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Controlling disorder in liquid crystal aerosil dispersions
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The effect of disorder in the behavior of liquid crys¢alC) is assessed and controlled by dispersing known
amounts of silica aerosil in the liquid crystal material. Using deuteron nuclear magnetic resonance, the director
configuration and the orientational order was determined for hydrophilic aerosil dispersions in octylcyanobi-
phenyl. The confined liquid crystal exhibits a well-defined alignment as the silica spheres stabilize the mo-
lecular configuration. At low silica densities, a silica network is eventually established, forming a soft gel.
When the sample orientation in the magnetic field is changed, a few silica strands links are broken and a
fraction of the LC molecules is realigned. The field anneals the random disorder introduced by the aerosil up
to a certain density beyond which, in the so-called stiff-gel regime, disordering effects completely dominate. At
a fixed temperature in the isotropic phase, there is surface-induced order that is linearly proportional to the
silica density.
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I. INTRODUCTION the basic silica units are chemically fused together. Aerosil

Random disorder effects on physical systems are of fun"—?‘”d aerogel are nearly identical in several aspects: fractal-
damental interest in several areas of soft condensed matt€ nature of the gel structure, surface composition and
physics. Examples of systems widely studied include superchemical properties, and density. The crucial difference be-
fluid helium in silica aerogel$l], doped magnetic systems tween the two systems is their different response to elastic
[2], elastomerg3], and liquid crystalg§LC’s) imbedded in strains since aerogels possess much larger shear modulus
complex geometrieg4]. LC-silica dispersions have been than aerosil gel§15]. In LC-aerogel systems the silica net-
demonstrated to be particularly interesting systems to studyork is fixed in space, and the elastic strains imposed by the
through many distinct experimental and theoretical effortsandom anchoring surfaces are fully quenched. The disorder
[5-12. LC-aerosil systems are of great importance as a wajntroduced by even low density aerogels is so severe that
to access “soft” phases of continuous symmetry directlyohase transition features are dramatically smefiedg. In
coupled to surfaces and external fie[d4]. When nanosize contrast, in aerosil gels, a weaker, better controlled random
random silica particles are imbedded in a LC, they destrogisorder is introduced: elastic strains can be partially an-
the long range orientational order yielding an exponentiallynealed thus reducing some of the disorder effects. In addi-
decaying local nematic order with a correlation length dedion, the ability to grow a network directly within the LC
pending on the disordering densiti3,14. permits the formation of structures of higher porodity].

As a function of silica densitypg of silica particles Indeed, a tremendous advantage of aerosil systems is the
(spheresdispersed in a LC, it is possible to probe different ease of producing nearly arbitrary silica densities.
regimes of aerosil dispersions. At extremely low densities, A significant difference between aerogel and aerosil was
the few aerosil particles added to the LC can be effectivelyevealed by thermodynamic studies. For octylcyanobiphenyl
treated and manifest their presence in the same manner E8CB) the specific heat anomaly at the second order smectic-
when a small amount of impurities are introduced in a LC.A to nematic/AN) transition, extremely prominent in bulk, is
The quantity of silica particles is too small to form a network either absent or greatly broadened when confined to aerogel,
and they freely “float” in the material. If the density is in- preventing the possibility of any critical behavior analysis
creased, withps ranging from~0.01 up to 0.1 g/cfh[15], [13]. In aerosil phase transitions are affected differently de-
the silica spheres are able to bond and form a network. Thpending on the silica density. For 8CB dispersions in the soft
network is known as a “soft gel” since links among the gel regime, the specific heat at tAd\ transition is a sharp
spheres are relatively weak, may break under shear, and rpeak characterized by a critical exponenthat decreases
arrange on moderate time scales. At higher silica densitiesnonotonically with increasings, changing from the pure
the network is more rigid and the dispersion is known as @ulk “effective” value towards the bulk 3BY value
“stiff gel” and, as described below, is reminiscent of aerogel[7,17,1§. In addition, at the weakly first order nematic to
Thus, aerosil introduces random disorder in the system. Thisotropic (NI) transition, two closely spaced and sharp spe-
disorder is controlled through the silica density allowing cific heat peaks were found; the mechanism yielding the sec-
studies spanning from no-gel to soft-gel to the stiff-gel re-ond peak is not yet fully understood. At higher silica densi-
gime. ties stiff-gel regime, the specific heat at both transitions

Aerosil gels are partly similar to another widely studied consists of a single round peak suggesting an elastic strain
random disordering system: silica aerogel, a different type ofmearing of the transitions. The random disorder introduced
fractal silica gel used to confine LCl1l]. Aerogels are by the aerosil is fully quenched in this density regime.
formed by a reaction-limited aggregation process in whichQuenched disorder refers to the fact that the disorder vari-
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ables are frozen in space on the time scale of the experiments TABLE I|. Characteristics of 8CB-aerosil A300 dispersions.
and thus do not anneal away. This is in contrast to the soft
gel regime, where the random silica network and the elastip (g/cn¥) ps (g/cn®) lo (nm) ¢ p (%)
strains are partially annealed by the confined LC molecule

through the breaking and rearranging of the aerosil strand ,'003 0.003 2219 0.999 0.18
and disorder is not fully quenched. 0.005 0.005 1330 0.998 0.30
In this work we present a systematic deuteron nucleaf-012 0.012 553 0.995 0.72
magnetic resonanc®NMR) study of random disorder ef- 0.030 0.030 219 0.986 1.83
fects on a cyanobiphenyl liquid crystal 8CB by dispersing in0.060 0.062 108 0.973 3.70
it hydrophilic, typeA300, aerosil particlef19-21. The pa- g0 0.094 71 0.959 563
per is organized as follows. Experimental details related tq, 5o 0.220 30 0.909 13.2

sample preparation and measuring technique are found i
Sec. Il. Results with 8CB dispersions divided according to&300 0.347 19 0.864 20.8
0.530 0.698 9.6 0.759 41.9

density regime are found in Secs. Ill A to Ill D. A conclu-
sions section ends this paper. Throughout the sections w600 0.825 8 0.727 49.5
introduce and compare with relevant results on aerosil dis-
persions obtained by other groups using different techniques.

A considerably shorter version of this manuscript has already°0 K, where it is kept for a 3—4 h period to ensure com-
appeared8]. plete evaporation of the solvent. If the solvent is not fully

removed or if the solvent is not of the highest purity, the
dispersion appears yellow and is discarded.

Il. EXPERIMENTAL DETAILS
A. Aerosil properties and sample preparation B. Networks

The hydrophilic particlesA300 are small silica spheres Dispersing aerosil spheres in a LC introduces a random
7 nm in diameter, specific surface araa(300+30m?/g, field. Aside from introducing a random distribution of sur-
with hydroxyl groups covering their surface. The aerosil surfaces and distortions in the local LC directors, the additional
face contains about 5 free Ogtoups'nn? [20]. When dis-  LC-surface interaction translates in two primary effects that
persed in an organic media, the hydroxyl groups induce hyalter the orientational ordé©O0). First, the hydroxyl groups
drogen bonding between particles forming aerosil strands. lbn the surface and the polar head of the LC likely yield a
is known [7] that aerosil particles form a thixotropic gel or homeotropic LC alignment at the silica surfaces. Anchoring
network by diffusion-limited aggregation once the silica den-of LC molecules implies a surface-induced order, a local
sity ps exceeds 0.01 g/cinthe so-called “gelation{perco-  paranematic state whose order decays with the distance from
lation) threshold. In 8CB-aerosil dispersions, wighranging  the surface. The magnitude of this “field” effect is fixed by
from ~0.01 up to 0.1 g/crh[15], a network known as a the intrinsic properties of the surface and specific LC; in-
“soft-gel” forms: links develop among the spheres but theycreasing the silica density increases its extent. This effect
are relatively weak, can easily break under shear and reaexists in both the isotropic phase and in the lower tempera-
range on moderate time scales. At higher silica densities, thiires mesophases, and for instance, may shift the nematic to
network becomes more rigid and the dispersion is known assotropic (NI) transition to higher temperatures since more
a “stiff-gel.” thermal energy is necessary to destroy the additional surface-

Our work investigated 8CB-aerosil dispersions ranginginduced order. Second, in the mesophases, there are elastic
from below the gelation threshold, or no-gel regime, to thestrains (ES’s) arising from competing surface interactions
soft-gel regime to the stiff-gel regime, up to silica densitiesand the distortion of the local OO of the LC, leading to
comparable to those in rigid aerogels. Table | lists the paramrandom disorder whose magnitude, as it involves many sur-
eters that characterize the 8CB-aerosil systgmhs,11]. faces, likely increases with silica density. The surface-
There, p=g of SiO, per cn? of the total volume;ps=g of  induced order and the random disorder compete; the latter is
SiO, per cnt of LC; Ig=2/aps is the average void size in the more important at higher silica density, presumably dominat-
aerosil network formed by 7 nm particles witla  ing above a critical density. The configuration of the aerosil
=300 nt/g for A300 hydrophilic aerosilp=p/ps is the po-  gels can be thought of as random networks where the hosted
rosity or volume fraction of “pores;p=Iyaps is the percent- LC molecules separate into many random domaimsds),
age of 8CB molecules anchored by the S&drface assum- as depicted in Fig.(®). The fractal-like structure is expected
ing I,=2 nm for the thickness of an 8CB boundary layer. to have a wide distribution of void length scales where a

The 8CB-aerosil dispersions were prepared following pro-mean void sizd, characterizes the systej].
cedures originally described in R¢6] where(1) the deuter- In an anisotropic fluid such as a nematic or smectic LC
ated LC is heated 5 to 10 K above the clearing temperaturghat is fully aligned by a strong external field, the diffusion
(2) the proper dose of aerosil particles is introduced in thefield is anisotropic leading to an anisotropic gi@érosil net-
LC, (3) high purity acetone is added to the 8CB and aerosilvork (AAN)], sketched in Fig. (b). In an anisotropic net-
mixture, (4) the solution is placed in a heated ultrasonic bathwork, it is necessary to define two length scdleand! , to
where it is kept agitating in excess of one ddy,finally, the  characterize the voids;is the mean void length ard is the
mixture is placed in a vacuum oven, slowly heated to aboutnean void width, withl,>1, and |, <l,. The parametetr
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Voids field. In a confined LC, the quadrupole frequency splitting
has a positional dependené&=6v(r) through a director
structured= () and an order parameter structudér). In-
cluding the positional dependence E#)) becomes

51(7) =5 0, Q( 3008 07 - 11 @

Aerosil particles For LC molecules parallel to the direction of the field,
RAN AAN A(r)=0° and sv(r)=61yQ; if instead all molecules are per-
pendicular to the field thersu(f)=1/26v,Q since 6(F)
=90°. The director structure induced by the surfaces is af-

FIG. 1. Schematic representation @§ a random aerosil net- fected the external magnetic field as long as the magnetic

— 2 — H
work (RAN) and(b) an anisotropic aerosil netwo(AN). COherenc_e Ie.ngt@M‘\’I“OK/BO_AX._ 1 pm, IS less than the
mean void sizg &, <lg). In this single elastic constant ap-

—1,/1, is then used to quantify the extent of anisotropy 0f_prOX|mat|0n,K is the average Frank elastic constant, and

the network, with a larger indicating a more anisotropic '[Sé; measure of the anisotropy of the magnetic susceptibility
netxvr?c:ﬁ\er method to obtain an anisotropic gel is through In confined LC systems, the DNMR spectra can be af-
bic g 9 ﬁected by translational diffusion motion. The diffusion length

the annealing of a random network by means of externa . : .
9 y measuring the average distance a molecule migrates over the

fields, or, flelql-alc_ied annealing. Assuming strong _anch(_)rmqime scale of a NMR measurement is estimated f{as
of the nematic director at the surfaces of aerosil particles

forming the network, not only the surfaces act elastically on D

the director, but the director also acts on the surfaces and Xo= Son 3)
thus, on the network. Inside the NMR field, the confined LC B

molecules tend to align parallel to the field to minimize thewith Svg the frequency splitting of the bulk liquid crystal and
free energy. This could lead to a rearrangement of the ne® the average translational diffusion constant. Using typical
work through the breaking and relinking of aerosil strands. Ifvalues for 8CB,dvg=40 kHz andD=5x%x10"'m?/s, one

the aerosil network is not too rigid or if the mean void size isfinds x,=10 nm in the nematic phase, while it is an order
not too small, a random aerosil netwqiiRAN) anneals into  of magnitude larger in the isotropic phase, of

an anisotropic on€éAAN). Given a RAN, one expects that a =150 nm[16,26. If the mean void size is much larger
stronger magnetic field would anneal it more easily, with thethan x,, the DNMR spectrum reflects the static director
resulting AAN having a largew. With increasing aerosil configuration and diffusion effects can be neglected. If the
density the RAN stiffens, the annealing is more difficult, andorientation order parameter and/or the local nematic direc-
the anisotropyr of the resulting annealed network decreasestor varies considerably over a length scale comparable to
As demonstrated below for our system, the field-aided anx,, there is significant motional narrowing in the spec-
nealing effect dominates in all soft gels, and also plays a rolérum.
in the lower density stiff gels. While in the present study we
focus on the magnetic field effects on aerosils, we note that

the optical applications of anisotropic aerosil gels, memory
effects, and electric field-aided annealing have been studied

(a) Random aerosil network (b) Anisotropic aerosil network

D. Length scale for the correlation of order
in aerosil networks

by several group§22—-24. In an anisotropic network, whether the magnetic field will
have an effect is mostly determined by the smallest charac-
C. Deuteron nuclear magnetic resonance teristic length of the voids: the mean void width and how

it compares with the magnetic coherence length. In reality, in
this interconnected system, the magnetic field affects the di-
rector configuration even when the mean void size is an or-
der of magnitude smaller tha§,. This is to some extent a
consequence of the wide distribution of void sizes, but more
fﬂ1portantly, is due to the interconnected nature of the gel
voids. LC domains inside each void are not isolated but
1 rather correlated to their neighboring domains. An indepen-
ov= 55V0Q[3 cos6-1] (1) dent(single) pore mode[5] would not be able to accurately
represent the characteristics of the aerosil gels. More pre-
with 8y, the maximum frequency splitting observable in acisely, for the similar structure 8CB-aerogel systems, quasi-
fully aligned bulk nematic sampl&) the scalar orientational elastic light scattering resuli7] clearly revealed that nem-
order parameter, an@the angle between the nematic direc- atic correlations occur over length scales comparable to 100
tor and the magnetic field. In bullkk=0° due to the magnetic average void sizes. This is not surprising as order correlated
field-induced uniform alignment of the director along the to length scales greatly exceeding the confining size has also

DNMR spectra are obtained by a/2,—m/2, “solid
echo” pulse sequence inBy=4.7 T magnet at théH Lar-
mor frequencyy, =30.8 MHz. The spectrum from a domain
of molecules with uniform director, namely, a nematic LC
compound deuterated at a specific site, consists of two shal
absorption lines separated in frequency[By16,25
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been found at the helium superfluid transition in Vcor andmal conductivityk differed between the cooling and heating
aerogel glassefdl,28]. processes: in the nematic temperature range, the magnitude
Light scattering results in the 6CB aerosil by Bellini and of k measured on the cooling process was considerably
co-workerg[29] clearly showed that the nematic director cor- smaller than that determined on the heating process. This
relation length could be one order of magnitude larger thaysteretic behavior was attributed to the different annealing
the mean void sizé,. X-ray results for 8CB aerosil1l]  Of elastic strains during the cooling and heating processes,
found that the smectic correlation length is comparablg.to l€ading to a difference in the amount of OO present in the

These results suggest that when considering magnetic fieyStem. Cooling from the isotropic to the nematic phase, the
ordering effects on aerosil dispersions, it is reasonable tgNSet of OO in the presence of the weak surface alignment

assume that nematic domains effectively extend to |engthr_earranges 'particles, partial_ly ar_mealing the disorder-induced
scales comparable to ti0or longer, while in the smectic elastic strain. Further cooling is required to complete the

phase each smectic domain does not exceed the void size. ﬁmealing: the appearance of smectic layering is needed as

. . o . i i ctilgjt
this scenario, the magnetic field will have a much weaker uggested by a large increase in thermal conductikjty

) : ; much larger than in bulk at the smec#icto nematic(AN)
influence on the gel structure in the smectic phase. AweakEiFansition. Heating from the SAnto the nematic phase, the
field effect in the smectic phase can be understood sifce i

S . X annealed structure can be retained to higher temperatures
WhICh in the_z smectic phase cannot be_obtalned from th ielding a larger OO, and a correspondingly higher magni-
single elastic constant approximation, is expected t0 b&,4e of the thermal conductivity than in cooling.

longer than in the nematic phase due to the larger elastic Gjyen the previous results, to study the effects of a weak
constants and higher viscosity in the Sphase. amount of randomness on the LC phase behavior, its mani-
Finally, with regards to the type of networks that can befestation in DNMR spectral patterns, and to test for possible
formed with aerosil, there is a significant difference betweenyrientational order hysteresis, two extremely low silica den-
the random aerosil netwollRAN) and the anisotropic aero- sijty dispersions in this no-gel regime were prepared. Except
sil network (AAN). For the same aerosil density, the orien-\where noted, all measurements were obtained in cooling the
tational order(and if appropriate, the translational orfief  dispersions from the isotropic phase within the NMR mag-
LC’s in the AAN is likely of longer range than in the RAN. netic field. The temperature dependence of the spectral pat-
In the AAN, the directors in neighboring domains are moreterns for the ps=0.003 and 0.005 g/cindispersions(we
alike than that in the RAN, therefore, its nematic and smectigrop the units hereaftgrnot shown, are almost indistin-
correlation length should be longer. Combined with the faCTguishab|e from those of bulk 8CB: a sing|e narrow absorp_
that there are fewer elastic strains in the AAN, LC’s in antion peak in the isotropic phase, and a full-splitting doublet
anisotropic network are expected to have a greater orientgthe frequency separation between absorption peiakthe

tional order parameter than in a random network. nematic and smectié- phases. Basically, the effect of the
random disorder on the spectral patterns and thus the LC
[ll. EXPERIMENTAL RESULTS director and the orientational order at these low densities is

negligible. However, not everything is similar as evidenced
by the angular dependence studies of the spectra for the two

When the aerosil density is below the gelation thresholcho-gel dispersions in the nematic and smectic phases seen in
ps=0.01 g/cni, no thixotropic gel forms and the disper- Fig. 2. For 0.003 in both mesophases, the spectra consist of a
sions exhibit fluidity above the clearing point. No silica net- full-splitting doublet that is independent of sample orienta-
work forms, aerosil strands are isolated and float in the LC asion in the magnetic field: the LC molecules are all fully
impurities would. For the highest silica density dispersionsaligned by the magnetic field. For 0.005, the pattern is also
within this regime, it may be possible that there are enouglindependent of orientation in the nematic phase, however,
particles to almost have a complete network of relativelysurprisingly, there is aP,(cos¢) dependence in the
large mean void sizél,~1 um). The links among silica  smecticA phase. The frequency splitting decreases with in-
strands are too weak to elastically strain the hosted LC andreasing angle, disappears at the so-called magic angle
thus no thixotropic gel forms. In this regime the random(cog6=1/3), and at the 90° orientation is a half-splitting
disorder introduced is small so the properties of these dispettoublet (exactly 1/2 of the full splitting measured at)Q°
sions are not expected to differ much from those of the purehus indicating that the LC director is now perpendicular to
bulk LC. When 8CB dispersions are cooled from the isotro-the field. This angular dependence is surprising since no gel
pic to the nematic and smectic phases, most elastic strains supposed to have formed at this density and from the
(ES’s) are annealed at the nematic to isotrophd) transition  results for the 0.003 dispersion it could be expected that the
through the rearrangement of aerosil particles. The effect 04.7 T field is strong enough to align smectic domains. 0° is
random disorder on the orientational order and on the phasgefined as the sample orientation during the initial cooling
behavior is thus not substantial. process.

Marinelli's group[9,30Q reported on simultaneous photo-  The angular dependence in the Smphase for the 0.005
pyroelectric measurements of the specific heat and the thedispersion may be understood in terms of the following
mal conductivity for a low-density 8CB-aerosil dispersion, mechanisms. First, the viscosity of 8CB-aerosil dispersions
ps=0.005 g/cm, considerably below the gelation threshold, increases with increasing aerosil density. This “locks in” the
in a near zero external field; in their apparatus there is a weadlirector configuration and the magnetic field is unable to
homeotropic aligning surface field. They found that the thertealign the smectic domains. Second, it is possible that the

A. 8CB-aerosil A300: No gel regime
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FIG. 2. No-gel regime: angular dependence of the DNMR spec- TK
tra for. the 0.003 and 0.005 .8CB-aerOS|I A300 dlsptzr.smns‘ in the FIG. 3. Quadrupole frequency splitting temperature dependence
nematic(T=307 K) and smectioA (T=298 K) phases. 0° is defined ¢, 1o 1o no-gel dispersions on heating and cooling.
as the orientation in which the sample is first placed in the field.

process the diffusion field is random, the aerosil network is

magnetic field enables a strongly anisotropic diffusion fieldnot fully complete, and only a few molecules are eventually
removing most of the elastic strains and aiding the formatioraligned by the field. Alternatively, the RAN is complete but
of a complete field-induced anisotropic silica network with15(0.005 < &,(SmA) is not satisfied for all voids and LC
large o. In this network all of the void widths are smaller molecules in the larger voids are aligned by the magnetic
than the corresponding magnetic coherence length in thield once the sample is placed in the NMR apparatus.
smectic phasé, (0.005 < &u(SmA), and consequently the The temperature dependence of the frequency splitting for
field has no effect. The LC configuration in the dispersion isthe two no-gel dispersions on heating and cooling is illus-
remarkably uniform. trated in Fig. 3. For both sample8y is mostly bulklike with

More insight on the 0.005 dispersion behavior is obtainedh remarkable overlap over the complete temperature range;
through what we refer to as a zero-field cooling study,there is only a small difference at temperatures very close to
namely, the dispersion is cooled from the isotropic phase tthe NI transition. The stable configurations retain the same
the SmA phase but outside the magnetic field, and theramount of OO on heating and cooling, and the hysteresis
placed into the NMR field at that same smectic temperatureseen in the thermal conductivity studies is not reflecteéiin
Under such zero-field cooling conditions, the LC configura-This difference is likely due to the fact that in the near zero-
tion is established in the absence of an aligning field. In factfield thermal measuremenf80] the aerosil-induced elastic
the angular dependent spectra for 0.005 after zero-field cooktrains are gradually annealed with decreasing temperature,
ing [8] show an almost perfect powder pattern independenthe annealing being complete only once smectic layering or-
of the dispersion orientation in the field. It would be perfectder appears. The absence of hysteresis in these orientational
if instead of the outer singularities, flat shoulders wereorder measurements in the presence of a strong field, is
present. The powder pattern indicates that a random distribwcaused by the field-aide(strongey annealing process in
tion of smectic domains is established during the zero-fieldvhich the NMR field anneals most elastic strains at Kie
cooling process, and is only weakly affected by the magneti¢ransition with no further annealing occurring away from the
field once the sample is placed in it: the shoulders expectettansition.
at full splitting positions are replaced by two weakly intense In the vicinity of theNI transition there is a plateau in the
singularities. Most smectic domains are still random andbrientational order that extends over a 1 K. In this region, the
only a small fraction of LC molecules can be aligned by andamount of order present in the system is very weakly depen-
follow the magnetic field. These zero-field results are differ-dent on temperature and the spectral pattern consists of an
ent from the field-on results of Fig(@, where the director isotropicike peak coexisting with a nematiclike splitting. The
configuration is fixed by the anisotropic silica netwdrk-  orientational order begins to rapidly increase once the isotro-
sulting from cooling in the presence of the aligning fiedthd  piclike peak disappears. Although we do not have a clear
no LC molecules are aligned by the field. The zero-fieldunderstanding of this effect, we offer a possible explanation
cooling results are understood by noting that in the coolingafter the results discussed in the next section.
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FIG. 4. The angular dependence study of the spectral pattern at J\ A 310K ___J\\_M
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that also yielded a powder pattern.

_ FIG. 5. Temperature dependence of the spectral patterns for
B. Soft gel regime soft-gel dispersions obtained while cooling from the isotropic phase

. . o in the NMR field.
In the soft-gel regime, the aerosil density is such that a

complete network forms under zero-external field conditionsdirector configuration remains at first random. Links start to
This is demonstrated here through the zero-field study for thereak and rearrange only once the temperature approaches
0.012 sampléslightly above the gelation threshgldeen in  ~303 K, 3 K higher than in the 0.012 dispersion case: larger
Fig. 4@). Cooling from the isotropic phase outside the field, thermal fluctuations are needed to break the now stronger
the room-temperature spectrum is now an almost perfedilica links, Fig. 4c). The stronger silica links, in addition,
powder pattern with basically flat shoulders and no angulaprevent the random network to fully transform into an aniso-
dependence. All smectic domains are random, the void avetropic one. The powder pattern component and the full-
age size is small, and there is no reorientation nor breakingplitting doublet in fact coexist to temperatures close to the
of silica strands once the sample is placed in the magnetilll transition. At these densities, silica links are already
field in the smectidA phase. If the sample is now heated in strong enougltor the mean void size small enoughat not
the presence of the magnetic field, with increasing temperaall random domains can be annealed by the magnetic field.
ture LC molecules become aligned by the field, Figo)4  The silica configuration is then a mixture of a random and an
Two weak singularities start replacing the flat shouldersanisotropic network. Quantifying, at 308 K, the area of the
above 300 K, and their intensity quickly growsiore mol-  powder pattern spect®AN par is about 60 % of the total
ecules have the same alignmeniith increasing tempera- area under the spectral pattern.
ture. The powder pattern spectrum eventually disappears giv- Additional insight is gained from the temperature depen-
ing rise to a full-splitting doublet at about 305 K, a dence obtained in field-cooling studies performed for four
temperature still in the smectic phase, indicating the randorgoft-gel dispersions 0.012, 0.030, 0.062, 0.094, that are
silica network has evolved into an anisotropic one. Theshown in Fig. 5. For all of these samples, the spectrum is a
change in network structure is presumably due to the brealsingle, centered, narrow peak in the isotropic phase, becom-
ing and rearrangement of the silica links along the directioring a full splitting doublet in the nematic and smectic phases;
of the external field. For densities just above the gelatiorthis is similar to the no-gel or bulk 8CB cases. The random
threshold, silica links are not yet too strong and may brealkaerosil network in the 0.030 dispersion that was not fully
through the elastic coupling with the magnetic field. Also, asannealed on heating after the zero-field cooling, now be-
thermal fluctuations increase in the less viscous dispersionspmes fully annealed when cooling takes place in the field.
weaker links break freeing LC molecules. The freed mol-As a function of temperature, the widffull width at half
ecules and broken silica links are realigned by the magnetimaximum(FWHM)] of the absorption peaks broadens while
field, yielding an anisotropic network. the frequency splittingdv decreases, direct consequences of
The zero-field cooling study was also performed for athe increase in random disorder resulting from increaping
higher density soft-gel, 0.030, in which case the randonFig. 6. This density dependence, strikingly linear, is nicely
silica network has stronger silica links and smaller mearexhibited in Fig. 7 where the FWHM and the and the orien-
void size. As expected, the spectrum is a perfect powdetational order parametécalculated from its proportionality
pattern at room temperature. With increasing temperature th® Sv) of these soft gels is plotted 10 K belofy,.
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1+ %— 0.094 soft-gel dispersions. Spectra were obtained at 307.7 K corre-
A T S T T S sponding to 4.5, 3.8, and 3.5 K below the respeciiye
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T-T. (K minimizes the effect of the silica induced random disorder on

M the OO. For all soft gels, there is a significant enhancement

FIG. 6. Temperature dependence covering nematic an(i.xn the size of the frequency splittiignhancement of On

smectic-A phases for the frequency line splittifig(a), and the full Crossing to_ the §mectic phagéig. 6), an'empirical DNMR .
width at half maximum FWHMb), for dispersions in the soft-gel signature signaling the onset of translauona_\I order and w_hlch
regime. results from the coupling between nematic and smectic-A

order parameters. This observation is consistent with reports
. ga still prominent thermodynami&N transition in soft gels
. L . . ) ,30. The increase in OO at uantifying the couplin
ps 1S not substantial in this Qensny regime. In fact, at thebetva]een nematic and smectiéNO?der pgrar%eter&l-isiSHzg
same reduced temperature in the smectic phase, the fr%r bulk 8CB, decreasing te-4.3 kHz for the 009"1 disper-
quency splitting for_ 0.094 is only 6 /0 pelow bulks._ This ion. The dependence of the jump in OO on silica density for
reflects the essential role of the field-aided annealing tha oft gels is shown in Fig. (@)
Also in soft gels, as before in the no-gel dispersions re-

000 002 004 008 008 0.10 . : : ; .
gime nearTy,, there is a~1 K coexistence of the isotropic

24| @ AT peak and the nematic doubl€Fig. 3) where there is a
. [ ] weakly temperature dependent line splittiftge plateau in
= 20} i 4 Fig. 6@]. Once the isotropic peak disappears, the line split-
% sl § 1 ting rapidly increases with decreasing temperature. While
= T i ] such a coexistence is also present in other sysfé®jsthis
o2 -i . . , , , is the only confined system that we have measured to date
0725 L éé ' ' ' ' ] exhibiting such a plateau. The width of the plateau, almost
g (b) independent of the aerosil density, appears to depend on the

0720 - ] strength of the magnetic field. In fact, for a soft-gel studied
o 075 Ny 1 in a stronger magne®6.5 T), there is no evidence of a pla-

0710 | T teau. Conceivably, the plateau may represent(DRMR)

0.705 | §“-~- signature associated with the annealing of elastic strains. Re-
= sol —————————— calling that in the near zero-field thermal conductivity work
T ) % (c) [9,30] the annealing took place over the full nematic range,
E 48 ] . for stronger fields and consequently shorter coherence
£ 46} g i length, the annealing occurs over a narrower temperature
8 5 range. o _

S “r 3 ] Angular dependence studies in the nematic phase for three
S IR R S BRI B soft-gels after field cooling are presented in Fig. 8. At 0°
000 002 004 006 008 0.10 orientation that we recall is defined as the orientation at

P (g/em’) which the sample is first placed in the magnet, the spectra

consist of a full splitting doublet. This pattern is indicative of

FIG. 7. The dependence on silica density@fthe FWHM, (b)  the anisotropic nature of the soft-gels with a LC director
the orientational order paramet@revaluated 10 K belowy,, and  aligned by and parallel to the magnetic field. At other orien-
(c) the enhancement of OO @y tations, the spectra consist of the superposition of two com-

041704-7



T. JIN AND D. FINOTELLO PHYSICAL REVIEW EG69, 041704(2004

dependence, and a weakly intense doublet fixed at the full-
splitting frequency position at all orientations. With increas-

ing silica density, the intensity of the small full-splitting dou-

blet decreases, nearly disappearing for the 0.094 dispersion.
Before placement in the field, the soft gels possess a random 312K
network. As they are cooled in the field, the nematic order
appears, but more importantly, there is the aligning and an-
nealing effect of the magnetic field that establishes an aniso-

ponents: a large intensity doublet that follows tgcos 6) (@) l 0.220 (b)

313K

3

%

tropic silica network. As the soft gels are rotated in the field, 08K

weakly connected silica strands are broken and a fraction of

the LC molecules is reoriented parallel to the field. With

increasingps and thus a stronger network and bonds, fewer 298K o
silica links are broken upon sample rotation. This effect is ' . - ; . ,
quantified by calculating the area under the absorption peaks 50 0 50 50 0 50
at full splitting and dividing it by the area under the full Frequency (kHz)

spectral pattern obtained at the 90° orientation. This repre-

sents the fraction of molecules that are parallel and thus have FiG. 9. Temperatur¢a) and angular dependence at 308t
been reoriented by the field. This ratio decreases from 18 tgy the 0.220 stiff-gel dispersion.

4 to 2 for the 0.030, 0.062, and 0.094 samples, respectively,

confirming that fewer links are broken as the silica density

) . . stable and cannot be destroyed by any of the above methods,
increase. However, as appealing as the previous scenario

. . : or, can it be reannealed inside the field to yield a different
may be, an alternative explanation must be considere

Given that there is a distribution of void sizes in each aniso—AAN structure.

tropic soft gel, upon rotation, LC molecules confined to do- )
mains of width~10, > &, are reoriented by the field. As C. Stff gels
the silica density increases, fewer domains satisfy such con- In the stiff-gel regimeps>0.1, an increasingly more rigid
dition and thus fewer molecules are realigned. We are unableetwork with smaller void sizes forms. Magnetic field order-
to distinguish which of the two mechanisms applies or ifing effects are expected to become unimportant, thus, silica-
both are present simultaneously. induced disorder should dominate. For dispersions in this
For soft gels in the smectic phase, the angular dependencegime, specific heat resulfg] suggest that elastic strains
of the spectrgnot shown are all P,(cos 6)-like, thus, there are fully quenched. Figure 9 illustrates the DNMR spectra
is no reorientation of LC molecules. This is expected sincdor a 0.220 dispersion, a density that is about twice that of
such angular dependence was present even at lower dengie lower limit for the stiff-gel regime. Cooling in the field
ties, such as 0.005, in the no-gel regime. The lack of molecufFig. Xa)] shows an evolution from the usual isotropic pat-
lar reorientation is understood by noting tlgtin the smec- tern to a nematiclike splitting formed by broad absorption
tic phase is longer than that in the nematic phase, while, gieaks that become better defined once the smectic phase is
the same time, the domain size is about 10 times smaller thagntered. The angular study in the nematic phi#sg. 9b)]
that in the nematic phase. Considering the higher smectireveals the usud?, dependence. Curiously, this stiff-gel be-
viscosity, smectic domains are in general considerably morbavior is reminiscent of that found in the 0.094 soft gel, Fig.
difficult to reorient by a magnetic field of the size used here8(c) and indicates the presence of a mostly anisotropic net-
In short, cooling in the field, the LC director configuration work. This can only be understood by considering that even
that is established entering the 8mphase is locked-in and is at this high density some field-aided annealing still occurs.
unaffected by the field. Although elastic strains in zero field are fully quenched, they
Finally, note that a “memory” effect has been found in may still anneal in the presence of a strong magnetic field.
anisotropic gels formed through the field-aided annealing A quantitative comparison between the 0.220 stiff-gel dis-
process. If the samples are taken out of the magnet angersion with the 0.094 soft gel indicates that the frequency
stored at room temperature, their AAN is stable and the LQinesplitting in the stift gel is narroweia decrease in Oby
configuration retained for long periods of time. When theabout 10 %, Fig. 1@), while its linewidth has increased by
0.030, 0.062, and 0.094 soft gels that had been stored atore than twice. This reflects that the alignment is not per-
room temperature were remeasured one year after the oridiect due to the increased randomness in the sample. Another
nal measurements, their DNMR spectral patterns stildifference is clear from the spectrum at 312 K, Figa)9
showed an anisotropic network. In contrast, in the lower denwhere the coexistence of the isotropic peak with broad nem-
sity anisotropic gels, such as 0.012, possessing weaker siliadiclike peaks in the stiff gel are clearly seen. Combined with
links, the memory effect is relatively “weak.” The AAN is a lower frequency splitting in the vicinity ofy,;, namely, a
easily transformed into a RAN through processes such agsser discontinuous jump in order from the isotropic to the
shaking the sample for a few minutes, or by heating it tonematic phase, it can be concluded that Kietransition is
isotropic phase, wait overnight, and cool it back down tobecoming less sharp. The plateau that was seen in the
room temperature again. For the low density stiff gels thatinesplitting near the transition, is not present in stiff gels,
will be discussed in the following section, the AAN is very while the enhancement of order at thé\ transition, now
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FIG. 10.(a) Quadrupole frequency splitting dependence on tem- FIG. 11. (a) Temperature evolution of the DNMR pattern for the

Eera(t)u:;i;‘or :]he .0'0?4 s?jft_ gel,_andhtw? Stiff gels 0‘52_0 ar;)d O'3470.347 stiff gel.(b) Lowest temperature experimental spectriiap)
or®. what is plotted Is twice the frequency sP ltting ewVeencompared with a sprectrum simulated from the superposition of
the inner peaks of the powder patterfiy) comparison of the

owder patterns.
FWHM between a soft and a stiff gel. P P

at this density field effects are no longer possible: no anneal-

only ~3 kHz (a 40 % decrease from bylkis more gradual. ing of elastic strains occurs nor rearrangement of silica links.
Yet, local smectic order still exists at this density. Further,There is a random distribution of LC domains in the voids
Fig. 1Qb), the FWHM shows well-defined phase transitionsthat is stabilized, quenched, and no angular dependence is
in the soft gel(0.094 but not in the stiff gel0.220. detected. Note from the 298 K spectrum, as emphasized by

The results for the 0.220 dispersion are somewhat puzig. 11(b), that the powder-pattern shoulders are not flat, but
zling. The mean void sizk, for this dispersion is estimated unlike for soft-gels where this was attributed to the breaking
at only ~30 nm. Assuming that nematic domains are corre-of silica bonds, here, it is understood as a spectrum resulting
lated to length scales an order of magnitude longer, i.ég, 10 from the superposition of many powder patterns possessing
the mean void size would still be 3—4 times smaller tifgn  different orientational order parameter. This is possible since
This analysis raises questions regarding the mechanism fdinere is a distribution of random quenched LC domains of
the ordering magnetic field to still be able to anneal elastidifferent sizes. Also, taking the frequency splitting between
strains yielding anisotropic networks in stiff-gel dispersions.the inner peaks of the powder pattgand doubling it and
To answer this question and in accordance with R@fsand  plotting it as a function of temperature, Fig. 10, clearly
[31], we suggest the following scenario. As the silica con-shows that the OO is further suppressed as compared to the
centration increases, some of the available surface area is Idssser dense dispersions. There is no enhancement in order at
due to multiple interconnections or aggregations of basi¢he AN transition, indicating the smearing and/or broadening
silica units. Effectively, the size of silica aggregates formingof the transition. In this now very restrictive geometry, the
the network becomes larger as the aerosil density in the dismectic order is size-limited and unable to grow beyond the
persion is increased. Then, a mean void size defined througlomains size. At these densities, aerosil dispersion are basi-
lo, and calculated assuming a constant 3G0graerosil sur-  cally indistinguishable from aerogels: random quenched dis-
face area, may be applicable only to the dilute soft-gel reorder dominates and phase transitions are broad and sup-
gime [11]. In the soft-gel regime the addition of silica par- pressed13,16,32.
ticles does not significantly change the specific surface area; For the two densest stiff-gel dispersions studied in this
this likely occurs only in stiff gels. It was in fact pointed out work, 0.698 and 0.825, the mean void sige=10 nm(see
by Frunzaet al. [31] that samples with high silica densities Table ), is smaller than the nematic thermal coherence
consist of aggregates and agglomerates covering a brodength atTy,, which is estimated to bé~ 14 nm. For do-
range of length scales. Assuming silica networks formed bynain sizes below the thermal coherence length, it has been
50 nm aggregates instead of 20 nm primary particles, thegmpirically established that phase transitions are completely
obtained a 2.5 times largéy. Under these conditions, order destroyed and there is only a continuous evolution of local
would be correlated to length scales becoming comparable 00 [33]. The temperature dependence of the spectral pat-
the magnetic coherence length, thus permitting a partialerns for these high density dispersions is presented in Fig.
field-aided annealing. 12, and it is partially different from that of the 0.347 disper-

The temperature dependence of the spectral patterns forsion. For most of the temperature range the spectrum is pri-
higher density 0.347 stiff-gel dispersion is seen in Fig. 11 marily a single, very broad absorption peak; this pattern per-
With decreasing temperature the pattern evolves from an isaists for several degrees below the bilill§. To understand
tropic peak into a powder-pattern at 308 K. The randomsuch spectra, one must take into account translational diffu-
silica network is stronger and the void size small enough thasion effects. At these silica densities, LC molecules in the
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FIG. 12. Spectral patterns for the two densest stiff-gels studied: FIG. 13. (a) The FWHM of the isotropic peak as a function of
0.698(a) and 0.825b). reduced temperature for several dispersigbgsLinear dependence
on aerosil density of the FWHM determined at 5 K abdyg. (c)

center region of the voids will likely have a distinct orienta- T s_h_ift from bulk as gfunction of aerosil de_nsity. Results from the
tional order parameter from the molecules that are near, of*ecific healCp) studies of Ref|7] are also included.
are anchored at, the aerosil surface. As demonstrated belo%ase, and because there are surfaces, aerosil particles tend

since the diffusion length,~10 nm is now comparable t0 to produce an ordering effect through the anchoring of LC
the mean void size, translational diffusion greatly affects thenolecules to their surface. In the isotropic phase there is fast

measureq spectra. o . . molecular diffusion through which the surface-induced order
Following the analysis first employed in our earlier aero-is completely motionally averaged. A nematiclike quadrupole
gel studieq16], the absorption spectra are affected if splitting could only be observed if the surface is fairly uni-
5 form and the surface induced order is relatively large. In
_ 9o < aerosil dispersions, the anchoring is totally random, the ex-
e = < 10. (4) . .
6D tent of the surface-induced order is expected to be propor-

. . ' tional to the aerosil density, and the spectrum in the isotropic
Using typical LC values, we finds~0.080.13 for the  phase is a broader than bulk absorption peak.

0.825(0.698 dispersion. The requirement stated by EQ." Figure 13a) shows the FWHM of the isotropic peak as a
(4) is well satisfied even when taking into account effectsfunction of reduced temperature for several dispersions. The
from multiple connections and assuming for the meameak width increases with increasing density. From Table |,
void size a value up to 5 times larger than that quoted irthe percentage of 8CB molecules anchored by the surface
Table I. Thus, the DNMR spectrum is strongly affected byincreases linearly witlps. This dependence is emphasized in
motional narrowing resulting in the single broad peak. Asthe plot of the FWHM at a temperature 5 K abdlg, Fig.
in aerogel[16] and Vycor[33], in 0.825(and in 0.698  13(b), clearly showing its linear growth with increasing aero-
aerosil gel, the linewidth of the broad single peak in-sil density.
creases from 1kHz(600H2 above bulk Ty, to Regarding the transition temperature in confined systems,
30 kHz (20 kH2) at T-Ty,=13 K. Cooling further to bulk- Ty, can be shifted due to finite size effects, surface anchoring
like smectic temperatures, the molecular diffusion slowsnteractions, distortions, etc. In 8CB-aerogel systems, com-
down and a splitting is eventually resolved. The singlepared to bulk, there is a downward shift of magnitude lin-
broad peak evolves towards a powder-pattern-like specearly proportional to the aerogel dens[t}6,32. In aerosil
trum that is the result of the superposition of random do-dispersions the situation is more complicated. From DNMR
mains having a different local order. The central peak fearesults, Ty, is always downshifted compared to bulk, how-
ture seen in the 297 K spectrum for the 0.825, can bever, the magnitude of the shift has a complex dependence
attributed to defects with local ordéd=0. At a defect on the aerosil density, Fig. 1. This behavior is consistent
site, the director field undergoes drastic changes and duwith that determined by the specific heat measurements, a
to local spatial averaging, this is manifest in a DNMR technique far more sensitive to transition temperatigs
spectrum as a central pefk6,34). This intricate behavior likely results from the complex nature
of aerosil dispersions: aerosil networks are not fixed and
(field-aided annealing effects play an important role at the

D. Dispersions in the isotropic phase: transition

Transition temperature shift

In LC mesophases, adding aerosil particles causes local IV. CONCLUSIONS
distortions of the director thus introducing random disorder When hydrophilic aerosil particles are dispersed in a LC
to the originally ordered states. In contrast, in the isotropiamaterial, they form a random interconnected network. The
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disordering effects, controlled through the amount of silica The annealing of elastic strains occurs almost completely
particles added to the LC, are manifest through the distortioiin the vicinity of theNI transition. In the smectic phase, field

of the local director and the suppression of the long rangeffects are not substantial due to the shorter domain-limited
orientational and/or translational order of a LC phase. Desmectic correlation length, the longer magnetic coherence
pending on the aerosil silica density, the behavior in zerqength, and the increased viscosity in this mesophase. In fact,
external field shows that there are different dispersions repeginning with some soft gels, cooling outside the field

gimes:(1) no gel, where the amount of introduced disorder isyje|ds a perfectly disordered sample that the magnetic field is
minimal, (2) soft gel, in which the dispersions are in the ynaple to affect until the temperature is increased above
presence of disorder that is not fully quenched, @)dstiff 55 temperature and nears the nematic phase. When the

gel where th(_a disord_gr is Iargg and fully quenchgd. . field-aided annealing effect is quantified, it is found to be
As a function of silica density up to low density stiff-gel inversely proportional to the aerosil density.

dispersions, cooling the samples in the presence of a strong Finally, we also determined the existence of surface-

magnetic field leads to a rearrangement of silica links sucriln uced order in the isotropic phase of these dispersions,

that disorder-induced elastic strains are greatly annealed, and denced throuah a broader than bulk isotrobic peak
the random network converts into an anisotropic one. In no- hrough the ancﬁoring of LC molecules to the aeprosilppar-.
gel dispersions at zero field, it was thermally determined th icles, pretransitional order is induced. At a constant tem-

tcrlliire '?hhgsr:e;te:r'zggtgen(g;enrtig:tahgaﬁr;’Vgg;zerrgﬂe%' erature, the width of the absorption peak is linearly propor-
9. y P 9 ional to the aerosil silica density.

field that is able to complete the annealing of elastic strains
very close to theNl transition. In soft gels, th&ll and AN
transit_ions while somewhat broader the_m in t_)ulk retain most ACKNOWLEDGMENTS

of their sharpness. The amount of orientational order that

exists in the dispersions decreases linearly with increasing We are grateful to many individuals for several discus-
silica density; the decrease is not substantial because of tls#ons on the subject. We profusely thank T. Bellini, G. S.
field-aided annealing. Once disorder is fully quenched, as itannacchione, F. Mantegazza, M. Marinelli, P. Pasini, and B.
the stiff-gel regime, phase transitions are first considerablyalar. Our DNMR work would not be possible if not for M.
smeared or very broad, and eventually completely supNeubert and collaborators for kindly providing us with the
pressed. A continuously evolving and considerably reducedeuterated liquid crystal materials. This work was supported

orientational order is all that remains. by the NSF-INT USA-Slovenia Grant No. 03-06851.
[1] M. Chan, N. Mulders, and J. Reppy, Phys. Tod4¥%8), 30 D. W. Schaefer, and B. J. Olivier, Phys. Rev. Lef9, 788
(1996), and references therein. (1992.
[2] Q. J. Harris, Q. Feng, Y. S. Lee, R. J. Birgeneau, and A. Ito,[14] T. Bellini, M. Buscaglia, C. Chiccoli, F. Mantegazza, P. Pasini,
Phys. Rev. Lett.78, 346 (1997, and references therein. and C. Zannoni, Phys. Rev. Let85, 1008(2000.
[3] S. M. Clarke and E. M. Terentjev, Phys. Rev. Ld#tl, 4436  [15] H. Sonntag and K. Streng€pagulation and Structure Forma-
(1998 tion (Plenum, New York, 1987 pp. 134-145 and 172-177.
[4] See, for instanceliquid Crystals in Complex Geometries [16] H. Zeng, B. Zalar, G. S. lannacchione, and D. Finotello, Phys.
Formed by Polymer and Porous Netwarledited by G. P. Rev. E 60, 5607(1999.
Crawford and S. ZumefTaylor & Francis, London, 1996 [17] S. Qian, G. S. lannacchione, and D. Finotello, Phys. Rev. E
[5] T. Bellini, C. Chiccoli, P. Pasini, and C. Zannoni, Phys. Rev. E 53, R4291(1996.
54, 2647(1996. [18] H. Zeng and D. Finotello, Phys. Rev. Le®1, 2703(1998.
[6] B. Zhou, G. S. lannacchione, C. W. Garland, and T. Bellini, [19] Degussa Corporation, Silica Division, Aerosils, Frankfurt, Ger-
Phys. Rev. E55, 2962(1997). many.
[7]1 G. S. lannacchione, C. W. Garland, J. T. Mang, and T. P[20] A. A. Chuiko and Y. I. Gorlov,Chemistry of a Silica Surface
Rieker, Phys. Rev. 58, 5966(1998. (Naukova Dumka, Kyiv, Ukraine, 1992
[8] T. Jin and D. Finotello, Phys. Rev. Let86, 818 (2001. [21] G. Michael and H. Ferclunpublishegl
[9] M. Marinelli, A. K. Ghosh, and F. Mercuri, Phys. Rev. &3, [22] 1. V. Kreuzer, T. Tschudi, W. H. de Jeu, and F. L. Eidenschink,
061713(2002. Appl. Phys. Lett.62, 1712(1993.
[10] T. Bellini, L. Radzihovsky, J. Toner, and N. A. Clark, Science [23] A. Glushchenko, H. Kresse, V. Reshetnyak, Y. U. Reznikov,
294, 1074(2001). and O. Yaroshchuk, Lig. Crys3, 241(1997.
[11] G. S. lannacchione, S. Park, C. W. Garland, R. J. Birgeneau24] N. J. Diorio, Jr., M. R. Fisch, and J. L. West, Lig. Crys9,
and R. L. Leheny, Phys. Rev. 7, 011709(2003). 589 (2002.

[12] S. Park, R. L. Leheny, R. J. Birgeneau, J. L. Gallani, C. W.[25] M. Vilfan and N. Vrbancic-Kopag4], Chap. 7.
Garland, and G. S. lannacchione, Phys. Rev6% 050703 [26] G. P. Crawford and J. W. Doane, Mod. Phys. Lett2B 1785
(2002 (1993.

[13] T. Bellini, N. A. Clark, C. D. Muzny, L. Wu, C. W. Garland, [27] A. Mertelj and M. Copic, Phys. Rev. B5, 504 (1997).

041704-11



T. JIN AND D. FINOTELLO PHYSICAL REVIEW EG69, 041704(2004

[28] D. Finotello, K. A. Gillis, A. Wong, and M. H. W. Chan, Phys. Europhys. Lett.56, 801 (2001).

Rev. Lett. 61, 1954(1988. [32] L. Wu, B. Zhou, C. W. Garland, T. Bellini, and D. W. Schaefer,
[29] T. Bellini, N. A. Clark, V. Degiorgio, F. Mantegazza, and G. Phys. Rev. E51, 2157(1995.

Natale, Phys. Rev. 557, 2996(1999. [33] G. S. lannacchione, G. P. Crawford, S. Zumer, J. W. Doane,
[30] F. Mercuri, A. K. Ghosh, and M. Marinelli, Phys. Rev. &, and D. Finotello, Phys. Rev. Let71, 2595(1993.

R6309(1999. [34] S. Kralj, G. Lahajnar, A. Zidansek, N. Vrbancic-Kopac, M.

[31] S. Frunza, L. Frunza, H. Goering, H. Sturm, and A. Schonhals,  Vilfan, R. Blinc, and M. Kosec, Phys. Rev. B8, 340(1993.

041704-12



