Three transitions were found for the Al~1! site
with the frequencies 275, 535, and 810 kHz~corresponding
to 61/2↔63/2, 63/2↔65/2, and 61/2↔65/2 transi-
tions! and 360, 690 and 1050 kHz for the Al~2! site. The
corresponding quadrupole coupling constants and the as
metry parameters aree2qQ/h51790620 kHz andh50.15
60.1 for the Al~1! site ande2qQ/h52315620 kHz andh
50.1860.1 for the Al~2! site. The quadrupolar transition
could be assigned rather unambiguously to the27Al nuclei
due to a large width of the double resonance lines resul
from a large27Al magnetic dipole moment. In the samp
there are also14N nuclei whose frequencies lie in the sam
range as those of27Al. However, due to a small14N mag-
netic dipole moment, their resonance lines would be mu
narrower and weaker. In addition, in the weak magnetic fi
of the double resonance experiment the dipolar coupling
integer spin14N (I 51) nuclei to protons is greatly reduce
due to the ‘‘spin quenching’’ effect19 and the14N lines can
not be easily observed. The double resonance experim
shows that there are two Al sites in the unit cell at the te
perature 183 K. The fact that these two sites are chemic
inequivalent~different e2qQ/h andh! demonstrates that th
local symmetry of the Al sites is lower than reported.1 Were
the Al sites related by a twofold or a twofold screw ax
their EFG tensors would be chemically equivalent~the same
EFG tensor eigenvalues!, but physically inequivalent~differ-
ent orientations of the eigenvectors!, resulting in a single se
of Al transitions in the double resonance experiment. In vi
of the rather closee2qQ/h andh values of the two Al sites,
the reported twofold symmetry is however approximate
obeyed and can be considered as a pseudo-twofold sym
try. It is likely that this pseudo-twofold symmetry detected
183 K ~i.e., relatively close toTc) becomes an exact twofold
symmetry due to the motional averaging effects at hig
temperatures.

The temperature dependence of the resonance line p
tions in the27Al spectrum has been measured between 3
and 70 K with a high temperature resolution in steps of 1
2 K ~Fig. 3!. Each of the four Al lines observed at 310
gradually splits into two already few degrees below that te
perature. The eight27Al lines show a different temperatur
dependence on cooling. The positions of some of the li
show a monotonic change whereas the others show an
usual behavior. This is especially pronounced on the li
labeledB andE which are shown on an expanded frequen
scale in Fig. 4. The position of the lineB @Fig. 4~a!# shows
unusual deeps in the paraelectric phase at temperature
proximately 242, 207, and 169 K. The lineE, on the other
hand, splits three times into two lines in a way that one l
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appears at a slightly shifted position and increases in in
sity whereas the other decreases in intensity and gradu
disappears. The temperatures of the anomalies in the linB
andE are related. At the positional minima of the lineB the
doublet structure of the lineE disappears. At the ferroelectri
transition temperature 152 K no marked changes in the s
tral lines are observed. AtTc some of the lines show a
insignificant continuous change in frequency whereas
others passTc smoothly. Going belowTc into the FE phase
further discontinuous changes are observed between 115
105 K on two linesA andE, where again one line graduall
disappears and a new one appears slightly shifted in
quency. The linesB andE show another change at about 9
K, where each of these two lines splits into a doublet wh
does not vanish on further cooling.

The observed changes of frequencies of the27Al spectral
lines directly reflect the static changes of the EFG tenso
the position of the Al nuclei on cooling. These changes ar
consequence of the static positional displacements of
charged ions in the vicinity of the Al sites. In Fig. 3 it
clearly observed that the static rearrangement of atoms in
DMAAS structure is as a continuous process starting alre
at room temperature which is as much as;260 K above the

FIG. 4. Temperature dependence of the linesB ~a! and E ~b!
from Fig. 3 displayed on an expanded frequency scale. The arr
indicate the temperatures where the minima of the27Al spin-lattice
relaxation rate~Fig. 5! occur in the paraphase.
n-
lly

c-

e
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h
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ferroelectric transition. This process shows practically
discontinuity atTc . Since the dielectric data indicate rath
unambiguously that the phase transition is connected w
the DMA reorientations freeze-out, the following explan
tion of the 27Al NMR spectrum can be given. The DMA
molecules themselves do not contribute significantly to
Al EFG tensor due to a relatively large distance between
DMA and the Al~H2O!6 complex. The EFG is determine
predominantly by the charges of water molecules and
H-bonded oxygens of the SO4 tetrahedra. The changes of th
NMR spectrum reflect the change of geometry of the H-bo
network and the associated distortions of the SO4 tetrahedra.
The above changes are induced by the gradual freeze-o
the DMA molecules which lower the local crystal symmetr
so that the potential in which the water molecules mo
becomes biased. This biasing restricts the freedom for
H2O 180° flips so that the water molecules gradually free
on cooling. Similarly the biasing of the potential can produ
also the slowing-down of the proton intra-H-bond motio
The above hypothesis requires that the DMA reorientati
aboveTc are slow or comparable to the NMR spectrum fr
quency scale~which is in the ten kHz range! in order that the
changes of the spectral line positions appear static. S
slow dynamic processes were indeed observed in the ab
described protonT1D experiment. The27Al NMR spectrum
thus reflects the complicated interplay between the DM
SO4, and Al~H2O!6 H-bonded sublattices. A slowing-dow
of the DMA motion induces gradual structural rearrang
ments in the other two sublattices, so that all structural e
ments adjust to each other in an energetically favorable w
Despite some similarity with phase transitions@e.g., the be-
havior of the lineE in Fig. 4~b! resembles a sequence
three first-order phase transitions# this process cannot be re
garded as a sequence of macroscopic phase transitions
associated changes of the average crystal symmetry were
served so far.

B. 27Al spin-lattice relaxation

In order to obtain more information on the dynamics
the DMAAS system, a27Al spin-lattice relaxation experi-
ment has been performed. Measurements were made
DMAAS monocrystal at a frequencyn0~27Al !526.134 MHz.
The inversion-recovery method was used to determine
spin-lattice relaxation rate. There are two spin transit
probabilitiesW1 and W2 involved in the27Al electric qua-
drupolar relaxation, corresponding to theDm561 and
Dm562 changes of the magnetic quantum number.W1 and
W2 were extracted from the magnetization-recovery cu
using the standard analysis20 for spin I 55/2. SinceW1 and
W2 behave with temperature in a completely analogous w
only W1 is discussed in the following. Temperature depe
dence ofW1 was measured from 310 to 70 K from th
Fourier-transformed spectra on the lineE. This line was cho-
sen in order to throw some more light on the nature of
unusual splittings found at three temperatures in
paraphase.W1 is shown in Fig. 5 where a typical slowing
down behavior on cooling is observed. The inverse transit
probabilityW1

21 ~loosely speaking the spin-lattice relaxatio
time T1) decreases from room temperature down toTc . At
152 K W1

21 exhibits a global minimum and starts to increa

s
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on further lowering the temperature. In the paraphase
experimental points generally follow a straight line in t
logW1

21 vs 1/T plot. In addition four other minima are ob
served in the paraphase at temperatures 276, 242, 207
169 K. These are the same temperatures at which the an
lies in the lineE are observed in Fig. 4~b! ~the anomaly at
276 K was in fact not observed in the spectral line posit
due to a too large temperature increment in the meas
ment!. Below Tc the experimental points again follow
straight line with approximately the negative slope of t
high-T part. Two additional discontinuities are observed
106 and 94 K which coincide with the anomalies observed
the linesA, B, andG at these temperatures. Here it is wor
mentioning that around 105 K small anomalies were detec
also in the other physical parameters, the crystal elastic6

the dielectric constant,10 and the spontaneous polarization.8 It
was however shown that no new components in the spo
neous polarization appear at that temperature so that
anomalies cannot be associated with a macroscopic fe
electric phase transition.

The spin-lattice relaxation data allow to extract the au
correlation timetc for molecular motions producing the27Al
spin-lattice relaxation in DMAAS. At the minimumtc
equals to the inverse nuclear Larmor frequency, where
we get tc5631029 s at Tc . Disregarding the four addi
tional minima in the paraphase for the moment, the acti
tion energy is obtained from theT1 slope of the global mini-
mum asEa511565 meV andt`56310213s. These values
are within the experimental accuracy equal to those obta
for the t2 dynamic process in the protonT1 analysis. This
demonstrates that both nuclei, the protons and the27Al, see
the same molecular motion. The shorttc value of the order
of 1029 s atTc again demonstrates that the detected mot
is too fast to yield a static dielectric polarization in the ferr
electric phase and cannot be associated with the D
freeze-out. We propose instead to associate this motion
the H2O dynamics around a given Al atom and explain
slowing-down character by the gradual biasing of the lo
water potentials as a result of the DMA gradual freeze-o
which lowers the local crystal symmetry. Since there
many structurally different water molecules in the H-bo

FIG. 5. Temperature dependence of the27Al spin-lattice relax-
ation rateW1 of DMAAS measured on the lineE @shown in Fig.
4~b!#.
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network, they may experience different bias fields so t
their reorientational motions freeze-out at different tempe
tures. The gradual H2O freeze-out gives a possible explan
tion of the four minima in the temperature dependence
W1

21 in the paraphase. The minima are rather sharp and
semble a local soft-mode slowing-down dynamics. As
ready stated, no macroscopic symmetry changes were
tected so far at the temperatures of the minima.

There is still another puzzling question why the minimu
in W1

21 occurs exactly atTc since it is evident that the
slowing-down motion producing the27Al relaxation is not
directly the DMA freeze-out but a much faster dynamic pr
cess. The answer can be given by a comparison of the27Al
and the proton relaxation time minima. Proton relaxati
time was measured at a frequency 32 MHz and the minim
in T1 occurred at 156 K. The27Al T1 was measured a
26.134 MHz and the minimum occurred at 152 K. Due to
slightly lower frequency the 27Al minimum ~of the
Bloembergen-Purcell-Pound-type! was shifted to lower tem-
peratures and accidentally coincides with the FE transit
temperature. This can be verified by a simple calculati
Calculatingtc with the aboveEa andt` parameters for the
temperature 156 K yields the resonance frequency from
condition for the minimum of the relaxation raten0
51/(2ptc)533 MHz. Within the experimental accurac
this value agrees well with the actual proton resonance
quency 32 MHz.

IV. CONCLUSIONS

DMAAS is a representative of a family of inorgani
hydrogen-bonded insulators where the H-bond network
considerably more complicated than in the commonly inv
tigated families of K3H~SO4!2, CsHSO4, squaric acid and
KDP. Whereas the physical properties of the latter famil
can be to a good approximation explained by considering
H-bond network only, the origin of the ferroelectric orderin
in DMAAS is more complicated and cannot be analyz
within the H-bond network substructure only. The1H and
27Al NMR studies have demonstrated the existence of t
kinds of molecular motions in the paraphase with frequ
cies which differ for about five orders of magnitude. Th
slow motion corresponds to the DMA reorientational dyna
ics which freezes-out at the ferroelectric transition wher
the fast motion reflects the dynamics of the H-bond netw
and shows no anomaly atTc . The results demonstrate tha
the DMA rotation freeze-out is indeed the prime reason
the ferroelectric transition in DMAAS. The DMA slowing
down dynamics has a profound effect on the other two s
lattices, the SO4 and the Al~H2O!6, via the hydrogen bond-
ing. The effect of the relatively slow DMA reorientations is
gradual lowering of the time-average local crystal symme
which biases the local potentials of the water molecules
well as of the H bonds. A consequence is a gradual free
out of the water dynamics in the paraphase which manife
in the appearance of four additional minima in the27Al spin-
lattice relaxation rate. The additional splitting of the27Al
spectral lines much below the FE transition temperature
dicates that the proton ordering in the H bonds begins to t
place below 90 K.
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