PHYSICAL REVIEW B 71, 224202(2005

Dielectric response of HBr condensed into mesoporous glass
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HBr gas has been condensed into mesoporous glasses and solidified by cooling. The pore filling has been
investigated by broad band permittivity measurements and x-ray diffraction. The pore confined material basi-
cally reproduces the phase sequence of the bulk sy8iguid-cubic-orthorhombig but the phase transition
temperatures are strongly reduced. Special attention has been paid to the paraelectric-ferroelectric transition
within the orthorhombic regime. The dielectric dispersion allows to discriminate between the material next to
the pore walls and the capillary condensed fraction in the pore centers.
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[. INTRODUCTION ties. Attempts have been made to isolate the response of the

The confinement in mesopores affects the relaxational be20re filling from the effective permittivity of the composite
havior of molecular liquids. Appropriate experimental meth-and to identify the contributions of the terminal OH groups
ods are quasielastic neutron scattering and broadband dielefl the silica matrix. For CO the main interest was in the
tric spectroscopy. Particular interest has been paid to glad&®€zing of head-tail flips of the molecules. The study on
forming liquids such as glycerol in various types of mesopo_acetqnltnle cqr}centrated on the dlelectrl_c behavior at the
rous silical™s The observed shift of the glass transition tem_freez!n_g transition and at a §ubsequent first-order structural
perature has been taken as an indication that this transitidf@nsition between two electrically ordered phases.
is-very much like a second-order phase transition-subject to !N the present article we pose the question of how pore
finite size effects, which in turn means that there is a coherconfinement affects a second-order phase transition. The sys-
ence length connected with the glass transifiémother se-  tem chosen is HBr in porous Vycor glass. This substrate has
ries of experiments, on smaller molecules, has shown that th@" average pore diameter of about 7 nm, which is equivalent
observed changes with respect to the bulk state are by 8 17 |r_1termole<_:ular d_|stances. At first gla_nce HBr appears to
means simply due to the geometric confinement, but to thoe an_ldeal choice. It is presum_ably t_he 5|mp_lest ferroelectric
interactions of the filling with the pore walls. Already ad- Material from a crystallographic point of view. The para-
sorption isotherms demonstrate in a convincing way that-duérro-transition is of second order, or at least nearly so. The
to the strong attractive substrate potential-the first fractiond'iPle point is well below room temperature. This allows the
of vapor that condense in the pores form an adsorbed film oM€éasurement of adsorption isotherms on this polar molecule
the pore wall§:7 Only thereafter the pores are filled by cap- With the cryogenic equipment at hand in our laboratory,
illary condensation. The adsorbed film is different from theWhich in turn means that partial fillings can be prepared in a
capillary condensate. This is particularly obvious in the soligcontrolled way in order to discriminate between the adsorbed
regime. The capillary condensate is basically bulklike, with afilm and the quasibulk capillary condensate. On the other
crystal structure that is close if not identical to that of thehand, information on bulk HBr is scarce; it mainly dates
bulk system. It usually reproduces the phase transitions dfom the early days of ferroelectricity. This is due to prob-
the bulk system. The adsorbed film, however, is amorphoué,ems related 'Fo the h_andlmg of this substance. HBr is ch_eml_-
it mimics the amorphous state of the silica substrate, an§@lly aggressive, solid samples have to be prepared in situ in
does not participate in the phase transitions. The main differ€fyogenic equipment, the contraction of the samples on cool-
ence between the capillary condensed fraction and the bulikd Produces cracks, a serious problem in permittivity stud-
state are the downshiftsT, of the transition temperaturdg €S, the_ texture of po_lycrystalllne or the orientation of single
and the thermal hysteresis of the transitions. Most pertinerftrystalline samples is usually unknown. For these reasons
information exists on the melting/freezing transition, butHBr has not developed into a mod@rder-disorder-type
there also data on structural phase transitions, e.g., for derroelectric. _ _
and CO in Wecor glasé® The transitions studied so far are _ Bulk HBr solidifies at 186.3 K into the cubic phaséftc,
all of first order. Here the shift of the transition temperature':m:”_m) in which the HBr d_lpol_es r_eorlent rapidly p_etween 12
relative to the bulk system can be explained in terms of £quivalent crystallographic directions. The transition at 116.9
competition of interfacial and volume free energles. K takes the system into the cubic phas€Ra3) in which the

Our previous studies on the dielectric properties of smalH atom reorients in a plane formed by 6 out of the 12 nearest
molecules embedded in mesoporous glasses dealt with Aneighbor Br atoms. Below 113.6 K the bulk system is ortho-
CO'9 and CHCN.™ These studies have shown that the ad-rhombic with a transition af,=89.7 K from the paraelectric
sorbed film on the pore walls and the capillary condenseghase ll(Bbcm with two equivalent positions of the H atom
fraction of the pore filling have different dielectric proper- into the completely ordered phase (Bb2,m).213 In par-
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ticular in the orthorhombic phases the H atom points to a Biheavily overfilled; the excess condensate outside the pores
next neighbor, suggesting directional Br-HBr bonds. The has no effect on the measured permittivity. The dielectric
relevance of H bonds is supported by the value of the spordataC=ReC+i Im C=Cy(e’ +ie") have been collected at 30
taneous polarizatioR (Ref. 19 that is lower than expected different frequencieso/ 27 ranging from 0.1 Hz to 1 MHz

for free HBr dipoles, the anomalous frequencies of the H-Bwith an impedance analyzer in combination with an imped-
stretching modes and by MD simulatiofssPhase Il actu- ance matching interfacéSolartron SI-1255 and SI-1296

ally has a canted antiferroelectric structure with a zig-zagX-ray diffraction patterng(intensity I as a function of the
line of HBr molecules propagating along tle direction  scattering angle @ have been recorded in a similar setup in
which is also the direction of the spontaneous polarizatiora cell equipped with Be windows. Coupled-2 scans have

P.. P-E hysteresis loops demonstrate ferroelectribeen used. The wavelength was 1.542GAIK,). Here a
switching!* Measurements of the permittivitye) show  controlled pore glas&Gelsil) was used as a substrate that has
strong dispersion in the orthorhombic phases with one disabout the same pore diameter but a higher porosity. There-
persion branch in phase Il that shows some slowing dowifiore the intensity ratio of the Bragg peaks of the solidified
when approachind, from above and two branches in phasepore filling with respect to the glass background is more
ll. The two branches may be related to the elements otthe favorable than for Wcor. Studies on Ar in cor and Gélsil
tensor parallel and perpendicular Ry, alternatively it has have shown that there is little difference between these two
been suggested that the lower branch refers to domain wadlubstrates as long as the pore diameters are identical. The
motion. The static permittivity; of polycrystalline samples diffraction experiments have been carried out for an almost
as obtained from extrapolations of ttekewed arcs of com-  completely filled sample.

plex plane plots to zero frequency, shows maximum values
of &4 right at T.. The actual values vary strongly from
sample to sample, presumably because of cracks or different
textures of the samples. For the most favorable case reported The diffraction patterns as observed on cooling down
in the literature,es(T) shows a sharp maximum at with  from 175 K to 25 K and back up to 175 K in stepk5oK are
e=200(Ref. 16, which in fact suggests that, the critical ~ shown in Fig. 1. The background as obtained on an empty
component of thes tensor, indeed diverges dt, as one sample has been subtracted. At the highest temperatures the
expects for a second-order ferroelectric phase transition. Urpore filling is liquid as evidenced by the smooth variation of
fortunately there are no permittivity experiments on singlethe scattered intensity as function of.2The first two
crystals that could have given direct access to this companaxima of the structure factor of the liquid state can be
nent. The\ shape of the heat capacifythe slowing down of  identified. The Bragg peaks of the solid appear on cooling at
the dielectric relaxatiod8 and the crystallographic group- T;=145 K. On heating they persist up ®,=165 K. The
subgroup relation between phase Il and Il are further argufreezing/melting temperatur@ of the bulk system is

IlI. RESULTS AND DISCUSSION

ments in favor of a continuous transition. 186.3 K. The relative shift with respect to the bulk state and
the relative width of the thermal hysteresis of the liquid-solid
Il. EXPERIMENTAL transition are quite similar to what has been observed for Ar

in pores with the same sife\fter solidification the structure

The porous matrix for the permittivity measurements is aof the pore filling is fcc, as for the bulk state. The fcc peaks
slab of Wecor glasgcode 7930, Corningwith a thicknessd  observed ar¢l11), (200), (220), (311), and(222), listed with
of 0.23 mm. The porosity is 0.30 and the average pore diamincreasing 2. The (222 reflection shows up as the weak
eter 7 nm. Evaporated Au films with an ardéaof 50 mn?  feature at 2=55". The lattice constant is 5.81 A, which is
serve as electrodes for the permittivity measurements. Theithin the error of the experiment identical with that of the
geometric capacitanc€y=goA/d is (1.9+0.05 pF. The bulk system. The intrinsic peak width (in units of sing) is
sample is inserted in a cell that is bolted to the cold plate ofndependent of the node index, suggesting finite dize
a closed cycle He refrigerator. HBr gas has been admitted ibroadening, withL of the order of 100 nm. This value is
volumetrically controlled portions via a heated capillary thatmuch larger than the pore diameter, obviously the coherence
connects the cell with a gas handling system that is equippedf the lattice extends over quite long distances along the pore
with a membrane pressure gauge. We tried to record a conaxes. The(200) peak that is sensitive to stacking faults is
plete adsorption isotherm at 175 K, but encountered thevell resolved. The stacking fault probabilityis lower than
problem that the pressure after admitting a new dose of ga®r the best examples of diffraction patterns on pore con-
never really equilibrated. The reason for this failure becamalensed fcc AFP. The upper estimate faw is 3%. Obviously
clear at the end of the experiments. The gas leading partbe directional bonding of HBr reduces the number of stack-
showed traces of corrosiofthe pumps even had to be re- ing faults relative to Ar. The x-ray Bragg intensities stem
placed, the gas obviously reacted with the metal surfacesfrom the Br atoms, are practically insensitive to the
The values quoted for the fractional fillings=0.32, 0.49, H-positions and hence to the dipolar degrees of freedom. For
0.66, are therefore only rough estimates, accurate to £0.0%his reason the diffraction experiment cannot distinguish be-
that are based on the volumetric data in combination with théween the phases | and &nd between the phases Il and Ill.
permittivity data interpolated betweei0 and f=1. The Thus there is, e.g., no chance of detecting(#10) reflection
onset of capillary condensation is at abd&t0.5. In order to  that would discriminate phase | from phaseSince further-
guarantee complete fillind=1, the Vcor matrix was in fact more the change of the lattice parameters expected for the I-
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FIG. 1. Powder diffraction patterns of HBr in Wc¢f~= 1) as obtained on heatin@ and cooling(b).

I and for the II-Ill transition is small compared to the finite i ¢ 1Hz * 100Hz

size broadened peak width, the diffraction experiment cannot {4 " TkHz + 398kHz /"‘
give information on these transitions. In fact it is even diffi- ]
cult to localize the cubic-orthorhombic transitiinor |’) to

(I or 111') in the data of Fig. 1. The uniaxial componedts,

S Occ Of the spontaneous strain tensor at this transition
should lead to peak splittings that are in principle large
enough to be observed in the present experiment. The results
of Fig. 1 fail to show such splittings but do show a gradual
broadening of thg200 and the(311) peak that are most
susceptible to such strains. These changes extend over about
25 K and are centered at 65 K on cooling and at 85 K on
heating. There is no effect on tli&ll) peak, suggesting that
there is no spontaneous shear deformation, in agreement with
the situation in the bulk system. The bulk transition tempera-
ture is 113.6 K. Thus there is a dramatic relative downshift of
this transition. Altogether these observations suggest a wide
distribution of the transition temperature and of the sponta-
neous strain order parameter, cubic-orthorhombic phase co-
existence, and metastable states.

The patterns of the solid state also contain a background
from an amorphous component, which is presumably related
to the pore condensate next to the pore walls. The volume
fraction of this component is difficult to estimate, having just
data onf=1 at hand.

Figure 2 shows thg@ dependence of Ré and ImC for FIG. 2. ReC (a) and ImC (b) versus the temperature of HBr
some selected frequencies, as recorded on cooling down gndensed into nanoporés=1.0) recorded on cooling for several
sample withf=1. In the liquid state and at low frequencies, frequencies. The insets show the thermal hysteresis in the region of
ReC and ImC are extremely large. This behavior could be liquid-solid coexistence. Curves labeled 1 are 1 kHz data, curves
due to Maxwell-Wagner-Sillar¥, to dc or hopping labeled 2 are 1 Hz data.
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FIG. 3. Temperature dependencies of@Ré&-d and ImC (a’-d’) as obtained on cooling for several frequencies and fractional fillings:
f=1.0(a,d), f=0.66(b,b’), f=0.49(c,c’) andf=0.32(a,d). The “background” real and imaginary capacity of glass matrix is subtracted.

conductivity?® The onset of solidificatiorfat T;=155 K) as  frequency-dependent drop of the dielectric response toward
well as the termination of the melting procesat Ilow T. For the lowest frequencies it extends down to below
T,=170 K) is signaled by a kink of the data curves of Fig. 2. 100 K. The main part of this decrease is due to a gradual
These features are independent of the measuring frequendyansformation of the liquid into a solid. This process is com-
as is expected for a first-order phase transition. The values gieted at about 140 K, the lower closing point of the heating-
the freezing and melting temperature roughly agree wittcooling hysteresis of the permittivity curvésset of Fig. 2.
those derived from the diffraction measurement. Residualltogether the freezing/melting process of HBr appears to be
discrepancies between the permittivity and the diffraction ex-quite similar to that of other pore fillings in the disordered
periment are due to the finife steps and the detection limit pore network of Wcor and similar substrates. The downshift
of the minority phase of the diffraction experiment, but per-of the transition, the wide range of phase coexistence, as well
haps also to a slight difference of the pore diameter of theas the sharp onset of freezing and the sharp termination of
Wecor and the Gelsil matrix. The change of the permittivity melting have been explained by simple thermodynamic that
on solidification and melting are by no means steplike, ass based on the idea of a radial arrangement of the coexisting
observed for the bulk system, but there is a rather gradughases in combination with a pore size distribufiofihe
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. pre-exponential factor and the energy barrier of the Arrhenius
FIG. 4. TheT dependence of the difference of [En(measured law are as follows: Process Iryo=(1.12+0.15x 103 s, Ey,

at w/27=250 kH2 of samples with different degrees of pore fill- =1290+20 cal/mol (f=0.32; r,=(5.6+0.5x10%s, Eyq

it monolayer, a small amount and the maimum amount of caps 38520 cal/mol (=0.49;  7,0=(89+09 X 10°%s, By
yer, ; P=1765+30 cal/mol (f=0.60; 7,0=(5.0£0.5X10%s, Eyq

llary condensate, respectively. =1795+30 cal/mol(f=1.0; Process I1:7=(2.1£0.§ X 1017 s,

permittivity continues to decrease below 140 K. This isE20=2815£60 cal/mol (f=0.68; 750=(2.6£0.9x107°s, Ey
likely to be due to a gradual freezing of the reorientations of- 2660+40 cal/molf=1.0).
the HBr dipoles within the cubi€l or I’) regime. Unfortu-
nately there are no clear fingerprints such as-dependent ues off. This figure suggests that there are two relaxations,
dispersion step of RE and a maximum of InC (other than labeled | and Il. Process | is borne by the film, and in fact
a shoulder observable at low) that would allow the extrac- there is little change when increasing the thickness from
tion of the relaxation parameters of this process. f=0.32, equivalent to about two monolayers, fts0.49,

Our attention concentrates on the Idwegime from 5 K equivalent to about three monolayers adsorbed on the pore
to 90 K in which we search for effects that are related towalls. Nevertheless the maximum of I&) which is at 42 K
ferroelectric ordering. The dielectric dispersion observedor w/27=250 kHz, is sharper for the third monolayer than
here is very broad and leaves the experimeatalindow at  for the first two. Obviously the distribution of relaxation
higher T. Traces of R& and ImC as a function ofT are  rates is particularly wide for HBr molecules in direct contact
shown in Fig. 3 for a number of frequencies and differentwith the pore walls, as is likely considering the heteroge-
filling fractions. The contribution of the glass matrix, as ob- neous character of the substrate. For the third layer the influ-
tained from a measurement on the empty matrix, has beeence substrate potential on the HBr dynamics is already re-
subtracted. As far as the different filling levels are concernediuced, and accordingly the distribution of relaxation rates is
we assume, guided by the volumetric adsorption data on thearrower than for the first two monolayers. Process Il is due
present sample and by various types of data on other poit® the capillary condensate. Both relaxations are thermally
fillings,5-%1%that the samples with=0.32 and 0.49 have just activated, as is documented in the Arrhenius plot of Fig. 5.
an amorphous HBr film adsorbed on the pore walls and that Process Il is the slower one, relaxations of this type have
it is only beyondf about 0.5, that is for the samples with to overcome higher barriers. This appears plausible, consid-
f=0.66 and 1, that the pore centers are progressively fillegring the fact that the capillary condensate is well crystal-
with the capillary condensate. We expect that the capillarfized. The barrier of process | increases somewhat with in-
condensed fraction shows quasibulk behavior, but that thereasingf, suggesting that even for the amorphous film on
adsorbed film on the pore walls does not. The changes of thiae pore walls the structural order increases with the distance
dielectric response witli are apparent from Fig. 3. For low from the glass substrate. Process Il roughly extrapolates the
f, that is for HBr films adsorbed on the pore walls, there is afast dispersion branch of the bulk systértFig. 5).
broad dispersion step of R2and a corresponding maximum At least for the lower frequencies, tfie position of the
of ImC with a long tail toward highT. For the samples maximum of ReC around 60 K for the two samples that
containing a capillary condensate, that is fer0.66 but in  contain some capillary condensate is independeri (Fig.
particular forf=1, there is an additional contribution at tem- 3, frames a and)bThis is consistent with a phase transition.
peratures around 60 K. In Fig. 4 the 250 kHz data are reploth order to extract the static limit of the capacitanCg, the
ted, taking the difference of '@ between neighboring val- dielectric data forf=1 are shown in a complex-plane plot
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FIG. 6. Cole-Cole plot of the glass matrix completely filled with ~ FIG. 7. Static capacitance versus the temperature of HBr con-
HBr, panel a. Panel b shows the right wing of the arcs in moredensed into nanopore$=0.32 (1), f=0.49 (2), f=0.66 (3), and
detail. The solid lines extrapolate to the static value on the real axisf=1.0 (4). The background of the empty glass matrix has been

subtracted.
(Fig. 6). The resulting traces are sections of arcs that deviate
significantly from a circular shape, due to the overlap of theof the order of 1%. This is not much, but nevertheless the
two relaxational channels. ForTainterval from about 40 K blocking of such strains in confinement delays ferroelectric
to 80 K the static limit ofC can be extracted in a reliable ordering.
way. The results are shown in Fig. 7. For 1, Cg shows a In the following the ratioR of the static permittivityees
maximum centered at 58 K. Remainders of this maximunof the silica-HBr composite &, and well away fronT., say
can be identified also fof=0.66, but this feature is absent atT=T.+20 K, is discussedR is a measure of to what extent
for the lower two filling fractions for which there is no cap- the dielectric response “diverges” &t Using thef=1 data
illary condensate present. We relate the maximum to a phase Fig. 7 and adding the capacity of the empty matrix of 5.3
transition atT,=58 K of the capillary condensate and think pF, givesR=1.07. Can this rather modest value be compat-
of the ferroelectric II-1ll transition. ible with a divergence of,, at a ferroelectric phase transition

The relative shiftAt of T, with respect to the bulk system of second order? Simple expressionsgf as a function of
is 0.35. In a finite sample, the sample sizeets a limit to the  the permittivities and volume fractions of the components
coherence length of the critical fluctuations of a second-ordeare only available for highly idealized cases, such as, e.g.,
phase transition. This leads to a shift of the apparent transisolated spherical or ellipsoidal inclusions of one medium in
tion temperature relative to the infinite bulk system obeyinga host medium. Clearly these assumptions are not fulfilled;
the scaling relatiom\t=A(1/L)¥”, v is the critical exponent the pores form a continuous network. Calculations based on
of the correlation length. Identifying with the pore diam- the method of finite elements, a questionable approach given
eter, equivalent to 17 intermolecular distances, and choosinifie nm-scale partition of the samples, would require knowl-
the v value of the 3D Ising clasé=0.64), the observedl,  edge of the topology of pore space and of the orientation of
reduction calls for a value of about 30 for the nonuniversalthe e tensor of orthorhombic HBr in the pore segments. The
coefficientA. This value is much higher compared to what isinformation available is restricted to the porosity and the
usually obtained in computer studies of phase transifidns, average pore diameter. We estimRt®ased on the best per-
even if the relevant interactions are of short range. This sugmittivity data available on the bulk sampig, with
gests that the reduction af, is not just a matter of the finite &(T)=200,&(T;+20 K)~30. A lower bound for th&R value
size, but is also due to the substrate potential acting on thef the composite is obtained by assuming that the composite
capillary condensate. In particular we think of the effects ofconsists of a layer of Sifand a layer of HBr in series with
“clamping.” The onset of the spontaneous ferroelectric polarthe relative thicknessed —Pgsy) and Pegr, respectivelyPg
ization at T, is accompanied by spontaneous strains. Thas about 0.2, somewhat smaller than the nominal porosity of
strains of phase Il well below, with respect to phase Il are 0.29, since the ferroelectric response is only due to the cap-
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illary condensed fraction of the pore filling. This estimate IV. CONCLUSION

gives R=1.03. With the same entries the Hanai-Bruggeman

formula for randomly arranged spherical inclusions interact-  Our experiments combining diffraction and permittivity
ing via dipole fields giveR=1.33, see e.g., Refs. 20 and 21 measurements have shown that capillary condensed fraction
for this and other expressions for the permittivity of a com-qf Hp fillings in the 7 nm pores of Wecor glass crystallizes
posite. These estimates show that the incomplete filling of, the fcc structure and transforms into an orthorhombic
the space between the electrodes with the active medium hag,ctyre at lower temperatures. Within the orthorhombic re-
a devastating effect on the ferroelectric respons@.aihe  gine there is evidence for a ferroelectric transition. Thus this
permittivity is furthermore subject to finite size effects, fraction of the pore filling basically reproduces the phase

e(T)xL”", yis the critical exponent of the susceptibility L
: sequence of the bulk system. The temperatures of the liquid-
(1.38 for the 3D Ising modgl Thus the lowR value ob- solid, of the cubic-orthorhombic, and of the ferroelectric

rved is not in icti i - . . . :
served is not in contradiction with a second-order phase traﬂransmon are shifted to lower temperatures, with relative

sition of the HBr pore filling. The absence of thermal hyster-"". "
esis is an argument in favor of the continuous character o?h'fts of up t°.45%' Ir_1_contrast to the two other transitions,
this transition. the ferroelectric transition does not show thermal hysteresis

The static dielectric response of tfie1 sample shows and the variations of the permittivity, though small, are com-
hysteresis with respect to heating and cooling extendin atible with a transition of second order in confinement. The
from about 65 K to temperatures above 80 (Rig. 7). aterial next to the pore walls does not participate in the

Guided by the x-ray results we suggest that this is due to thgan.sitions and shows diellectric dispersion different from the
cubic-orthorhombic transition. The-II transition is of first ~ capillary condensed fraction.

order and shows a slight thermal hysteresis already in the

bulk state® The downshift of the transition temperature and

the relatively broadr interval of phase coexistence can be ACKNOWLEDGMENT
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