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X-ray reflectivity study of smectic wetting and prewetting at the free surface of isotropic
liquid crystals
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We study the structures of free-surface-wetting layers above the isotropic to sidctiosition of three
liquid-crystal compounds that show different kinds of growth of the wetting film as the bulk transition is
approached: layer-by-layer, continuous, and continuous with prewetting. The siextiface phase of the
layer-by-layer compound consists of well-defined layers and possesses a sharp boundary to the isotropic bulk
phase, whereas in the two continuous compounds sinusoidal density oscillations with a continuously decaying
amplitude are found. In the continuous case with prewetting, the wetting film below the prewetting transition
does not show an essential difference to the continuous case without prewetting.
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Thermotropic liquid crystals exhibit a wealth of surface In this paper, we are concerned with the relation between
phenomena related to surface-induced order, wetting, and athe different kinds of growth of the surface Simphase and
choring[1]. Besides linear alkanes and alcohid@s3], liquid  the internal structure of this S-wetting film. Intuitively,
crystals are prime examples of systems t_hat are at th_elr_SUfﬁ the case of a layer-by-layer growing Sisurface phase,
face rrror?] ordered than in the bulk. If an 'EOUOP'C tod!;?u'd'one expects the presence of well-defined layers and a sharp
crystal phase transition or a transition between different . ) ,
liquid-crystal phases is approached from above, the IOWlnten‘ace betwegn the smectlg surface and the |sotrop|9 bulk,

1ereas a continuously growing Sfnsurface phase implies

temperature phase appears at the free surface already at teft > 2 ; )
b b bp y gither a rough smectic-isotropic interface or a sinusoidal den-

bulk phase coexistence is approached, the thickness of tidY Profile with a continuously decaying amplitude instead
surface phase can divergeomplete wetting or stay finite  Of discrete layers. The same scenario results from theoretical
(partial wetting. Corresponding studies were conducted atrguments describing general multilayer adsorption phenom-
various transitions between different smectic phddg¢sand  €na[17]. To our knowledge, no experimental study has been
also at transitions involving the nematic or isotropic phasereported in which, for the same kind of bulk transition, the
namely, the nematic to smectic{Sm-A) [5], isotropic to  structure of a wetting layer is compared for different kinds of
nematic[6], and isotropic to Sm# [7] transitions. Nematic ~ wetting layer growth. Whereas ellipsometry is well suited to
and SmA phases of rodlike molecules are orientationallymonitor the temperature-dependent growth of the liquid-
ordered fluids, in the Sm- phase additionally a weakly de- crystalline wetting layer, it does not provide detailed infor-
fined layer structure or density wave exists. mation about the internal structure of the wetting layer, e.g.,
We concentrate in the following on the case of the isotro-ellipsometry cannot distinguish between nematic or smectic
pic to SmA transition. Near this transition, the wetting be- phases. We report here results of x-ray reflectivity measure-
havior at the free surface has been studiiédd] in nCB and  ments at the free surface of three selected liquid-crystal com-
nOCB [10] compounds. Approaching the isotropic-3m- pounds showing different kinds of growth of the wetting film
bulk transition from above, a finite numper of smectic Iaye(sabove an isotropic-Sm-transition: layer-by-layer, continu-
develops successively at the surface via a series of layeringys, and continuous with prewetting. The obtained electron-
transitions. With increasing alkyl chain lengtitwo tenden-  gensity profiles show considerable differences between the
cies are observabl_e: the number of Iaye_rs, Whl_ch Success'velé{yer-by-layer compound and the two continuous com-
develop and are finally present at coexistet®én 12CB, 2 younds, the presence of a prewetting transition, however,

in 160CB), decreases and the appearance of the layeringoes not appear to influence the basic structure of the smectic
transitions becomes more discontinuous in charagtey wetting layer.

are considerably smeared out in 10CB, sharper but still con- The' three compounds under investigation are labeled

tinuous in 12CB. The experimental observations are partly— ~— = R .

predicted by theoretical moddl$1]. We have recently stud- 18'(.)'6 9(.)'4’ and12.0.6[_1.8], all thrge compounds .S.hOW
an isotropic to SnA transition at which a pretransitional

ied a larger variety of liquid-crystal compound?—16 and "
found some new free-surface wetting behaviors at isotropic.grOWth of a surface S phase occurs as the bulk transition
is approached from above. As shown by ellipsometry,

Sm-A transitions, e.g., a single prewetting transition fol- — "™
lowed by a completely continuous growth of the surfacel8-O.6shows a layer-by-layer growth of the surface phase
Sm-A phase. [15,16, 90.4 a continuous growtfl4], and12.0.6a con-
tinuous growth with a single prewetting transition
[12,13,18. For the x-ray reflectivity measurements, a
* Author to whom correspondence should be addressed. Email ad=1 mm thick film of the isotropic liquid-crystal samples is
dress: bahr@mailer.uni-marburg.de prepared on a silicon wafer 3 cnf) which is placed into
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a temperature controlled oven allowing access for the x-ray A
beam through small captone windows. The home built x-ray
reflectometefdetails can be found in Ref19]) uses a stan-
dard Cu tube to generate the x-ray beam that passedal Go _
mirror monochromatorX =1.542 A) before it is incident on P 0.02 - q
the sample surface with an angle, which can be adjusted ) b
between 0° and=5°. The intensity of the reflected beam is —
measured by a position sensitive detector, which is always 0.00 nd | I I
adjusted to the specular position. The reflectiiRyd;) is ’ 87 88 89 90
determined at constant temperature ifi; aange from 0.08°
(which is just below the critical anglé, of total reflection
up to 2°—3° within a time of 12 h to 24 h. During this time,
the temperature in the oven is permanently monitored by a
thermistor that is located near the sample surface, the tem-
perature fluctuations within 24 h are smaller than 20 mK.

The principles of x-ray-reflectivity of liquid surfaces are logR
explained in detail in Refq.8,20]. Generally,R depends on
the variation of the electron densipy, in the direction along
the surface normal and the measuR(@;) or R(q,) curves
(q,=(4m/\)siné being the momentum transfer normal to
the surfacg are compared with calculatdl(qg,) curves re-
sulting from model structures. We use for this calculation the
multilayer approach of Parraf21] a roughness of the layer
interfaces is taken into account as described bydiend
Crocet.[22] The electron-density profiles(z) of the isotro-
pic liquid surface is modeled by a step function convoluted
with a Gaussian of widthry. We used two approaches to
model thepo(z) profile of the surface S phase: First, a
discrete layer model, in which a finite number of layers with K‘is 0.6
thicknessd; and constanp,; values, which are either larger (A7) 04
(representing the benzene rich molecular comssmaller '
(representing the alkyl tailsthan the isotropic bulk value 0.2
Pe,iso 1S Used; each layer interface is allowed to possess a 0
certain Gaussian widtr; . Second, a continuous model in (') 5'0 1(')0 1;)0
which the SmA phase is represented by a sinusoidally oscil-
lating po(z) profile with a decaying amplitudaxe~?¢. De- z (&)
tails of the model profilegvalues ofpe;, di, oy, ...) will .
be reported in a forthcoming longer paper. We concentrate FIG. 1. Results for compounti8.O.6 (a) Temperature depen-
here on the essential qualitative properties of the modefence of the ellipticity coefficienp of the free surface near the
pe(2) profiles. isotropic—SmeticA bulk transition temperaturé,,=86.9°C; the

Figure 1 shows our results for the CompoulT&iO_G The letters indicate the temperatures where x-ray reflectivity measure-
layer-by-layer growth of the Sm- surface phasé is wel| Mmentswere conductetb) X-ray reflectivity R of the free surface as

.- function of momentum transfey, at temperatures 23 K curv@),
demonstrated_by the temperature dependence of the ellipti 9 K curve(b), 1.4 K curve(c), 0.4 K curve(d), and 0.15 K curve

ity coefficientp. [23] The R(q,) curves were determined at (g) ahoveT, ; symbols denote measured values, solid lines are
temperatures where ellipsometry indicated the presence of @alculated values resulting from tie profiles shown in(c) (with

1, 2, 3, or 4 smectic layers. As shown in Figb}l the mea-  the exception of curve e, each curve is shifted byReg? relative
suredR(q,) curves can be quantitatively reproduced by cal-to its lower curvé. (c) Electron density, as function of distance
culatedR(q,) curves corresponding tp.(z) profiles[Fig.  from the free surface for the fivig(q,) curves shown ir(b) (with
1(c)] resulting from the discrete layer model describedthe exception of curve e, each curve is shifted dy=0.2 A3
above. We also tried the continuous model profile describecklative to its lower curve

above(which gave poor fitting resultsand a constant am-

plitude sinusoidal profile terminating after a finite number oflayers since it shows a higher electron density in its central
oscillations(this kind of profile was used for 12CH]) but  part. Even theR(qg,) curve measured 23 K above the bulk
the results were not as good as with the discrete layer modekansition temperaturgabove the first layering step, not
Thus, it seems that the density variation is not purely sinushown in Fig. 1a)] is best reproduced if one allows for a
soidal but contains contributions of higher harmonics. Furslightly enhanced electron density at the surfemgve a in
thermore, the smectic order in the first layer at the surfacéig. 1(c). [24])

appears to be considerably larger compared to the interior The compound 90.4 shows in bulk an isotropic-8m-
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FIG. 2. Results for compound 90.4a) Temperature depen- .
dence of the ellipticity coefficienp(T,=80.7°C). (b) X-ray re- FIG. 3. Results for compount?. 0.6 (@) Temperature depen-
flectivity R(q,) at temperatures 15 K curv@), 1.75 K curve(b), ~ dence of the ellipticity coefficiens(T, =89.05°C).(b) X-ray re-
1.0 K curve(c), 0.5 K curve(d), and 0.12 K curvee) aboveT ;. flectivity R(q,) at temperatures 13 K curya), 1.3 K curve(b), 0.7
(c) Electron density,(z) profiles for the fiveR(q,) curves shown K curve(c), 0.4 K curve(d), and 0.15 K curvee) aboveTy, . (c)
in (b) (For additional explanation, see caption of Fig. 1. Electron densityp(z) profiles for the fiveR(q,) curves shown in

(b). (For additional explanation, see caption of Fig. 1.

transition like18.0.6 but the pretransitional growth of the
liquid-crystal surface phase is completely continuous as i
demonstrated by the ellipsometric data shown in Figy.2 . : .
Since ellipsometry probes mainly the orientational order and/alue._The corresponding electron-d(_anSIty prpﬂles are shown
the resulting optical anisotropy, it cannot directly distinguishﬂ Fg. Ac). The most obvious difference to
between a nematic or smectic phase_ However, the X-ray ré_s.O.G—bESideS the different nature of the interface be-
sults described in the following show clearly that the surfacéween surface and bulk phase, which is now continuous and
phase appearing on the isotropic bulk phase of 90.4 is sme&0 longer a sharp boundary—is the considerably smaller am-
tic. When we tried to fit the measur&®{q,) curves, that are plitude of the electron-density var|at|o_ns_. Since the moI-_
shown in Fig. 2b), neither the discrete layer model nor the ecules of both compounds possess a similar electron-density
continuous model worked well. The best reproduction of thedistribution, the smaller amplitude indicates a smaller smec-
experimental reflectivity values is achieved by a combinatiorfi¢ order parameter in the surface phase of 90.4.

of both, i.e., a sinusoidally oscillating,(z) profile with de- The results forl2.0.6 are shown in Fig. 3. Close to its

%;aying amplitude is appended to a single discrete surface
ayer, which is allowed to have its own thickness and
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isotropic-SmA bulk transition,12.0.6 shows the same be- Which shows a layer-by-layer growth, are well reproduced by
havior as 90.4, namely a continuous growth of the surfacénodelp(z) profiles consisting of a finite number of discrete
wetting film. At a temperat@r 1 K above its bulk transition Smectic layers on an isotropic bulk phase with constant elec-
12.0.6 shows a prewetting transition as is indicated by thetron density. For the two compounds 90.4 ahd.O.6
sharp jump inp. If the ellipsometric data shown in Fig(@  Which show near the bulk transition a continuous growth of

are interpreted by means of a simple slab model, the jump ifhe wetting layer, the obtained Xx-ray data indicate density

p corresponds to a wetting-layer thickness change of abouRrofiles consisting of one discrete surface layer to which a

two molecular layers[12] The x-ray reflectivity datdFig. sinusoidally oscillating profile with decaying amplitude is
appended. An oscillating profile with a continuously decay-

3(b)] of 12.0.6 however, indicate that a slab model with itd lier ob d for Srsuri o
sharp boundaries is not appropriate to describe the structuf@9 ampiitude was eariier observed tor uriace phases

of the wetting layer. The twiR(q,) curves, which were de- on nematic bulk phase§5,25,26 Our result-s show .that a
termined at temperatures 12 K and 0.3 K above the prewe®MA Phase can grow in the same way into an isotropic
ting transition, do not indicate the presence of a significanPhase. It would be interesting to study to what extent smectic
smectic surface order. Below the prewetting transition, théPositiona) and nematic(orientational order are coupled
measured reflectivity data can be reproduced by similafluring this growth; we are currently checking whether com-
pe(2) profiles as in the case of 90.4: a discrete surface layepined ellipsometry and x-ray reflectivity measurements
to which a sinusoidal oscillating profile is appended. At awould enable an unambiguous determination of both order
temperature 0.3 K below the prewetting transition the sinuparameters. When comparing 9 @eéntinuous growthwith

soidal part of thepe(z) profile is rapidly decaying, no more 12.0.6(continuous growth with prewettingwe do not find
than two oscillations are discernible. Thus, the jump in they significant difference in the structure of the wetting layers

ellipticity coefficient p, which is observed im2.0.6 and  near the bulk transition. Although in the(T) curves the
interpreted as a prewetting transition, does not correspond to

a thickness chan f II-defi . .Prewetting jump of12.0.6 shows a similar discontinuous
ge of a well-defined wetting layer, rather i _ oo _
indicates a discontinuous appearance of a smectic surfad@PPearance as the layering transitionsl8fO.6 it is obvi-
phase that continuously transforms, with increasing distanc@usly not a “multiple layering” transition, rather it corre-
from the surface, into an isotropic bulk phase. sponds to a discontinuous onset of smectic surface order; the
In summary, we have studied experimentally the relatiordetailed nature of this transition still remains to be clarified.
between the growth process of a smectic wetting layer and its This work was supported by the Deutsche Forschungsge-
internal structure. As to be expected, the x-ray reflectivitymeinschaf(Grant No. Ba1048/band the Fonds der Chemis-

data of the SnA surface phase of the compoun8.0.6  chen Industrie.
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