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Dipolar ordering and glassy freezing in methanolB-hydroquinone-clathrate
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The dielectric, structural, and thermodynamic properties of single crystals of metBdmyalroquinone-
clathrates have been studied as function of temperature and of the concentadtibe polar guest molecules.
At higher temperatures the dielectric response along the threefold crystal axis is of the quasi-one-dimensional
Ising type. At lower temperatures the higher concentrated samples order antiferroelectrically whereas the lower
concentrated ones freeze into dipole glasses. The behavior is interpreted in terms of the methanol dipole
moments coupled by the electric dipole-dipole interaction which is highly frustrated because of the rhombo-
hedral symmetry of the lattice. The dielectric relaxations have been analyzed.
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INTRODUCTION to molecules as large as GEN. For the smaller guest mol-
ecules including CEOH the hexagonal lattice parameters

Our understanding of collective ordering transitions inare abouta=16.6 A, c=5.5 A and are almost independent
crystals mainly stems from magnetic systems. In favorabl®f the size and shape of the guest molecule, suggesting that
cases the full magnetic structure and dynamics can be dehese molecules can move relatively freely in the cages. In
duced from relatively little information: the magnitude of the the decades after the pioneering work of Palin and Péivell
elementary magnetic dipole mometie “spin”) of the in-  the 1940s, most pertinent work was concerned with the dy-
dividual d or f ion and the exchange interaction as specifiechamics of the individual guest molecule in the crystal field of
by the coupling parameters to some few neighbor spinsthe cavity, e.g., by optical spectroscopy. New interest in the
Even the spin glass state of dilute magnetic systems has beguinol clathrates arose when Matseial>® showed by per-
successfully simulated on this basis, ,By_,S being a mittivity and heat capacity experiments that the dipolar guest
prominent examplé.The understanding of electric dipolar, molecules order collectively at lower temperatures. The or-
e.g., ferroelectric ordering let alone the freezing into the di-dering temperature§, range from about 180 K for HCN to
polar glass stafdgs much more rudimentary. Usually neither 65K for CH;OH and 8K for HS. T, was shown to scale with
the elementary dipole moments nor the interactions betweethe square of dipole momeni of the free moleculé,an
them are known. This is obvious for crystal in which the observation which suggests that the ordering is due to the
electric polarization results from displacements of one SubEDD interaction.
lattice with respect to the other. Here the knowledge of the For the present study we have chosen the methanol clath-
full lattice dynamics including anharmonicities is required.rate. The methanol guest molecule has a reasonably large
Orientational order-disorder transition appear to be somedipole moment of 1.69D. Large single crystals can be grown
what simpler and closer to magnetic systems. But even hergith a controlled fractional occupancy of the cavities. In
the dipole moment of the active molecular unit is usuallyfact the host lattice tolerates fractional occupati®dewn to
dressed by a polarization and strain cloud of the lattice, thu§.34 before collapsingT decreases with decreasingand
making a distinction between the direct interactions betweerventually below a critical concentration of about 0.75 the
individual dipole moments and lattice mediated interactiongransition no longer occufs® Of direct relevance for our
difficult.

This article deals with a cage compound, namely
methanol8 hydroquinoné in which—as we will show—
well defined electric dipole moments, namely those of the
methanol guest molecules, are well decoupled from the hos
lattice and interact via a well defined interaction, namely the
electric dipole-dipole(EDD) interaction. In this sense these
clathrates are conceptually very close to magnetic systems.

In the B-modification the H-bonded lattice of the quinol
HO-C¢;H,-OH molecules leaves space for and is stabilized
by neutral guest molecules of appropriate size. The lattice i<
rhombohedral with three hydroquinone molecules and one
cage filled by one guest molecule in the unit cell. The side-
walls of the cage are formed by the aromatic rings of six
quinol molecules, top and bottom of the cage by regular FIG. 1. Schematic view of a cage in ti2quinol structure. O
hexagons of oxygen atoms with a proton on each O-O bondtoms are shown black, C atoms white, and the H atoms of the
(Fig. 1). Possible guests range from molecules as small as Atydroxyl groups reside on the bonds between O atoms.
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study are previous heat capacity measurenidotsa series have therefore protected the surface by evaporating gold lay-
of samples with differenk and NMR studies on the fully ers. For the permittivity measurements these Au layers also
concentrated methanol clathraté which give insight into  serve as electrodes. The sample thickness is typically 0.5 mm
the orientation and the reorientational dynamics of the guesbr measurements af; with the electric field along and 0.3
molecule. There are also some reports on the permitfifity, mm for e, with the field perpendicular te. The top and
but the information on the dielectric response has been by nbottom electrode are parallel to within 0.01 mm. The geo-
means complete. The articles of Dansas and Sfaview  metrical capacities as calculated from the thickness and the
the state of the field in 1976 and give a valuable insight intcelectrode area range from 0.4 to 1 pF. The complex dielectric
some aspects of the hydrochinon clathrates. constant has been measured with the impedance analyzers

We have shown recenflythat clathrates with lower HP4274A and 4275A covering a frequenichand from 100
methanol concentrations freeze into the dipole glass statéiz to 1 MHz in a He-flow cryostat from room temperature
This state is usually considered analogous to the spin glastown to 4 K. The three samples with lower concentrations
state of dilute magnetic systems. Both types of glassy statdsave been investigated additionally in the group of A. Loidl
are thought to result from the random occupation of latticeat the university of Augsburg down to frequencies of 10
sites by(electric or magneticdipole moments in combina- mHz with the frequency analyzer FRA 1260 in combination
tion with the frustrated nature of the interactibh. with a Chelsea interface. In birefringence measurements the

In this article we will give a full report on our permittivity polarization state of the transmitted light beam has been ana-
results, including an analysis of the dielectric relaxations, agyzed with a Searmont setup. Foab plates the light beam
well as complementary sample characterization by x-ray dif{of a He-Ne lasértravels along ¢ and the polarization vector
fraction, heat capacity and birefringence measurements. lies in the basal plane whereas fac plates the beam is
perpendicular ta and the polarization is chosen at 45° with
respect toc. For ab plates also pictures of the multidomain
state of the higher concentrated samples at Tokave been

We have grown single crystals with=0.97, 0.84, 0.79, taken with the sample between crossed polarizers. For the
0.73, 0.50, 0.40 from a saturated solution of quinol, methanoheat capacity studies we used a setup in which the sample
andn-propanol at 313 K. The propanol molecule is too big in(about 40 mg is placed on a sapphire plate which is
order to be incorporated in the cavities, but the propanokquipped with a thermometer and an evaporated metal film
concentration controls the methanol contewof the crystals. for resistance heating. Heat capacity data are obtained point
We have checked by density measurements, tlkevalues by point with the quasiadiabatic heat pulse technique. For the
guoted are accurate within 0.02 at higlkxeand 0.04 at lower determination of the entropy of transformationTatwe used
x. For the permittivity and the optical measurements thina scanning technique. Here a metal wire served as thermal
plates have been cut and polished subsequently on cloiink between the sapphire plate and the thermal shield. Our
soaked with methanol. Two cuts have been used, with th&-ray diffraction studies concentrated on the almost fully
plate normal along &b plates and perpendicular to the  concentrated samplex=0.97. We used monochromatized
axis (ac plates. (If not stated otherwise, we use the hexago-Cu K, radiation and a two-circle diffractometer which is
nal notation. The cuts are accurate to2°. When kept in  equipped with a closed cycle refrigerator. The single crystal-
air, the surfaces of the samples deteriorate within hours bdine samples have been usually oriented vaiterpendicular
cause of the evaporation of methartalhat one can smell  to the scattering plane. This allows scans within th&Q)
which presumably leads to a transformation of the surfacg@lane. Scans within planédakl), | constant)<1 are possible
layers into thew modification. For the permittivity and bire- by moving the detector out of the diffractometer plane . Oc-
fringence measurements which rely on intact surfaces weasionally the samples have been adjusted with the dif-
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FIG. 2. The permittivity along anda and the

corresponding loss tangents as function of tem-
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fractometer plane. Rotating crystal exposures have also bedect cutting of the plates and show in Fig. 2 the results on the
taken. Here the crystal was rotated aboand the incoming plate for which the loss is smallest. The transition tempera-

beam being perpendicular to tures of Table | are from dielectric measurements as obtained
on cooling. T values from the other types of experiment
RESULTS agree within 1 K. Measurements of the electric polarization

P as function of the electric fiel& alongc on x=0.97 show

Figures 2-5 show thd dependence Ofc, s, and the ginear behavior up to the maximum field of 40 kV/cm. The
corresponding loss tangent for some measuring frequeficie ) : . .
samples are of excellent optical quality with no apparent sign

of four of the six samples investigated. There are two tem- ¢ birefri ) h . o
perature regimes of dispersion and loss, the primary one &' Stress birefringence. Figure 6 shows a picture o

temperatures around 60 K and the secondary one which fdate in the lowT multidomain state T=63 K, x=0.97)
visible in e,, only, at about 20 K. For the higher concen- Which develops beI_oWs. Obviously the domain yvalls meet
trated samples there is an almost vertical drop, bothiand ~ at angles of 60° within the basal plane. There is a well de-
g4, at the transition temperatur'és_ For x=0.97 several fined azimuthal Setting of the crossed polarizers for which
plates have been cut from different parts of a large singléhe light passing along through a given domain is extin-
crystal. TheT, values are identical within 0.1 K, suggesting guished. The azimuth angles of the three domains differ by
that there are no major gradients of the methanol concentr&0°. This means that the one of the principal axes of the
tion in the crystal. This is also supported by the rather sharppptical tensor lies in the former basal plane or is at least close
almost vertical drop ofe. and e, at Tg, not only for x  to it, and that this tensor is rotated by 60° from one domain
=0.97, but also fox=0.84 and 0.79. On the other hand, the to the other. Thus the threefold symmetry of higlphase is

€5, measurements on different plates differ somewhat wittbroken. TheT dependence of the linear birefringenta is
respect to the value of the loss in the temperature range ahown in Fig. 7 for both types of plates. At the phase tran-
the primary relaxations. We relate these effects to an impersitions of the higher concentrated “ordering” samples, rep-
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FIG. 4. Same as Fig. 2 but for=0.73.
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resented in Fig. 7 bx=0.97,both An,, andAn,. show a formation which is obtained by subtracting a suitable smooth
jump atT,. For T<T, spots have been selected where onebackground. As can be seen, the anomalous part extends to
could be reasonably sure that the light beam on its wayemperatures some degrees belby
through the sample stays within one domain. In the rhombo- Our x-ray diffraction study on the sample witt+0.97
hedral phaseAn,, vanishes as required by the threefold concentrates on the changes of the lattice parameters induced
symmetry axis. The finite value dfn,, below T is due to by the phase transition and the search for the superlattice
the loss of this symmetry element in the low temperatureeflections in the lowl phase. Our equipment does not allow
phase. In the “non-ordering” samplérepresented in Fig. 7 the sampling of a sufficient number of Bragg intensities for a
by x=0.40) there is no birefringence within the basal planerigorous determination of the crystal structure. Rotating crys-
down to lowest temperatures and in fact the nulling of thetal exposures on the rhombohedral phase show layers of re-
light intensity for crossed polarizers does not deteriorate toflections (kl), [=const and integer. In the low-phase
wards lowT. The overall variation o n,. between high and there are additional reflections in layers with integer and
low temperatures roughly scales with the methanol contenthalf-integer values of. The superlattice points are linear
The heat capacity of three samples as obtained with theombinations of two zone boundary wave vectors, belonging
guasiadiabatic technique is presented in Fig. 8. The phade different stars of equivalent vectors, namely,
transitions forx=0.97 and 0.79 show up as sharp almost_ ;111 e

: . . : = and q,=(330),,, in rhombohedral notation. A
5-like anomalies. Figure 9 shows data on the evolution of the 222/ A2=(220)m )
" . number of such superlattice reflections have been scanned on
entropyS across the phase transition for0.97 as obtained

with the scanning technique, both for cooling and heatingthe diffractometer. Th& dependence of the intensity of two

. . such reflections is shown in Fig. 10. The square root of these
The altogether steplik& dependence and the slight thermal o :
hysteresisAT—0.2 K, suggests that the transition is of first intensities are measures of the primary order parameter of

order. The small wiggles which can be seen in the trace 0tfhe phase transition. From these results the phase transition

the left panel of Fig. 9 are presumably due to a coexistence
of the highT and the lowT phase in which the two coexist-

ing phases adjust to the changing temperature by discrete
jumps of the phase boundaries and the domain w@lisex-

isting phases and instantaneous adjustments of boundaries
have been also observed with the optical setigure 9
shows the anomalous part ofT3, i.e., the entropy of trans-

TABLE I|. The phase transition temperatufg, the intrachain
J. and the interchaird, coupling parameter, and the Arrhenius
barrier B (all in units of K) as functions of the methanol occupancy
X.

X 0.97 (=0.02) 084 079 073 050 0.40

Ts 63.9 (=0.1) 50.3 452

Je 195 (£5) 175 176 155 121 111

J, -03(x0.2) -16 -22 -32 -61 -75

Eg 848 (= 15) 833 830 831 820 815 FIG. 6. Photograph of the multidomain state of the [dyhase,

seen along through crossed polarizers.
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temperature (K)

cooling and heating; in the right panel a suitable chosen linear back-
ground has been subtracted. Note the different temperature scales of
the panels.

also change within a cycle. Usually only two and occasion-

has to be classified as being of weakly first order. The secondlly just one of the three domains carries significant weight.
point of interest is the spontaneous strain of the lattice in th&or this reason the results of two cycles on the (600) reflec-
low-T phase. The principal reflections split into three productiion are superimposed in the figure. It thus appears that a
reflections, the positions of which are at the corners of smalfavorable matching of the domains is difficult. The peak po-
triangles in reciprocal space centered at the parent reflectiofiitions as deduced from Fig. 11 are shown in Fig. 12. For a
Each product reflection represents one of the three domairfgore accurate determination of the peak positions we carried
of the low-T state. Because of the finite resolution of the Out grid scans within the chosen scattering plane. Possible
diffractometer, scans through the original reciprocal latticeinor excursion of the peaks out of the plane remain unde-
points of the highF phase along suitable directions collect termined. The major elements of the spontaneous deforma-
most of the intensity of the product reflections. Figure 11tion of the lattice belows are a tiltA 8* of c* axis towards

shows pertinent results. Here the (600) and the (003) refle@” . & changeA y* of the angle betweea® andb* to a

tion are probed by a rocking scan within thiekQ) and the

(hOl) zone, respectively. The figure also illustrates one pe- ' !
culiarity of the transition. The statistical weights of the three 300
domains, as represented by the intensities of the product
peaks, vary from one cooling-heating cycle to the next and ©
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FIG. 8. The heat capacity per cage, which is formed by three
quinol molecules, as function of temperature %6¢0.97, 0.79, and
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FIG. 10. The temperature dependence of the intensities of two
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FIG. 11. Rocking scans of two Bragg reflections for several

temperaturesx=0.97.

value lower than 60° and a lengthening af, e=(a
—a’)/a. The shear angles are found to Be8* =0.63°,
Ay*=0.46°, e=0.010 (T=30 K). The resulting tensor of
the symmetry breaking part of the spontaneous deformatio

(Aizu tensotl) is
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FIG. 12. The splitting of two Bragg reflections as function of

temperature, as derived from the scans of Fig. 11.
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FIG. 13. The static permittivity along as function of tempera-
ture of all samples investigated. The solid lines are fits of the quasi-
one-dimensional Ising model. The data points at higher tempera-
tures, which coincide practically perfectly with the fits, have been
measured directly; those at lower temperatures, which are shown by
symbols, are from the HN analysis of the dispersive regime. From

\rI]VoII et al. (Ref. 8.

ANALYSIS OF THE PERMITTIVITY DATA

At higherT the permittivity is independent of the measur-
ing frequency and thus represents the static permittivity. At
lower T, static valuesss of the permittivity e, have been
obtained from the analysis of the relaxational behaysae
below). For all samples the high temperature dataeg
deviate significantly from a Curie-Weiss law, as has been
already noted previously by Murakarat al!! for a sample
which was considered fully concentrated, even tholgh
and the maximum value af, was slightly lower than for the
presentx=0.97 sample. Thel dependence ot s of all
samples can be almost perfectly fitted by.{—&.) !
=T[exp(—2J./T)=J, [TJ/M. from room temperature down
to about 75 K forx=0.97 and 50 K forx=0.40, for ex-
ample. See Fig. 13. This expression is based on the exact
treatment of an Ising chain with next-neighbor couplihg
and the mean field treatment of the couplihgbetween the
chains'* M =nu2/e, wheren is the density of the dipoles
and u. the component of the dipole moment along the chain.
The parameters of the best fit are given in Table I. The val-
ues obtained fok,, range from 3.7 to 4.1 which agrees well
with the low-T limit of the experimental date, is signifi-
cantly smaller and changes little wih Moreover contami-
nations bye. due to imperfect cutting cannot be excluded.
For x=0.97, we have prepared several samples and for the
one shown in Fig. 2 we obviously arrived at a perfect orien-
tation, since there is hardly any frequency dependence in the
T range where:; shows strong dispersion. This data can be
fitted by a Curie-Weiss lave —e,.,=M  /[(T+ 6) with
=71K andML=n,uf/280= 170 K. i, is the component of
the dipole moment perpendicular ¢o The equation foM |
applies to a moment which can reorient by jumps between
three or more equally spaced azimuthal states within a plane,
the electric field lying in the plane.

The frequency dependence of the permittivity alang
e.=¢'+1&", has been analyzed on the basis of the empirical

224202-6
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FIG. 15. The imaginary part of . at several selected tempera-
tures as function of the measuring frequencyXer0.40. The tem-
perature range from 31.678 Heft) to 58.371 K(right) in steps
which are equidistant on a T/scale. The solid lines are fits of
Chamberlin’s relaxation model to the data. See Ref. 8 for a fit of the
KWW model to the same set of data.

The semiempirical model of Chambetitris based on the
idea of dynamically correlated domains of siXe regions
which collectively relax with a unique. = depends on the

FIG. 14. The temperature dependence of the exponents of thgize of the domain. The parameters of the model are the

HN and the KWW ansatz for the relaxations «f.

relations of Havriliak-Negam{HN) and Kohlrausch, Will-

relaxation amplitudeb,, the average domain siZ&) and
the coefficientt which in combination with the frequendy,
determines theX dependence of the relaxation ratéX)

iams, and WattKWW) and of the semiempirical model of = f.. exp(—c/X). c=0 refers to the Debye case, large0

Chamberlint> The analysis with the HN-relation(f)=e¢.,

means polydispersity, foc<0 large domains decay slower

+(es—e.)/[1+ (127f 7)*]# is straightforward and supplies than small ones. We used the size distributions suggested by
the static permittivitye, or alternatively the dispersion step Chamberlin and obtained acceptable fits with a Gaussian dis-

Ae=¢s—e€,, an average relaxation time and the expo-

tribution, whereas those based on Poisson type distributions

nentse and 8 which characterize the width and asymmetry Of percolation theories turned out to be less satisfactory than
of the distribution of relaxation timeg(7). For the ordering HN or KWW fits. See Fig. 15 for fits to curves af’ vs
samples the data analysis has been restricted to the paraelég(f) for x=0.40. TheT dependence of the fit parameters

tric phase. The variation af and 8 with T is shown in Fig.

for x=0.40 is shown in Fig. 1§X)/c changes from-0.2 to

14 for several samples. The values of the static permittivity—0.1 between 60 K and 30 K. Similar values have been
resulting from the fits are included in Fig. 13. The relaxationobserved for the glassy freezing of molecular liquids such as

time 7 is found to follow an Arrhenius law 7

= f;l expEg/KT), the energy barrierEg are given in Table

salol, on the other hand a Gaussian distribution is—
according to Chamberlin—an indication for ergodic behav-

l, the attempt frequenciefs, of the samples are all between 'O

19 and 22 GHz.

The KWW ansatz refers to the time evolution of the re-
laxation function according td«exp(— (t/7)%), 7 is again
a characteristic average relaxation time anthe stretching
exponent which describes decays slower than exponential.
Small values ofx stand for broad distributiong( 7). For the
transformation of the KWW model into the frequency do-
main we followed the approximative treatment of Dishon
et al!® This approximation limits the evaluation to frequen-
cies above a certain lower boundary which shifts upwards
the narrowerg(7). This makes fits of this model to the nar-
row distributions of the higher concentrated samples prob-
lematic. A KWW fit for x=0.40 has been shown
previously? Fits of the KWW model are of similar quality,
for x=0.40 andx=0.50 even of slightly better quality than
those based on the HN expression, even though the latter
model contains one parameter more. The HN and KWW
values ofAe and 7 are practically identical. Th& variation
of axww for x=0.73,0.50,0.40 is included in Fig. 14.
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FIG. 16. The temperature dependence of the parameters of
Chamberlin’s relaxation model for=0.40.
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FIG. 17. The frequency vs T/relation taken
at different relative height$ of the dispersion
step of g, for x=0.97 and 0.40. TheS values
range from 0.1 at the top in steps of 0.1 to 0.90 to
the bottom. The lowest value $=0.95.
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Several glass formers show a high-frequency tail of theArrhenius parameters which are within the limited accuracy
permittivity wheree”(w) varies as a power law. It has been of thee, data identical to those obtained frarg. Thus they
argued that this behavior could be related to the glass trardo not supply an independent piece of information and may
sition being a phase transition in the thermodynamic séhse.simply originate from imprecise cutting of the sample plates,
Unfortunately our results on the high-frequency limit are notsuch that the dielectric signal is contaminatedshy On the
accurate enough for a meaningful analysis in terms of poweother hand, it is conspicuous that the dispersion step in-
laws. We can only point out that none of the models citedcreases with decreasing in spite of the fact thak. de-
above supplies an acceptable fit of the high-frequency wingreases with decreasing Thus one cannot rule out the pos-
of ¢"(w); see Fig. 15 for the Chamberlin fit and Fig. 2 of sibility that the primary relaxations of,, similar to the
Ref. 8 for the KWW fit. secondary ones, are an intrinsic property of partially occu-

Finally we analyzed thé, T relation at different relative pied samples.
heights § of the dispersion step. For all samplesyalues
and temperatures Arrhenius laws have been obtained. The
results onx=0.97 and 0.40 are shown in Fig. 17. This
method probes a WelghtegKT) with Weights of the slow The almost fully concentrated samplex=0.97
relaxations increasing witt$.}® Hence the results suggest

that all relaxations occuring in the system are thermally ac- First we concent.rate on t'he:O.QY sample, for which the
tivated. largest amount of information exists and which also comes

We have also analyzed the residual relaxation off the closest to the ideal case of a fully concentrated clathrate with

ordering samples just beloily(x) and the primary and sec- H;ehfﬁll'” trﬁgia“t%r;alazggn@néfs)é?:é?ﬁgye?]fcz (\:/\r/?f[iﬁl ;?ethe
ondary relaxations of ,. For all these cases the permittivity Ig pd i ' diffracti it 9 istent with th
is only slightly larger tharz., (see Figs. 2—b Therefore the piane and the x-ray difiraction resu s_ar<_e consisten \_N' €
fit parameters are by far less reliable than those reportefiombohedral space grou®3 and R3 cited by previous
above on the primary relaxations showing upein Never-  authors. Most authors favdR3 on the basis of dielectric,
theless we can make some statements. For the frequenbgat capacity, and NMR investigations, but the diffraction
range of our study the dispersive regimesgfextends down study and structure refinement of MdlproposesR3 which
to temperatures about 20 K below(x). Ae is of the order means broken up-down symmetry and hence ferroelectricity.
of 3 just belowT¢(x). For x=0.97 and 0.847 follows ap-  Our dielectric results and the absence of ferroelectric switch-
proximately an Arrhenius law but with parameters considering in our P(E) curves strongly suggest a paraelectric state
ably lower than abové&;, Eg is 540 and 390 Kf 5 is 5 GHz  and henceR3 . The Curie constantdl, and M, obtained
and 10 MHz forx=0.97 and 0.84, respectively. For  from fits toe. ande, supply the componentg, and u, of
=0.79, 7, however, increases on approachingfrom be-  the elementary dipole moment and hence its magnitude and
low. This is incompatible with a thermally activated process,angled with thec axis. u,=1.12 D,u=1.71 D,9=49°. u
but is expected for the slowing down of critical fluctuations. is close to the moment of the free methanol moledal&9

The secondary relaxations @f, occur at temperatures D), other contributions are obviously negligible. In particular
around 20 K. They are practically absent fo=0.97, still  one might have thought of a contribution from the protons of
very weak forx=0.84 andx=0.79 with a dispersion step the OH hexagons which form the wall between a cavity and
Ae of about 0.15 and finally grow to values Ak of 0.6 for  its next neighbor along. The proton presumably has some
the samples with the lower methanol concentrations. Obvifreedom to move along the O-O bond, perhaps even in a
ously the secondary relaxations are a property of partiallylouble-well potential. However, we expect a kind of ice rule
occupied samples, only. The Iédys 1/T plots are not really to hold which means that there should be only one, and not
linear, the average slope of these plots corresponds to bartivo or none, proton close to a given oxygen atom at any
ers of the order of 100 to 200 Ky is around 0.5, sug- moment. Therefore the motion of the protons must be col-
gesting broad distributiong(7). lective, all six protons moving clockwise or anticlockwise,

The primary relaxations of , occur in the samé& range  such that any polarization within the basal plane is cancelled.
as the relaxations of.. In fact they have relaxation and The protons may move out of the plane of the hexagons,

DISCUSSION
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thereby contributing to the response alarydout obviously — Thus our experiment does not supply information of possible
this does not happen either, at least not Xe+r0.97. Also  flips of the perpendicular component about thec-axis by
note thatu, is larger than the projection of the moment of 120°. If suchC; flips exist, they must remain fast compared
the free methanol molecule on the direction of its C-O bondo the measuring frequencies down Tg9. Complementary
(=0.88 D. Thus it is the full moment and not only its com- information on flips comes from the spin-lattice relaxation
ponent along C-O which contributes to the paraelectric retime of previous NMR experimenfs® These data have been
sponse and accordingly the origin of the primary relaxationgnalyzed, as appropriate for a local probe, in terms of the

are flips of the entire rigid molecule. The polar anglés in . _
good agreement with the results of force field calculafibns Iocgl symmgtry of thg cage center Wh'f:h@%' .for the R3
lattice. C5 flips are distinguished from inversion flips. The

and with what has been deduced from NMR rests, C; flips of the highT phase were found to be thermally

which were however mainly sensitive to the orientation on™~3 _ . :
the C-O bond. The estimate &f had to be based on addi- activated with an Arrhenius barrier of 350 K and an attempt
tional assumptions. frequency of 0.3 THz. The relaxation frequencyTatcalcu-

The fit of the modified Ising model to the data e lated from these values is 1.4 GHz, which is indeed far be-

supplies information on the coupling between the dipole moYyond the frequency range of the present study. For the inver-
ments. The couplingl, along the chain is positive, that sion flip of the methanol molecule the NMR studies give
means of the ferroelectric-type, and two orders of magnitud&alues of about 1200 K for the barrier and 20 THz for the
larger than the coupling between the chaihs Thus the attempt frequency(110 K<T<200 K), values which are
paraelectric response is almost perfectly that of a onemuch larger than what we determine fram. Furthermore
dimensional Ising system. The weak interchain coupllng local inversion flips should not only show up én but also

is antiferroelectric. The ferroelectric coherence lendgth in e,. Note however that the permittivity probes the long-
along the chains can be estimated from the 1D Ising modelavelength and not the local response. In the regime of di-
£2/c?=0.25 exp(4,/T), yielding a value of about @at 75  electric dispersion T,<T<78 K) the ferroelectric correla-

K where the experimental data start to deviate from the Isingions alongc have grown to considerable length. Hence the
behavior. The 1D character is not a consequence of largelifips relevant fore. are up-down flips of ferroelectrically
different distances of next neighbors on the same chain angbrrelated chain segments whereas the perpendicular compo-
on different chains but is due to the EDD interaction in COM-pent of 4 is still disordered within such segments. For the
bination with the lattice symmetry. The EDD interactions ,o|5xation rate of the quasi-1D Ising model, one obtaihs

along the chain add up and the coupling to_neighboring:f|0C[cosh(Zlc/T)]‘l[exp(—ZJC/'l')—JL/T].21 Heref.. is the
cﬂa!ng decreaseshthrtla longer the cor;ﬁlated regg'on: %Ilorﬁr;[p&axation rate which couples the individual dipole to the
chain in very much the same way as the magnetic field o fhermal bath. We assunig.= fyexp(—Ejy:/T) and think of
individual current loops does in a solenoid. Moreover theth local barfie. .. in t fth tal field of th
residual interaction between chains is highly frustrated be- € local barrlelto; In terms of the crystal fie'd of the cage.
cause of the triangular arrangement of the chains. In fact the/SiNg the values o andJ, derived from the static per-
frustration would be complete if the molecules on neighbor Mittivity we fitted the expression fof to the effective
ing chains were not displaced alorgby ¢/3. For a com- Arrhenius law (with the parametersg and f,) obtained
pletely ordered chain of dipoles aligned parallel to the chairfrom the HN analysis of dielectric dispersion and loss along
and coupled by the EDD interaction, 83% of the total inter-C, treatingE,c and f, as free parameters. The values ob-
action strength come from first neighbork, as obtained tained areE =320 K, f=0.16 THz. This means that about
from the fit is 195 K, hence the contribution of one neighbor38% of the effective barrier, as determined from dielectric
is about 160 K. The EDD interaction between two dipoles atdata, is due to the local crystal field, the remainder is due to
a distancec with moments parallel to the axis is 105 K for  the coupling J.. As expected, the ferroelectric coupling
1.12 D, the experimental value pf., and 240 K for 1.69 D.  slows down the relaxations at low&rboth by lowering the
Thus the magnitude of the couplidg is well accounted for effective attempt frequency and by increasing the effective
by the EDD interaction. A detailed analysis would require aArrhenius barrier. Nevertheless this consideration cannot ex-
more realistic model which considers the canting of the moplain why the barriers obtained from NMR are so much
ments and treats the lattice sums correctly. higher than the effective barrié&g of the present study.

On cooling, the static permittivity alongeventually de- The phase transition breaks the threefold symmetry about
viates from the Ising behavior, passes through a maximurs. The condensation of the mode with the wave vecgtoat
and slightly decreases towafd. This behavior is due to the T, suggests an antiferroelectric pattern of the [Bwphase
onset of the 3D antiferroelectric interchain correlations. Anwhich consists of sheets of ferroelectric up and down chains,
individual chain would of course not order, but the weak, butas predicted by Dansas and SiXuOne up chain is sur-
nevertheless finite interchain coupling brings the transitionsounded by two up and four down chains. The additional
up to a temperature much higher than, T being approxi- modulationq; is presumably due to a dimerization of the
mately determined bff;=|J, |exp(2./TJ). dipoles along the chain. In fact the 3 dependence of the

The permittivity results on the paraelectric phase showeDD interaction in combination with a shallow crystal field
that e, and e, are well decoupled. Within the frequency potential in the vicinity of the cage center with respect to
range of the experiment, loss and dispersion appear.jn shifts of the entire methanol molecule alongs likely to
only. Related effects ire, result from imperfect cutting. produce a dimerized state with alternating methanol-
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methanol distances+d andc—d. The dimerization should mismatch and hence strain energy can occur, the domain
develop already in the paraelectric phase in parallel with thevalls of the triclinic phase and the phase boundaries triclinic-
ferroelectric correlations, where both types of 1D correlationrhombohedral in theT range of phase coexistence in the
should give rise to planes of diffuse intensity in reciprocalVvicinity of Ts. For many types of ferroelastic transitions the
space. We have indeed observed weak traces of ferroelect@scumulation of such strains over mesoscopic distances can
diffuse scattering in planeshkl), I=integer but not at De avoided by the formation o_f so-called zero net strain
| =half-integer due to dimerization. The drop of at T,is  Planes. The transformation strain can then be kept low by
due to the formation of the long-range antiferroelectric ar-matching an appropriate multidomain pattern of the fbw-
rangement of the ferroelectric chains. There are practicallphase to the lattice of the high-phase in suitably oriented

no ferroelectric fluctuations remaining beldiy. This is not  crystallographic planes. This mechanism does not work for

surprising since already well abovig the ferroelectric cor- the present transformation, simply because there are no zero

. S . .. net strain domain walls possible for the ferroelastic species
relations have reached mesoscopic dimensions. The antifer-

roelectric ordering, however, continues beldw as is evi- 3F1.22Thus th_e system tries to kegp the domain wall area at
denced by the growth of the intensities of the superlatticd€MPeratures just belows small. Figure 12, upper frame,
reflections and the residugldependence of,, down to tem-  'CPreSents a cooling scan in which the sample enters the
peratures of the order of 20 K a triclinic phase as monodomain and turns multidomair at
According to Matsubthe entropy of transition per dipole ;eikK’Tise e;;%ig?;gcgyoﬁhfwgel;);?ga(sjplol?l?r?recg Ejhoemiirﬁggin
(in units ofkg) is In2. Hence the transition has been Ir‘ter'Fig. 11 has the same reason. The transformation strains not

preted as an ordering of the up-down degree of freedom O(gnly control the resulting domain pattern, but also affect the

Ising pseudospins. We disagree with both the value and th\?alue of the spontaneous strain of the Idwhase, as can be

interpretation. We have not found a reliable way of splittingSeen from the jump of the peak position Bt—5 K. This

the total entropyS(T) into contributions of the methanol means that at this temperature the energy related to the strain

molecules and of the host lattice by extrapolating the Me8mismatch is the same order as the difference of the volume
sured entropy of samples with different methanol concentrag

tion to x=0. Hence we have to limit the discussion to the ree energies of the two phases.
apparent pari\S in excess to a smooth background. From o _ _ _ )
Fig. 9 one obtains an entropy of transition of In 1.5 per mol- Variation of the dlelectrlc. response with x, the partially
ecule and a change of entropy of In1.7 from 50 K to tem- occupied samples
peratures just abov&;. In terms of the 6 orientations qQf The quasi-1D Ising model also supplies an excellent de-
in a Cgy; site, the up-down degree of freedom is alreadyscription of the highF permittivity e, of the partially occu-
eliminated by the one-dimensional short-range ferroelectripied samples. Therefore we continue to refer to this model
correlations in the paraelectric phase, leaving In3 for thefor a while in spite of the fact that it applies to the nondiluted
azimuthal motion. Obviously half of this is removed by the case, only. The coupling parametér decreases with de-
transition and the next 15 K beloWs. The remaining part creasingx, as expected of course from dilution, but the de-
(another In 1.7 is spread over the paraelectric phase and/oerease is slower thaxl.(x=0.97). This points to a long, but
temperatures less than 50 K. Matstial*® conclude from  not an infinite range of the interaction. The interchain cou-
their NMR results that the azimuthal reorientation of almostpling J, increases with decreasimxg This is highly unusual,
all methanol molecules disappears beldw, on the other but is due to a partial lifting of the frustration which in the
hand Ripmeesteet al® report residualC, reorientations in  fully occupied sample leads to an almost perfect cancellation
the low-T phase with an Arrhenius barrier as low as 115 K.of the interchain coupling. In spite of these changes the
This brings us to the secondary relaxations of the permittivparaelectric highF state of all samples can be still regarded
ity when the applied field is perpendiculardoWe could not  as quasi-1D with thd./J, ratio decreasing from more than
extract reliable Arrhenius parameters from these relaxations(? for x=0.97 to about 15 fox=0.40. Even forx=0.40
for x=0.97 because of the weakness of the dispersion stee intrachain coupling is obviously still large enough to cor-
and the loss, but the results on the other samples give bariielated the dipole moments over distangealong the chain
ers of the order of 100 to 200 K, quite in agreement with theof the order of some tens of lattice parameteet the mini-
NMR experiment of Ripmeestest al. For x=0.97, only a mum temperature before the relaxations set in. This means
minute fraction of the dipoles contributes to these relaxthat the ferroelectric coherence is not interrupted by indi-
ations, presumably methanol molecules in irregular sitesidual empty cavities. Note that already for=0.84 the av-
such as molecules next to vacant cavities or molecules ierage length of occupied chain segments between empty
domain walls. sites is reduced to aboutt5The transition temperaturég
Finally some comments on the ferroelastic and martensican be estimated from the values & and J, via T,
tic aspect of the phase transition are in order. The=|J |exp(2)/Ty). For all samples, excepi=0.97, one ob-
rhombohedral-triclinic transition is of first order and can betains values around 90 KFor x=0.97 the estimated value
classified as improper ferroelasiiterroelastic speciesFlL of 71 K has little significance considering the enormous rela-
[13]) with three domains. Upon cooling through the transi-tive error ofJ,.) Thus on the basis of this model, the effect
tion the samples do not shatter but rather stay intact. Theref dilution on the coupling parameters, the decreasd pf
are two types of boundaries to consider in which a latticeand the increase af, compensate each other.
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The quasi-1D Ising model has also been setup for a lovbut no higher neighbor a coupling of 1.B6or 320 K. This
percentage of vacancies, but unfortunately for an intrachaiwariation is again 300 K. Both types of broadening mecha-
coupling to next neighbors, onfj. Here the coherence nism should scale roughly witR(1—x). The fact that the
length is bound to the distance between empty cavities withvidth of theg(7) distribution as represented by the HN and
the consequence that drops rapidly with decreasing In the KWW exponents varies with temperature points to an
fact, this model predicts that the transition should be alreadjnteraction dominated mechanism.
absent forx=0.84. Hence we consider the model for the Forx=0.97 we have argued that the residual primary and
concentrated case a better approximation to the experimersgecondary relaxations appearingsig are due to miscutting
but clearly a more realistic model considering the long rangend to dipoles in irregular sites, respectively. For the samples
of the EDD interaction in combination with statistical site with lower concentrations both types of relaxation increase
occupation is required. in strength. At least fox=0.50 andx=0.40, where the

For x=0.97 we have argued that the effective Arrheniusmaximum value ofe. is about 50, only, one can definitely
barrier is mainly due to the EDD coupling. This is not so for rule out that the primary relaxations appearing:jpare due
lower x. Following the procedure from above, the local to a misalignment of the electric field. It rather appears that
Arrhenius parameter§ . and f, can be extracted from the they are an intrinsic effect. We ascribe them to dipoles which
effective parameterEg and f, of the experimentE,y in- are not incorporated into ferroelectrically correlated chain
creases with decreasimgwhile f is about independentaf ~ segments. The inversion flips of such dipoles contribute to
Forx=0.40, E ;=625 K, f;=0.11 THz. Thus the effective relaxations ofc. as well as ofs,. For the secondary relax-
barrierEg of 815 K is mainly due to the local crystal field, ations, related arguments can be found: Kker0.40 and
leaving 190 K for the contribution from the coupling to 0.50, but even for the samples witt=0.84 and 0.79, which
neighboring dipoles. The value of 190 K is almost identicalstill show long range ordering, there is a high degree of local
to J. for x=0.97(=195 K, see Table)land reasonably close disorder. Dipoles in the middle of correlated chain segments
to 0.83). which is just the coupling strength to one next are locked in their azimuthal orientations by the coupling to
dipole. Forx=0.40 the average length of occupied chainthe neighbors and can hence contribute to relaxations, of
segments between vacancies s theaning that a given di- only by collective rotational flips of the chain, a rather rare
pole is likely to have just one next neighbor. This neighborevent for longer segments. Isolated dipoles, dipoles of short
supplies a coupling of 0.83, higher ones supply contribu- segments or at the end of long segments feel a much weaker
tions of the order of 0.1;. Hence a value of 190 K is in fact coupling. At lowerx, such dipoles are the rule rather than the
what is expected for the contribution of the EDD interactionexception.
to the barrier at these low concentrations. This analysis sug-
gest that even though the effective bartfigy changes little
with x, the partition into local and interaction related compo-
nents does so drastically. The freezing of the dipoles at For the almost concentrated sample the dielectric and
higher x is obviously controlled by the dipole interactions, structural behavior including dielectric relaxations and order-
whereas at lowex it has a more local character. The increaseing is well described by the quasi-1D Ising model. The cou-
of E,,. towards lowerx arises from the fact that the crystal pling parameters have been derived. In the paraelectric phase
field in a cavity is distorted by empty neighboring cavities 1D ferroelectric correlations develop along chains running
perhaps via tilts of the benzene rings which form the sidealong thec axis. The 1D character is a consequence of the
walls separating the cavities. In the terminology of disor-electric-dipole-dipole interaction in combination with a
dered magnetic systems such effects which depend on theghly frustrated interchain interaction of the rhombohedral
guenched occupation statistics are classified as randonrystal structure. At some K above the phase transition tem-
fields. In this sense the freezing changes from random bongeratures, here the ferroelectric correlation length is already
dominated at highex to random field dominated at low&r  about 10@, the antiferroelectric interchain correlations de-

For x=0.97 the relaxations as probed by are almost velop which then finally lead to a 3D long range ordered
monodispersive. For lowex the distributions of relaxation low-T phase. The lowF phase is a 2D triangular array of up
frequencies broaden significantly. For0.40 and 0.50, the and down chains. There are indications for a dimerization of
full width at half maximum of thee” vs log(f) curve is the methanol molecules within the chains. The elementary
about 3 decade@-ig. 15. Translating this width into a dis- dipole moment being practically identical to that of the free
tribution of barrier heights gives a width of 270 K, while the methanol molecule and the coupling being given by the bare
mean value oEg is 815 K. This variance of 270 K can be EDD interaction, it should be possible to calculate the statics
due to the crystal field part or to the interaction induced parend the dynamics of the system almost from first principles
of the barrier. The following estimate shows that both partgwith the problem of the slow and conditional convergence
could be responsible. The change of the local barrier fronof EDD lattice sums In that respect, we consider this clath-
320 K for x=0.97 to 625 K forx=0.40, suggests that the rate a model system for electrical ordering.
variation of E,,. due to different configurations of occupied  The clathrates tolerate fractional occupancies down to
and empty neighbor cavities is of the order of 300 K. As faraboutx=0.34. The quasi-1D Ising model also accounts for
as the interactions are concerned, a dipole moment with nthe highT dielectric response of the dilute samples, in spite
direct neighbors experiences a coupling of the order obf the fact that it ignores the effects of site occupation. Again
0.13., which is about 20 K, a dipole with two next neighbors 1D ferroelectric correlations along the chains reaching a

CONCLUSIONS
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length of some tens af units develop on cooling. For the metry. The glassy freezing of the methanol clathrates shares
three lower concentrated samples witi x,~0.76, the an- the broad distribution of relaxation times with other ex-
tiferroelectric ordering no longer occurs and the dipolesamples of dipole glasses. In addition to what is known for
freeze into the glassy state. We think of this state as a ramther dipole glasses we could not only specify the micro-
dom array of “block spins” representing the total up or scopic interaction but could also estimate whether the freez-
down dipole moment of the chain segments, the block spiing proceeds in local fields which vary from site to site due
being proportional to the length of the segment. The lengtho different surroundings of empty and occupied neighbor
of the segments can exceed the geometrical length of th&tes(random field scenarjar is of the collective interaction
chain between empty cages. This is a consequence of tltominated random bond type known from the spin glasses.
long range of the EDD interaction. The coupling betweenThe results favor the random field view fo=0.40 and 0.50,
block spins depends on their magnitude, orientation and relavhereas the sample with=0.76 is about half way between
tive position alongc and is also subject to the inherent frus- these cases. The dilute system would be ideally suited for
tration of interacting dipoles on a lattice with threefold sym- computer simulations.
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