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Self-affine crossover length in a layered silicate deposit
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Self-affine dehydrated colloidal deposits on fresh mica surfaces of the synthetic layered silicate 2:1 smectite
clay laponite have been studied by means of atomic force microgédgyl). AFM images of these prepared
assemblies of sol and gel aggregates have been analyzed both by means of standard AFM Fourier software and
a wavelet method. The deposited surfaces show a persistence to antipersistent crossover with a clay concen-
tration dependent crossover length. It is concluded that the crossover length is associated with aggregate size,
and further that the persistent roughness at small length scales signals near compact clusters of fractal dimen-
sion three, whereas the antipersistent roughness at large length scales signals a sedimentation process.
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[. INTRODUCTION copy) [12], and a direct correlation was found between the

surface properties of the films, and those of the parent clay-

Surfaces and profiles as characterized in terms of selfelectrolyte-water mix, and Hurst exponents ranging from 0.5

affinity are abundant in natufd]. One class of natural sur- to 0.65 were reported, using standard image analyzing tech-

faces, which has attracted considerable attention during BiQUES.

number of years, are those associated with surface growth Most AFM studies found in the literature have been per-
[1,2], where several experimental and theoretical model sysiormed by means of commercial “off the shelf” instruments,
tems have been studiéd]. which arrive in the laboratory with the analyzing software

Physical phenomena in clays represent a growing activic!uded in the package. The digital instrume(is) nano-
in the physics community3,4]. All smectite 2:1 clays are SCOP€ AFM, which has been utilized during the present stud-

polyelectrolytic inorganic colloid§s,6], whose primary par- ies represents a good example of a very user friendly and

ticles are crystalline platelets with a thickness of about 1 nméXcellent AFM imaging and analyzing tool. Power spectral

Most smectite clays have primary polydisperse platelet diamdensity based methods are included in this commercial AFM

eters in the micrometer range, whereas the most widely stucgoftware and may be utilized in order to study possible self-
ied synthetic clay model system until now, laporiite-9] is affine characteristics of imaged surfaces and profiles. .
monodisperse with an aspect ratio of abouf28)]. One has To our knowledge, no study has been done of a single
recently been able to establish the fundamental for a ric/§ySt€m in which self-affine properties has been pretuned and
salt-clay concentration phase diagram of laponite, in whictf€Signed by varying a controllable parameter. In the present

four dominant phases seem to govern the overall behavior &¢S€ the actual phase diagram of laponite could possibly rep-
relatively low primary particle concentratiofig]: An isotro- resent such a tunable parameter and we wanted to investigate

pic liquid (IL) phase consisting of suspended aggregates df€S€ inherent possibilities. _

primary clay particles, an isotropic géiG) phase of perco- Th(_e present paper is o_rganlzed as follows. In_ Sec. I we
lating aggregation with fractal properties both dependant offf€Scribe sample preparation, and the AFM imaging. Section
salt-clay concentration and on tini@], a nematic ge(NG) [l deals with experimental results, and in Sec. IV the data

phase for which excluded volume particle alignment has'® analyzed and discussed. Section V gives conclusions.

been proposefll0], and a flocculatedF) phase at high elec-
trolyte concentrations. _ IIl. EXPERIMENTAL METHODS
The laponite arrives from the factofy] in the form of a
white powder, which is then mixed into salt water. Taking the  With the ingredients summarized above in mind, we have
added salt into account, dehydration from a given point indeposited small samples originating from various parts of the
the phase diagram does not reverse the sample back into t&ponite phase diagram onto cleanly cleaved mica surfaces.
initial powdery state. This is easily confirmed by macro-To prepare a sample, a freshly cleaved piece of mica was
scopic observations. atomic force microsco@®yFM) is a  fastened on top of a 1-cm radius metal disk. Using a micropi-
modern powerful imaging and analysis tool, which is generjpette, a 10ul drop of the sol or gel was placed on the mica
ally utilized also in the characterization of clay minerl]. surface. The drop was dispersed over the available area, and
Surface topographies and roughness characteristics of natussis then left to air dry for at least an hour, leaving dehy-
cation-exchanged montmorillonite smectite clay films havedrated assembled rough films covering the mica surface. We
already been studied by means of AR&hd optical micros- imaged these surfaces using a DI AFM Multimode TM SPM
with a nanoscope llla controller andJascanner in tapping
mode, which was chosen because contact mode proved to
*Electronic address: jon.fossum@phys.ntnu.no damage the clay films. Our AFM images areXx1T0 or
"Electronic address: Alex.Hansen@phys.ntnu.no 2.5x 2.5 um? scans, and each image consists of the standard
*On exchange from Department of Pure and Applied Physics512x512 pixels. The images were corrected for scanning
Queens University Belfast, Belfast BT7 1NN, Northern Ireland.  curvature instrumental artifacts using the DI Nanoscope soft-
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FIG. 1. Example AFM imagesSample 18 Scan sizes are 10% 10° 10*
20 um? (top) and 2 um? (bottom). Figure 7 below shows typical Length scele )
cross sections of the present AFM images, i.e, the typical magnitude &
of the roughness, and thus illustrates the gray scale in these images. fig 2. power spectrum of sample 2D showing Hurst exponents

ware flattening procedure. Finally the AFM images WereHzl'16 andH=-0.32.

analyzed by both using the standard DI AFM Fourier soft-

wares and also by using the established wavelet methodcf

[13,14). :
Samples originating from different regions of the laponite

phase diagram were deposited and imaged and results fro

: e Hurst exponents of the surfacek,asb=2H+1[17]. A
two groups of samples studied are reported hetg19 IL ! ! ;
samples at clay concentrations ranging from 0.2 to o.grossover length_ . is easily defined through the scale at

weight percent, and added NaCl salt concentrations at (Y"h'c.h one power law _chgnges into another one. Actually all
1074, and 10°% molll. 2), four IG samples at 0.8 weight dur imaged samples indicate such a crossover from a large

percent aponite, and NaC! concentrations ranging from10 [T BEeARe B 8T8 0t SR e e e croseover
to 10 2 mol/l. The original samples belong to the same 9 : 9 '

. the samples have to be imaged at scan sizes larger than the
group of samples as reported earlier by Batlal. [18]. In rossover length. Unfortunately only two of the gel images

the present paper we only include samples investigated b .
Baklfet al [12%, zince in thgse cases we hpave good egstimategre good enough for analyzing. Therefore gels may be worth

Closer investigation with respect to crossover length and
IJ-|urst exponents. This will be a topic for further studies.

In fact, a close examination of Fig. 2 indicates a second
crossover at the smallest length scale, where the power spec-
trum becomes flat. We believe that this second crossover is
due to the onset of finite tip size effects. Thus, the flat region
of the power spectrum at length scales below 12 nm results
om a convolution of the actual physical surface and our
FM tip, which in this case would have a radius of about 12
nm, a normal curvature for such commercial tips. Further-
more, we observe in Fig. 6 that the amplitude of the observed
éprface roughness is about the same as the observed tip ra-

One representative example of a DI software based two-
mensional power spectrum from one of the present AFM
images is shown in Fig. 2. The spectrum consists of two
wer laws. The exponents of the power lanare related to

of aggregate sizes and resulting viscosities.

The present IL samples originate from a regime of linea
viscosity (see Fig. 1 of Ref[18]), whereas our IG samples
originate from a regime of abrupt viscosity increéaeabout
0.8 mol/l) [18]. The sol samples were Newtonian liquids and
the gel samples had finite Bingham threshdd8] at the
time of deposition.

In preparing the present samples as desrcribed by Ba ¢
et al. [18], the pH of all solutions was adjusted to about 10
prior to laponite hydration in order to prevent initial primary
particle dissolution 8], and the samples were then left for
several months before viscosity measurements and the fin
dispersion on top of the fresh mica surfaces was performe
as described above. It is important to note that the samples
were not completely sealed from exposure to air during this 500 —

lus. Thus, we believe that our tip is well suited for mapping

time of storage, thus no attempt was made to prevent pH ) = o g
driven particle dissolution, and subsequent’Ngontamina- £ 40 |- 8
. L - : . 5 | <
tion [15]. This is an important point since our gel samples o0
“should not have been gels” according to the laponite phase § 300 B
diagram without this contaminatidi,15]. It is also reason- 5 500 |-
able to assume that our sol samples contained dissolved § | £
Mg?" ions for the same reason. Only two of the gel samples & 100 |-
were analyzed by means of Hurst exponents and crossover © = | | | |
lengths[16]. o L= L L !
0 02 04 06 08
IIl. EXPERIMENTAL RESULTS Laponite concentration (w/w9%)

Figure 1 shows typical AFM images for one of our rough  FIG. 3. Crossover length based on power spectra such as the one
surfaces originating from deposition of one of our IL samplesin Fig. 2 vs laponite concentratiofo) are solutions and ¢ ) are
(sample 18 gels.

036108-2



SELF-AFFINE CROSSOVER LENGTH IN A LAYERED . .. PHYSICAL REVIEW B9, 036108 (2004

2
500 |- i
g -g O <o s o
= 400 = | lo)
gb i o S = o
5 300 |- g [ 6 %
— ]
= -
% 200 —ge 2 05—
A B T § 08
8 100 |— 0= o
0 i I 1 1 1 I 1 1 1 I -0.5 | | | | | |gl @
0 0.005 0.01 0 02 04 06 08
NaCl concentration (mol/1) Laponite concentration (W/w%)

FIG. 4. Crossover length based on power spectra such as the one FIG. 5. Hurst exponents based on power spectra vs laponite
in Fig. 2 vs NaCl concentratioifo) are solutions and<¢ ) are gels.  concentration. Solid lines denote the average of Hurst exponents

at small and large length scales at respectively
out such surfaces at length scales above 12 nm. H=1.1 andH=—0.1. (0) are solutions and ¢ ) are gels.

Figures 3—5 summarize results of our present AFM imag-
ing: Fig. 3 shows evidence of a correlation of the crossove
length versus the laponite concentration, Fig. 4 indicates thq
there is no correlation between the crossover length an
NaCl concentration, and Fig. 5 shows the two observe

Hurst exponent regimes versus laponite concentration, giVingedimentation process, and a Hurst exponent of essentially
an average value dfi~1.1 for small length scales, aridl !

o . zero signals a logarithmically rough surface. This is consis-
~—0.1 for large length scales. The qualitative difference g 9 y roug

> ; L ent with the annealed-disorder Edwards-Wilkins@i\)
bgtween the two regimes is shown in Fig. 6, Where a 514 owth equation in2+1) dimensiong2]. We would expect
pixel trace across one of our imaged surfaces is shown. S

. : ) his growth equation rather than the Kardar-Parisi-Zhang
multaneous antipersistent behavior at short length scales areg

persistent behavior at large length scales are evident.

A comment is appropriate here. Figure 7 shows data fo
one of the given samples, using wavelet analysis. The sa
goes for Fig. 2, but here power spectrum analysis is use

Figure 5, on the other hand, collects the power spectrum da ovement of the depositing clusters. It is thus worth com-

from all samples. The data of Fig. 2 are e”.‘b‘?dded in_ thif‘nenting that a Hurst exponent of zero does not signal ran-
figure. There are large sample to sample variations, which i§om noise, but logarithmic roughness. Random noise would

reflected in the valukl = 0.3 for the samples in Figs. 2 and 7 give a Hurst exponent of 0.5 as discussed by Hansenal
being so different from the average valde= —0.1. I[lg] ' '

Hurst exponents are also found using the method of ave

ave been produced by a sedimentation process of clay plate-
t clusters, which has been followed by the passage of the
ater meniscus through the surface.

At large length scales, we essentially see the results of the

PZ) equation 2] to be the relevant one here as the nonlin-
ear term that separates the KPZ equation from the EW equa-
fion, which is due to the change in flux normal to the local
rface of the deposit as a result of its orientation with re-
ect to the vertical direction, is washed out due to Brownian

- : ) At smaller length scales, the observed roughness presum-
aged wavelet coefficientAWC) [14]. This method confirms ably is a result ogll‘ the collapsing of the clay (glusters Fc)iue to
the resu!ts of the power spectrum n_1ethod, givimg 1 and o passing of the water meniscus. This is supported by the
H~0. Figure 7 shows an AWC equivalent of a power Spec+, . that our own AFM images of very dilute sol samples, for
trum like the one shown in Fig. 2 for three different wavelet,iqp, jsolated aggregates can be seen, suggest considerable
filter coefficients. vertical collapse as water is removed. The observed Hurst
exponent of the surface reflects the structure of the clusters
before they collapse. This may be understood as follows: A
The appearance of two different scaling regimes signalfractal structure in three-dimensions is projected onto a two-
that two physical processes have been involved. The surfacel$mensional plane. The height of the projected structure at a

IV. ANALYSIS AND DISCUSSION
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g g . . .
D D FIG. 6. Cross sections of images shown in
@ 0 @ Fig. 1. Note, the antipersistent behavior at large
= = length scale(left) and the persistent behavior at
small length scaléright).
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the electrolyte concentration seem to play a significant role
as far as Hurst exponents for the samples investigated in this
study are concerned and that apparently only the clay con-
centration increase seems to influence the crossover lengths.
This latter observation is in good agreement with the parent
phase diagrarf8] in which the IL-IG transition line is nearly
salt independent below 168 mol/l NaCl concentrations, and
it is also in agreement with our own relative viscosity data
from the same original sampl§$8].
The transient birefringence data of RgL8] do suggest
- ; electrolyte dependent aggregate structures/sizes in aqueous
10 10 solutions. This is not in contradiction to the present observa-
Length scale (nm) tions since salt should play an important role only in the

- resence of water, and our observed crossover lengths thus
FIG. 7. Averaged Wavelet Coefficients vs length scale. Wavelef ' . . . )
coefficients used are Daubechie®p 12(0), and 20x), giving eflect the number of clay particles in a given collap§ad

H=1.11+0.03 andH=0.3+0.1 (Sample 28 jected aggregate and their shape.

Averaged Wavelet Coefficients

given point is proportional to the fractal sitting above this V. CONCLUSIONS

point. All our AFM images are taken with a pixel size well . )

above the individual laponite particle size, which is about 1 ~From above we are led to the following conclusio(®:

X 25 nm. Thus, at our smallest length scales we always me&0ssover length is associated with aggregate size in agree-

sure collapsed clusters of such individual particles, and th&ent with Ref[18]; (2) at small length scaled~1, signal-

measured Hurst exponeHtat small length scales, thus, tells ing that the clusters have fractal dimension thr@;H~0

us something about the structure of clusters before collaps@t large length scales may signal a sedimentation process that

It can be shown that the Hurst exponent of a collapsed strudollows the Edwards-Wilkinson equation, and hence the

ture H is related to the fractal dimension of an uncollapsedroughness is logarithmic.

structureD by the equatiord =2+ H. Hence, when we find

a Hurst exponent of one this tells us that the fractal dimen-

sion of the suspended and uncollapsed clusters is three.
We note that another system showing a crossover between This research was supported by NTNU/NFR SUP Grant

two scaling regimes is recently reported in stylolitesegu-  No. 115185/420 during the early stages. B. O’'Rourke and J.

lar rock-rock interface zong$20]. O. Fossum wish to acknowledge Sintef Petroleum Technol-
We note that neither the clay particle concentration norogy for partial support.
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