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Abstract—The structures of prismatic (101 and pyramidal (100) growth faces of natural quartz crystals,

and their modification upon annealing atT 400°C were investigated ex situ by atomic force microscopy
(AFM) and in water by high-resolution X-ray reflectivity. AFM images revealed the presence(®t to 1
wm-wide flat terraces delimited by steps of one to several unit cells in height. These steps follow approxi-
mately directions given by the intersection of growth faces. Modeling of X-ray reflectivity data indicates that
surface silica groups on flat terraces have only one free Si-O bond each (presumably hydroxylated), except for
some having two free Si-O bonds observed on a singleQ)€drface. Vertical relaxation of atomic positions

(< 0.4 A for terminal oxygens anek 0.2 A for silicon and oxygen atoms fully coordinated to structural
tetrahedra) is limited to a depth of 14 A. Electron density profiles for all measured interfaces are consistent
with a single layer of adsorbed water, with no evidence for additional organization of water molecules into
distinct layers extending into the bulk solution. Similar interfacial structures were observed for natural and
annealed surfaces of identical crystallographic orientation, indicating that extensive reconstruction of the silica
network at the quartz surface did not occur under the annealing conditi@upyright © 2002 Elsevier

Science Ltd

1. INTRODUCTION and full characterization of reaction kinetics hinge on a detailed
knowledge of the structural and energetic properties of the
quartz-water interface, such as the topography of the mineral
surface (Lasaga, 1990), the nature, concentration and structure
of reactive sites (Hiemstra and Van Riemsdijk, 1990; Koretsky
et al., 1998), and the properties of interfacial water (Du et al.,
| o 1994). The kinetics of surface reactions, however, have been
and De Wiest, 1966), the lower end of which is controlled by e|ated thus far to morphologic and structural properties of the
quartz solubility ¢- 11 ppm; Rimstidt, 1997). Thorough char- g, art7 surface in only a few studies (Brantley et al., 1986; Gratz

acterization of quartz dissolution and precipitation kinetics is ot 51 1990: Gratz et al.. 1991 Gratz and Bird. 1993a: Gautier
therefore central to understanding the cycling of dissolved g 5 2001')_ ' ' ' '

silica (Dove, 1995). Furthermore, both natural observations and - g gyrface relaxation and reconstruction of silica minerals,
experimental studies have shown that ferrous or aluminous
coatings (Morris and Fletcher, 1987; Coston et al., 1995; Davis | 4ter and ions, have been extensively explored by first princi-
et al., 1998), and layered silicates (Manceau et al., 1999) can ples methods (Geerlings et al., 1984; Lasaga, 1990; Lasaga and
form on quartz grains at surface temperatures. Dissolution and Gibbs, 1990; Ugliendo et al., 1990; Kubicki et al., 1993; Xiao
sorption properties of quartz have been investigated (Hender- 4 | a5aga; 1996; De Leeuw et al., 1999; Koudriachova et al.,
son et al, 1970; Karlmya ancli Shlmolkatar,] 1976; Rimstidt anld 2001). Rapid interaction of silicon dangling bonds with water
Barnt.es, 1980; Brant eyl etal, 1986' Sc warzentlrl:]ber et a.., molecules and formation of silanol surface groups, in which a
1985’ Knguss lahnd Wo er.y, 1988; I?jrady and WaF er, 1989(’1 hydroxylated oxygen is bound to only one silicon atom, were
Brady and Walther, 1990; Dove and Crerar, 1990; Dove an predicted by ab initio methods (De Leeuw et al., 1999) and by

Elsto.n, ,1992; Berger et .al., 1994; DO,"ev 199?"; Tes.ter etal, application of bond valence theory (Brown, 1992; Hiemstra et
;ggi ODgy et all., 19f96r,1 Dove al‘“‘?' N'X’h199,7' Gautier ?t al., al., 1996; Koretsky et al., 1998), and also were observed
; ), an resu ts of these so utlgn cf emlstry expce_r_lmgnts experimentally by infrared (IR) spectroscopy (Gallei and Parks,
interpreted using surface complexation kinetic and equilibrium 1972; Morrow and Cody, 1976; Koretsky et al., 1997). Silanol
models (Hiemstra and Van R'e_de”k' 1990; Dove, 1994; groups were inferred to form hydrogen bridges with adsorbed
Tester et al., 1994; Dove and Nix, 1997; Schulz and White . ; .
1999) H ” h’ lidity of th ’ ; ’ hemi d I’ water molecules (Ugliendo et al., 1990). This type of interac-
)- However, the validity of these surface chemistry models tion would result in a net orientation of the negatively charged

end of the water dipole toward the surface, which was observed

* Author to whom correspondence should be addressed (kathryn.nagy@ by sum frequency generation spectroscopy at the point of zero
u wi u yn.nagy . . .
colorado.edu). charge (Du et al., 1994). Highly strained siloxane bonds (be-

1 Present address: CEA de Saclay, DPC/SCPA/LCRE, Ba50 - BP tween one oxygen and two silicons) were also inferred to
11, F-91191 Gif-sur-Yvette Cedex-France hydrolyze easily and form silanol groups (Heggie and Jones,
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Quartz is ubiquitous in Earth’s continental crust (Mac-
Donald, 1983; Heaney, 1996), and plays a key role in the
geochemistry of aqueous systems (Schulz and White, 1999).
For example, concentrations of silicic acid in low-temperature
terrestrial waters typically range from 10 to 80 ppm (Davies

as well as the interaction of their surface functional groups with
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1987). Further minimization of surface energy may occur by
relaxation and reconstruction of the quartz surface. Both ab
initio calculations (De Leeuw et a., 1999) and low energy
electron diffraction (LEED) data obtained under high vacuum
conditions (Bart et al., 1992; Bart and Gautier, 1994; Bart et a.,
1994) suggest that surface relaxation is limited.

To assess these theoretical and spectroscopic results, direct
determination of the structural properties of the quartz-water
interface including relaxation is warranted. Such structural
characterization may be obtained using in-situ high-resolution
X-ray reflectivity (Sturchio et a., 1997; Fenter and Sturchio,
1999; Fenter et al., 20003, 2000b; Cheng et al., 2001; Eng et al .,
2001). X-ray reflectivity relies on scattering of X-rays at the
mineral-water interface. The weak reflectivity signal is directly
related to the electron density profile across this interface, and
thus permits the identification of surface properties such as the
extent of solid relaxation, the presence of adsorbed layers of
molecules (Robinson, 1986; Feidenhans'|, 1989; Fenter and
Sturchio, 1999; Fenter et a., 2000a, 2000b), and the structure
of interfacial water (Cheng et a., 2001). X-ray reflectivity
requires atomically flat surfaces, which for quartz may be
obtained from growth faces of gem-quality crystals (Gratz et
al., 1990; Gratz et a., 1991). Reflectivity measurements can be
complemented by atomic force microscopy (AFM) to deter-
mine surface topographic features of quartz at the molecular
scale.

Our work provides a quantitative determination of the struc-
tural properties of the quartz-water interface for two natural
growth surfaces. Surface topography and roughness on un-
treated crystals and crystals annealed at moderate temperatures
(300 to 400°C) were assessed ex situ by AFM and in situ by
X-ray reflectivity. The identity of surface terminations, magni-
tude of atomic-scale structural relaxations, and structure of
water near these quartz surfaces were determined from reflec-
tivity data.

2. THE X-RAY REFLECTIVITY TECHNIQUE

In an X-ray reflectivity experiment, the ratio of the reflected
to the incident X-ray flux (i.e., the reflectivity, R(Q)) at an
interface between two phases is measured as a function of the
momentum transfer Q = (4n/A)sin(6), where 6 is the angle
between the incident X-ray beam and the surface plane, and A
isthe X-ray wavelength. The X-ray reflectivity is related to the
laterally-averaged electron density profile, p(z), close to a re-
flecting interface by

2

R(Q) = (47t JQA)? @)

J p(2)€% dz

where r, = 2.818 X 10 ° A isthe classical electron radius, z
is the height with respect to the interface, and A, is the
two-dimensional area of the unit cell in the (hkl) plane (Rob-
inson and Tweet, 1992). R(Q) can vary over several orders of
magnitude, from values ~ 1 at the Bragg conditions, to values
= 107 The small reflectivity values between bulk Bragg
peaks are sensitive to the nature of the surface terminations and
to modifications of electron density profiles resulting from
changes in the atomic structure at the mineral-water interface
(Robinson and Tweet, 1992). When these measurements are

made at high (~ 1 A) resolution, reflectivity data are sensitive
to the atomic arrangements at the mineral surface. This sensi-
tivity alows determination of the structural properties of the
minera-water interface (such as atomic relaxation and the
adsorption of water and ions). For this purpose, R(Q) can be
recast in terms of X-ray scattering by atoms as

RQ = B(Q) - (471 JQAw)?| > f exp(iQz)expl —(Qu))] | |
j

@

where f;, z; and u; are the atomic scattering factor, the height,
and the Debye-Waller parameter summed laterally over al
atoms that are within the surface unit cell and vertically over all
atoms in the substrate crystal, the surface region, and the fluid
layer above the surface. B(Q) accounts for changes in the
reflected intensity due to surface roughnessin the form of steps.
Distinct analytical models may account for B(Q) according to
the nature of surface roughness. In the present paper, surface
roughness is shown to result mainly from the presence of
unit-cell high steps separating terraces that are flat at the scale
of vertical resolution (=1 A) of the AFM over laterally-aver-
aged areas of a few or more square nanometers. If we assume
that the total area of any partial layer or terrace can be ex-
pressed as a fraction B (0 = B <1) of the total area of the
underlying layer, then B(Q) can be written as (Robinson, 1986)

B(Q) = (1 — A1 + p? — 2Bcos(Q* tha)], ©)

where d,, is the spacing between Bragg planes parallél to the
surface and B is related to the root-mean-square surface rough-
ness (o,ms) by (Robinson, 1986)

/,
Orms = 1%% G- 4

The relationship in Egn. 2 makes it possible to test and
optimize interfacial structural models quantitatively by least-
squares fits to reflectivity data (Feidenhans'l, 1989). Such mod-
elsare built by starting with the bulk crystal structure, cleaving
the crystal along a surface parallel to the crystallographic plane
of interest, allowing for relaxation of individual atom positions
near the surface, and completing the interface with a physically
reasonable model for interfacial and bulk water (Fenter et al.,
2000a, 2000b). The starting “unrelaxed” positions of interfacial
atoms are obtained from the crystal structure which, for quartz,
can be viewed as trigonal tunnels formed by spiraling chains of
corner-linked silicon tetrahedra (Fig. 1a). The primitive {a, b,
¢} crystalographic cell for this crystal structure is rhombohe-
dral, but usually a non-primitive hexagonal cell with athreefold
screw symmetry axis is referenced. There are two different
possible settings for the basis of these lattices, either obverse
{a;, a,, a3, ¢;} (a3 = —a, — a,) or reverse{a’,, @', @', C,},
the latter being obtained by rotating the former by #/3 around
¢, (Fig. 1b; Boisen and Gibbs, 1990; Heaney, 1996). As a
result, an {hkll} crystallographic plane in the obverse setting
coincides with the {hkI1} planein the reverse setting. Here, we
notate the surface orientations using the obverse setting.
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(b)  Acy

Fig. 1. (8) Polyhedral representation of the quartz structure. Silicon tetrahedra share corners and form spirals of trigonal
symmetry. {a,, a,, as, C;} is the non-primitive hexagonal cell in the obverse setting (Heaney, 1996). (b) Comparison of the
primitive {a, b, c} crystallographic cell with the two possible hexagona cells {a,, a,, as, ¢,} or {a}, a5, a3, c,}.

3. MATERIALS AND METHODS
3.1. Quartz Origin and Preparation

Natural growth surfaces of (1010) (“prismatic’) and (1011) (“pyra-
midal”) orientation from opticaly-clear, doubly-terminated crystals
(Herkimer “diamonds,” Herkimer County, New York) were used for
this study. Optically-flat surfaces were selected under a binocular
microscope, and recovered as ~ 1 mm-thick slabs with a diamond
wafering saw. Surfaces were ultrasonically cleaned 15 min in methanol
and 15 min in deionized water, and then dried under an Ar stream,
except for one (1011) surface which was kept in deionized water for 10
months before X-ray reflectivity measurements. These are referred to as
“natural” surfaces. Some slabs were further annealed in air, either at
300°C for 50 h [(1010) surface] or at 400°C for 48 h [(1011) surface].
All slabs were then stored in closed petri dishes under ambient atmo-
sphere.

3.2. Atomic Force Microscopy

Quartz slabs were cleaned ultrasonicaly for 15 min in high purity
acetone (Fisher, Optima grade), 15 min in methanol, and 15 min in
deionized water, to remove hydrophobic, amphiphilic (e.g., fatty acids)
and hydrophilic surface contaminants, respectively. A final 15 min
sonication in acetone was followed by drying in air. The sabs were
then mounted on steel disks using double-sided adhesive tape. Tap-
pingMode AFM (TMAFM) images were collected in air at scanning
rates < 0.7 Hz, using a Digital Instruments Nanoscope |I1a MultiMode
scanning probe microscope and silicon tips (Nanoscope SESPW). Four
to ten 4X4 um areas were imaged on each crystal to assess lateral
uniformity of the surface. All images were analyzed for step height,
terrace size, and surface roughness (o,.,¢ using the Nanoscope soft-
ware. o, values typically have an uncertainty of + 1 A. Roughness
vaues obtained from TMAFM images and from X-ray reflectivity have
been shown to compare reasonably well (Munkholm et al., 1997;
Fenter et al., 2000b).

3.3. X-ray Reflectivity

Quartz slabs were cleaned ultrasonically for 15 min in methanol and
15 min in deionized water, and rinsed thoroughly with deionized water.
The slabs were then mounted in an X-ray reflectivity cell that uses an
8 um-thick Kapton® (polyimide) membrane to maintain a thin film of
water over the sample (Fig. 2; Fenter et al., 20003, 2000b). Care was
taken to ensure that the surface remained wet during the mounting

procedure. Preliminary reflectivity data were collected at bending mag-
net beamline 12-BM; however, the data shown below were all mea-
sured at undulator beamline 12-1D (BESSRC-CAT, Advanced Photon
Source, Argonne National Laboratory). The undulator beamline was
needed to obtain sufficient incident flux to measure the small reflec-
tivities (<1079 of these surfaces in the presence of a finite back-
ground signal due to scattering from the plastic film and water layer. An
X-ray energy of 19.50 keV (wavelength A = 0.6358 A) was selected by
double reflection on a Si(111) monochromator. The incident beam size
was reduced to 0.1 mm (vertically) by 0.2 mm (horizontally) with a pair
of dits, and the detector aperture was 0.3 mm (vertically) by 3 mm
(horizontally), resulting in an angular resolution for the detector of A26
= 0.03° within the vertical scattering plane. The X-ray flux reflected by
the quartz surfaces was measured at discrete values of Q by rocking-
curve scans through the specular reflection condition. For these scans,

L

Fig. 2. Schematic representation of the thin film reflectivity cell and
illustration of the experimental reflectivity geometry. The incident and
the reflected X-ray beams, S, and S, respectively, are located in a plane
perpendicular to the sample surface. Q is the momentum transfer. The
specular reflection condition is o = (26)/2.
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Table 1. Structural data for quartz in the P3,21 space group setting
(from Kihara, 1990).

Unit cell Atom positions®
a(A) 49137 x(0) 0.5867 X(Si) 0.5303
c(A) 5.4047 y(0) 0.7328 y(Si) 0.000

z(0) 0.7855 z(Si) 2/3

2 Atom coordinates transformed from their original reverse setting to
an obverse setting.

the detector is fixed in 260 position (i.e., fixed Q value), and the angle
w between the incident beam and the crystal is scanned to obtain the
integrated surface reflectivity. Reflectivities were determined by nu-
merical integration of the peak areas after subtraction of a linearly-
varying background signal. The reflectivity at reference points was
measured periodically to insure that the interface remained stable
during data acquisition. The surface was also checked by eye period-
ically to assess any visible modification. After several hours of expo-
sure, darkening that penetrated ~ 1 mm into the crystal was observed
within the beam footprint for all probed (1011) surfaces. The presence
of this darkening within the quartz crystal indicates that it resulted from
bulk solid modifications that may or may not have originated from an
interfacial reaction. However, no changesin the reflected intensity were
observed, suggesting that structural changes at the mineral-water in-
terface were negligible. No darkening was observed for (1010) quartz
surfaces, even after several hours of exposure. This observation sug-
gests that (1011) planes may concentrate defects such as chemical
impurities that interact with the X-rays to produce color centers (Ross-
man, 1994). Reflectivity data were recorded on two crystals for both
natural (1010) and (1011) surfaces, and on only one crystal for the
annealed (1010) and (1011) surfaces.

Reflectivity data were modeled using atomic structural models fea-
turing quartz terminations obtained by breaking structural bonds along
a plane paralel to the mineral-water interface, and then filling Si
dangling bonds with oxygens. Atomic positions (Table 1) and Debye-
Waller parameters for quartz were taken from Kihara (1990). Models
were further refined by assuming afixed bulk quartz structure at depths
from the surface = 15 A, allowing positions of near-surface atoms to
relax perpendicular to the surface, and by considering surface rough-
ness as given by Egn. (3 to 4), structured layers of water above the
interface, and featureless bulk water above the structured layers (Fenter
et al., 2000a, 2000b). Several relaxation models with distinct param-
etrizations were tested for the (1010) surfaces to test for uniqueness.
These tests showed that features such as maximum depth of relaxation,
the coordination and relaxation of surface atoms, and interfacial water
properties were generally similar. The models presented in this paper
were selected based on their conceptual simplicity and fit quality. The
structural resolution of such models is a function of the range of
measured momentum transfer and is approximated by 27/Q,,.., Where
Qmax 1S the highest Q value at which reflectivity data are collected
(Fenter et al., 2001). The quality of the data fit was assessed by the
reduced chi factor x* = (Un)[2o(R(Q)exp — R(Q)caic)/ {Q)expl >, Where
n is the number of independent data points, and R(Q)exp R(Q)cac @€
respectively the experimental and calculated reflectivities, and 0(Q)exp
is the experimental uncertainty on R(Q)ey, resulting from X-ray count-
ing statistics. The x? value gives a quantitative measure of the total
error per data point for a given model, and consequently x> ~ 1 when
amodel reproduces the data within the statistical error (that is, when the
difference between R(Q)eyp, and R(Q) ey UalS 0(Q)ey, ON average).
The least-squares fitting procedure also provides a well-defined esti-
mate for the uncertainty associated with each structural parameter in
the model. Uncertainties are reported here at the 95% confidence level.
The total number of fitted parameters (including those for water struc-
ture and surface roughness) is limited by the number of independent
data points. It is common in bulk crystallographic measurements to
have sufficient data to over-determine the structural determination with
~10 data points per fitted parameter to ensure a unique structural
determination (Giacovazzo, 1992). This is often difficult to achieve in
surface crystallography measurements, but as arule of thumb, aratio of
about three to five data points per fitted parameter is considered

sufficient to determine a structure uniquely. The relaxation parameters
obtained by this fitting procedure describe the vertical distribution of
atom layers that are aligned parallel to the interface. Other techniques,
such as non-specular X-ray reflectivity, are required to determine the
lateral position of atoms, and provide a three-dimensional picture of the
interface structure.

As we will describe below, the probed quartz surfaces have typical
values of o, ~ 3 A. Such roughness would produce a ~ fivefold
decrease in the reflectivity between bulk Bragg peasks compared to an
ideal surface with o, = 0 A. Within this roughness regime, modifi-
cation of the reflectivity due to steps, B(Q), becomes sensitive to the
height distribution of terraces on the surface. Thisis a potential source
of systematic error if the wrong form for B(Q) is assumed. The impact
of the roughness model on the values of best-fit parameters was
assessed by considering an aternate model of surface roughness in
addition to that of Eqn. 4, assuming a discrete gaussian distribution of
terrace heights separated by unit-cell high steps according to

P(ndaozy) = ([N — 2.0)/S?) / S exp(— (NGt — 215

®)

where P(nd,41,y) is the proportion of terrace surface exposed at an
atitude (nd;011y), ad z,« and s are the distribution center and width,
respectively. Thisalternate model resulted in best-fit results which were
comparable (within uncertainty) to those obtained previously with Eqn.
4 with an overall deterioration in the quality of fit. Therefore, our
reported structural parameters do not depend on the choice of rough-
ness model. Reflectivity-derived roughness values given below were
obtained using Eqgn. 4.

4. RESULTS

4.1. Atomic Force Microscopy

AFM images of the natural (1011) surfaces (Fig. 3a,b) dis-
play flat terraces with typical widths ranging between ~ 0.1
and ~ 1 um. These terraces are delimited by sinuous, and
sometimes coalescing, steps following the [232] general direc-
tion given by the intersection of two symmetry-equivalent
{1011} planes (Fig. 3a,b; white arrows). The measured heights
of the smallest steps equal 3.4 = 0.4 A, in excellent agreement
with the unit cell spacing normal to the (1011) plane (d, o3, =
3.341 A). The absence of steps of smaller height (e.g., d;03/2)
suggests that only one type of surface termination is exposed
per image (Gratz and Bird, 1993a). Some 4X4 um imaged
areas display only unit-cell high steps (Fig. 3a), yet larger steps
of 13t0 25 A in height (~ 4 to 7 unit cells) running parallel to
the [23 2] direction can aso be observed on other images (Fig.
3b, black arrow), and may be interpreted as nm-sized {1011}
microfacets. o,,,,s Values obtained from analysis of several areas
with sizes from 1X1 to 4X4 um typicaly ranged between 5
and 11 A. This range compares well with the roughness value
(~ 12 A) derived from a 4x4 um AFM image of the (001)
cleavage surface of a gem-quality orthoclase from Itrongay,
Madagascar (Fenter et al., 2000b). In an effort to evaluate the
contribution to o, of the small “bumps” that can be seen on
the images (presumably originating from surface particles that
survived the cleaning procedure), roughness was remeasured
after masking these “bumps’ from the analysis. This procedure
resulted in a diminution of measured o,,,, to 66% of the initial
values, suggesting that remaining “dust” particles can signifi-
cantly contribute to the surface roughness measured by AFM.
The residual roughness results only from the presence of steps,
and is qualitatively different from the atomic roughness of
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Natural quartz(1010)

Natural quartz(1011)

-
“

>, _[001]

*

:" [011]

Natural quartz(1010)

Annealed quartz(1011)

Fig. 3. TMAFM images of regions (4 um by 4 um) of quartz (1011) and (1010) surfaces. (a, b) Natural (1011) surface.
(c) Annealed (1011) surface. (d, €) Natural (1010) surfaces. (f) Annealed (1010) surface. Image 3e was rotated by 90° to
visually align in the figure all equivaent steps observed on (1010) surfaces. The vertical band near the central part of the

image resulted from a temporary loss of contact between the AFM tip and the sample.
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fused silica surfaces that is caused by the dispersion in height
of structurally similar silica groups (Simpson et a., 1999).

Flat terraces with widths of 0.1 to 1 um and separated by
unit-cell high and higher steps can aso be observed on an-
nealed (1011) surfaces (Fig. 3c); however, no extended (>4x4
wm) areas with only unit-cell high steps were observed. Be-
cause AFM images sample only a small fraction (few um?) of
the surface area, it is not possible to say that such extended
areas were absent. o, vaues (uncorrected for dust) for the
annealed sample ranged from 10 to 18 A.

Natural and annealed (1010) surfaces of quartz display steps
delimiting flat terraces of typical width ranging between 0.2
and as much as 4.3 um (Fig. 3d-f). Step heights are integer
multiples of ~ 4.4 = 0.4 A, which, compared to the cell
spacing normal to the (1010) plane (d030 = 4.2515 A), is
evidence for the presence of only one type of surface termina-
tion on the imaged samples. Severa straight steps are visible on
the natural surface (Fig. 3d), and were also observed on the
annealed surface (not shown). They follow [001] and [011]
directions, corresponding to the intersections between (1010)
and (0110) planes, and between (1010) and (0111) planes,
respectively. Sinuous steps approximately parallel to [011] can
also be observed on natural surfaces (Fig. 3e), and are till
present after annealing (Fig. 3f). Natural and annealed (1010)
surfaces have comparable surface roughness (3 < o, = 7 A
and 3 = 0, = 6 A, respectively; uncorrected for dust). In
summary, AFM images indicate that both natural and annealed
(1011) and (1010) surfaces of quartz display structural features
(unit-cell high steps and broad terraces) suggesting the persis-
tence of quartz structural organization at the surface termina-
tions. Identity of the quartz surface structure and quantitative
data on the surface relaxation are obtained below by X-ray
reflectivity.

4.2. X-ray Reflectivity Data

Typical rocking-curve scans obtained at selected Q valueson
the annealed (1010) face (Fig. 4) display narrow pesks over a
linear background. Peak widths were determined by fitting a
Gaussian peak shape and a linear background to the rocking-
curve data. All peaks have a similar resolution-limited width at
al Q values of Aw = 0.015°, athough the reflected amplitude
spans several orders of magnitude. The presence of this signif-
icant X-ray reflectivity over abroad range of Q values, coupled
with the absence of diffuse scattering near the specular direc-
tion (e.g., broadening of the rocking-curve peak, or presence of
“tails”) confirms that the quartz-water interfaces in the present
study are molecularly flat. Comparable observations were made
for the (1011) surface, indicating that (1011) quartz-water
interfaces are also molecularly flat. Because the rocking curve
shapes are not well-described by a Gaussian shape over the
range of angles studied (e.g., see therocking curve at Q = 1.58
A~%in Fig. 4), we used a numerical integration procedure to
obtain the integrated intensities for each rocking curve, as
described above.

Reflectivity data for annealed and natural (1011) and (1001)
surfaces of quartz follow the trend expected for crystal trunca-
tion rods (CTRs; Robinson, 1986), with large reflectivity close
to the Bragg peaks, and small, at times < 107 °, reflectivity
between the Bragg peaks (Fig. 5). The reflectivity at the Bragg
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Fig. 4. Individual rocking curves and Gaussian fits for selected
vaues of Q for the annealed (1010) surface. All peaks display similar
resolution-limited widths within the statistical uncertainty of the data,
although the reflectivity spans several orders of magnitude.

peak positions Qo7; = 1.88 A~ and Q,p50 = 1.46 A1,
corresponds to Bragg plane spacings of d,;, = 3.3418 A and
dyo10 = 4.2515 A, respectively. Reflectivity data for annealed
and natural (1011) surfaces have similar shapes, with reflectiv-
ity minimalocated at Q = 1.0 and 2.9 A~ However, modest
but significant differences between CTRs are observed in the
relative variationsin amplitude away from the Bragg peaks. For
example, the reflectivity for the annealed (1011) surface
[(1011),,] & Q ~ 1 and 2.9 A~ * is lower than that for both
natural surfaces [(1011),,,, and (1011), ., Fig. 5a]. The rela
tive symmetric decrease of the midzone intensity (e.g., near ~1
and 3 A %) suggests that this amplitude difference results from
greater surface roughness for (1011),,,. While the CTRs for
annealed [(1010),,,.] and natural [(1010),..] (1010) surfaces
retain approximately the same shapes, slight amplitude differ-
ences can aso be noted between these data, eg., at Q = 1.0,
and 3.75 A~ (Fig. 5b). In contrast, the CTR for (1010), ., iS
distinctive and shows substantial amplitude decreases near Q =
0.8,2.0and 3.5 AL, In summary, except for (1010),,,, CTRs
for annealed and natural surfaces of the same orientations have
mostly comparable shapes, albeit with some minor variationsin
amplitude. How these observations are related to the surface
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terminations and structural properties of the mineral-water in-
terfaces is examined next.

4.2.1. Reflectivity of the (1011) quartz-water interface

A model surface termination for the (1011) face was ob-
tained by breaking bonds parallé to the (1011) plane (Fig. 6a)
and then filling Si dangling bonds with oxygens. Using the
notation of Figure 6a, the surface termination that yielded the
preliminary best fit to the reflectivity data was obtained by
breaking the bonds between Og and Si,, and between O and
Si,. Note that this termination coincides with the minimum
number of truncated bonds per unit cell, as other surface
terminations would cleave at |least three Si-O bonds. Also, each
surface silicon atom hinds to three oxygens from other silicon
tetrahedra (3c groups), as surmised by Gratz and Bird (19933).
Further modeling of the reflectivity data was performed by
relaxing the position of S and O atoms located near the
interface. As Q. = 4.2 A1 for (1011) surfaces, the resolu-
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Fig. 6. (8) Atomic structure of quartz projected along the a, direc-
tion, and (1011) termination plane minimizing the number of truncated
oxygens. (b) Laterally-averaged electron density profile parallel to the
(1011) plane at a resolution of 27/4.2 ~ 1.5 A.

tion of the reflectivity data equals 1.5 A, which causes the
electronic contributions from individual atomic layers to over-
lap, asisthe case e.q., for Si; 5 and O,_, (Fig. 6b). Therefore,
individual relaxation parameters for these atoms should be
considered cautiously. In contrast, electron density maxima
from Og and O4 are well resolved, and relaxation parameters
for these are more reliable. Additionally, the number of inde-
pendent data points limits the number of fitting parameters that
can be reasonably applied to fitting the data. To account for
these limitations, only the relaxation parameters for Si were
allowed to vary independently, while those for oxygens ligated
to two Si atoms were constrained to
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80(i) = [8Si(i) + 8Sis(i)]/2; (6a)
80(i) = [8Si(i) + 8Sis(i)]/2; (6b)
804(i) = [8Si(i) + 8Sis(i)]/2; (6¢)
804(i) = [8Siy(i) + 8Si(1)]/2; (6d)

80(i) = [8Siy(i) + 8Siy(i — 1)]/2; (6¢)

80(i) = [8Sia(i) + 8Si(i — 1)]/2; (6)

where, for example, 60,(i) is the vertical displacement of the
O, atom in the i™ unit cell layer, and i = 1 for the outermost
unit cell layer. Og(1) and Og(1) at the quartz surface are bonded
to only one Si each (Si,(1) and Siz(1), respectively), and they
are presumably hydroxylated; therefore, their relaxations were
fitted independently. In the following presentation, the an-
nealed surface is considered first.

The above parameterization allowed a good model fit of the
(1011),,,, CTR (Fig. 7a,b), with x* = 2.50. Relaxation occurred
to adepth of four unit cells (13.4 A), and involved 10 structural
parameters, yielding a ratio of number of independent data
points to parameters (including those for adsorbed and bulk
water structure and surface roughness) equal to 61/20 ~3.05.
This ratio is at the low end of values for which relaxation
profiles near the surface can be uniquely determined from the
data set. Allowing structural relaxation below 13.4 A resulted
in insignificant relaxation values, thereby unnecessarily in-
creasing the number of fitted parameters.

The best fit included the contribution of Og(1) and Og(1)
oxygens, resulting in a well-resolved peak in the electron
density profile (Fig. 7¢). Attempts to remove either of these
surface oxygens resulted in a poorer quality of fit. This con-
firms the presence of surface oxygens, which presumably are
hydroxylated. Another significant feature of the best-fit model
for the (1011),,,, surface is the small (== 0.1 A) relaxation
occurring in the solid, except for the most external Si and the
surface oxygens, which relax toward the solution and the sur-
face, respectively (Fig. 7d). Within uncertainties, the distances
measured between Si,(1) and Og(1) planes (1.1 + 0.2 A), and
between Si (1) and O4(1) planes (1.2 = 0.3 A) are equal to or
dlightly lower than the same distances measured for equivalent
atomic positions in the bulk structure (1.2950 and 1.5968 A,
respectively; Table 2). Decreased distances might result from
several distortion mechanisms such astilting of the Si-O bonds
toward the surface, or formation of hydrogen bridges between
silanol H and water oxygen, resulting in weaker O-H interac-
tions and stronger Si-O interactions, ultimately shortening Si-O
distances.

An adsorbed layer of water is consistent with measured
electron density profiles and consists of 1.8 = 0.15 molecules/
33.80 A% a 2.8 = 0.2 A beyond Siy(1), that is, 1.6 = 0.2 A
beyond the surface hydroxyl groups. This distance is greater
than the Debye-Waller parameter for water u,,, = 0.72 A, a
measure of the root mean-square height distribution of water,
implying that most adsorbed water remains mainly as a sepa-
rate layer above the surface oxygens. Thisis consistent with the
presence of some free volume at the quartz surface. Two silanol
groups with an effective two-dimensional cross-section of
~ 10.6 A2 each are present/33.80 A2, leaving ~ 35% of the
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layer, respectively. (d) Relaxation parameters as a function of the unit
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silica network directly exposed to the solution. No oscillations
in the electron density profile of water could be observed
beyond this adsorbed layer, ruling out structural layering of
water in the solution at the resolution of the data. Finally, the
surface roughness, as calculated from the B parameter, equals
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Table 2. Reflectivity-derived structural parameters for the quartz (1011) water interface. All distances are measured perpendicular to the reflection

plane.

Sample  Roughness (A) d, Si,-O2 (A) d,SisO (A) d,Siz-W1°(A) d,0sW1(A) d,0sW2¢ (A) N,,°(3380A° Y u, A) ¥

(1011),, 30x02 11*02 12+03
(1011),,, 1805 10507  127+07
(1011),,, 18=06 1.0 = 0.4 11+ 04

28*02
29+ 05
25*03

16+ 0.2 32+05 1.8+ 0.15 0.72" 250
16+ 11 32x18 23+05 072" 1.36
17+ 06 23+12 20+ 04 072" 248

aBulk structural value 1.2950 A.
> Bulk structural value 1.5968 A.

¢ Distance between the Si;(1) layer and the first layer of adsorbed water (W1).
d Distance between the Og(1) layer and W2, the water layer directly above W1.

€ Surface occupancy of water in the W1 layer.

fu,, values are sometimes poorly constrained. Here, they were fixed during the fitting procedure.

3.0 = 0.2 A, which is dightly lower than o, values from
AFM (5 = 0, = 11 A). Keeping in mind that our AFM
measurements overestimate the surface roughness because of
the presence of “dust,” the fair agreement between surface
roughness measured by AFM and reflectivity suggests that
most of the structural roughness on annealed (1011) is present
at a scale accessible to AFM, e.g., in the form of unit-cell high
steps.

The similarities between the CTRs for annealed and natural
(1011) surfaces of quartz suggested that comparable relaxation
models should apply to both surfaces. Indeed, good fits were
obtained for (1011),., (kept in water for 10 months before
reflectivity measurements) and (1011),..» (x* = 1.36 and 2.48,
respectively; Fig. 8ab) with insignificantly different electron
density profiles (Fig. 8c) and structural parameters for the
minera-water interface (Fig. 8d and Table 2) that compare
fairly well with those obtained for (1011),,, The amount of
water in the adsorbed layer also compares fairly well with that
observed on (1011),,,,. This similarity allows us to place con-
fidence in the model parameters, although the ratio of indepen-
dent data points to model parameters (33/19 ~ 1.74 and 38/17
~2.24 for (1011), 4, and (1011),., respectively) is clearly
lower than appropriate for unique determination of the relax-
ation profile. Note that the number of parameters was lower for
the natural surface because the modeled relaxation of Si; in
layer 4 was negligible: therefore, Si,(4) was fixed at its bulk
crystallographic position. The difference in the number of data
points resulted in part from the higher number of data points
collected at low Q for (1011),, (Fig. 8a), and in part from the
greater density of data points per Bragg zone for (1011),,,
compared to the natural surfaces (Fig. 7a and 8a). The similar
relaxation patterns observed for the natural and annealed sur-
faces indicate that the (1011) surface has not undergone exten-
sive structural modifications upon annealing. Roughness values
for (1011), 4, (1.8 + 0.5 A) and (1011), 4, (1.8 + 0.6 A) are
dightly lower than that for (1011),,, (3.0 = 0.2 A), and dso
lower than o, values measured from AFM images for
(1011),,, (10 < 0, = 18 A). Thisimplies that storage of the
(1011),., sample in water for 10 months had no significant
effect on the roughness, structure, or termination of the quartz
surface. The differences in height and occupation of the ad-
sorbed water layer for the two natural and one annealed sur-
faces are within the derived error of each other.

4.2.2. Reflectivity of the (1010) quartz-water interface

Two distinct surface terminations may be obtained theoret-
ically by bresking the same number of bonds at the (1011)
quartz surface, and then filling Si dangling bonds with oxygens
(Fig. 98). Termination « is obtained by truncating O,-Si,, and
O,-Si; bonds; Si, atoms are therefore exposed at the surface
and form only two crystal bonds with bulk silicon tetrahedra
(2c groups). Termination B3 results from cleavage of O.-Si, and
O;-Si, bonds; Siy, and Si. are exposed at the surface and each
forms 3c groups. To identify the (1010) surface termination
from our data, model reflectivities for unrelaxed, hydroxylated
terminations « and B capped by a water layer were calculated,
and compared to the (1010),,, CTR. The sensitivity to crystal
termination is often found at small Q and especialy near the
first Bragg peak position (Fenter et al., 2000b). However,
Figure 10 a showsthat CTRs calculated for terminations « and
B aresimilar for Q < 3 A~ and differ in intensity only at large
Q, eg., a 3.75 and 5 A~. The similarity of these calculations
for Q < 3A~tinthiscaseistheresult of aparticular symmetry
of electron density normal to the surface in which the Si,
position is exactly halfway between the Si,, . layers. Therefore,
the calculated X-ray reflectivities of these two surface termi-
nations are indistinguishable at small Q. However, there are
differences in the calculated reflectivities at large Q if we
assume that all silicon atoms are fully coordinated with oxygen
atoms. The recalculated reflectivity for termination « clearly
underestimates the data at high Q, as confirmed by x* = 57.15,
whereas that calculated for termination 8 matches the overall
CTR shape, an agreement supported by x* = 6.19.

To further refine the model for termination B, Si and O atoms
were relaxed with respect to their bulk positions. Because of the
high resolution, it is possible to determine the relaxation for
individual oxygen layers. To reduce the number of fitting
parameters, the positions of silicon atoms were correlated to
those of relaxed oxygens. Relaxation parameters for Si are thus

8Si,(i) = [804(i) + 804(i) + 8O + 1) + 80, + 1)]/4,
(73)

8Siy(i) = [60,(i) + 80(i) + 804(i) + 80i)]/4, (7b)
8Sic(i) = [804(i) + 8O(i) + 804(i) + 80:()]/4,  (7c)

where for example, 8Si (i) is the vertical displacement of the
Si_ atominthei™ unit cell layer and i = 1 for the most external
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unit cell. Relaxation for (1010),,,, occurred over two unit cell
layers, or a total depth of 8.5 A. A good fit (x*> = 1.32; Fig.
10a,b) was obtained with aratio of number of independent data
points to fitting parameters equal to 120/21 = 5.7. Therefore,
the best-fit results are expected to reflect the true structure of
(1010),,,..
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Fig. 9. (a) Atomic structure of quartz projected along the a, direc-
tion. Termination planes « and B minimizing the number of truncated
oxygen bonds are also shown. (b) Laterally-averaged electron density
profile at a resolution of 27/6.2 ~ 1.0 A.

As for (1011) quartz surfaces, oxygens from (presumably)
silanol groups are present at the (1010) quartz surface and
account for apeak in the electron density profile (Fig. 10c). The
distance between Si (1) and O(1) layers (1.36 + 0.05 A)
compares with that observed in the solid (1.3758 A), while that
between Si (1) and O(1) layers (1.25 = 0.04 A) is dightly
greater than that observed in the bulk structure (1.1186 A;
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Table 3). This increase in distance might result from a distor-
tion mechanism such as tilting of the Si-O bonds. Other sig-
nificant features of the best-fit model include the small (<0.1
A) relaxation in the solid, except for O4(1) and O4(1). The first
layer of water contains 1.6 = 0.15 molecules per A;qio (A1010

= 26.57 A?) at 3.2 = 0.1 A beyond Si (1) that is, 1.83 + 0.08
A beyond the surface hydroxyl groups (Uy,, = 0.5 + 0.7 A).
Both the surface coverage and the distance between the ad-
sorbed water molecules and the externa silanol groups agree
with our mode! of the quartz (1011) surface. Finally, the X-ray
reflectivity surface roughness (3.3 + 0.2 A) compares remark-
ably well with o, values obtained by AFM (3 < 0,,,. =< 6 A),
indicating a molecularly flat quartz surface.

The resemblance of the CTR shapes for (1010),,, and
(1010),,.,, suggests that the same relaxation model can be used
for both surfaces. To further compare relaxation profiles, the
parameterization used for (1010),,, relaxation was applied to
(1010),,4.», athough the resolution islower in the latter case. To
decrease the degrees of freedom of the fit, relaxation was
limited to the externa unit cell layer. An excellent fit was
obtained (x® = 1.06; Fig. 11a,b), but the ratio of independent
data points to fitting parameters equals 44/16 = 2.75, which is
minimal and indicates that the best-fit model might not
uniquely represent the data. Keeping this limitation in mind,
electron density profiles for (1010),,,, and (1010),,,, compare
well (Fig. 10c and 11c), and similar atom relaxations are
observed for the most external layers (Fig. 10d and 11d).
Within uncertainty, the distance parameters for O(1) and
O(1), as well as for adsorbed water, equal those obtained for
(1010),,,, (Table 3), again pointing to similar surface structures.
However, the fitted number of adsorbed water molecules per
A0 is Slightly lower for the natural sample (1.2 = 0.15; Uy,
= 0.5 + 0.2 A) than for the annealed one (1.6 + 0.15). Finally,
the reflectivity-derived surface roughness for this natural sam-
ple (2.7 = 0.3 A) is at the lower end of o, values derived
from the AFM analysis (3 = o, = 7 A). In conclusion,
athough some structural parameters for (1010),,, and
(1010),.» differ in detail, best-fit results for both surfaces are
similar, indicating that annealing does not significantly affect
the structure of this interface.

The CTR for (1010), ., differs markedly from that of
(1010),,,, and (1010, (Fig. 5b). Also, neither of the surface
terminations « or B aone can fully account for the overall
shape of the CTR, especially for the minimanear Q = 0.8, 2.0,
35 and 4.7 A~ Qualitatively, the strong decrease of the
reflectivity indicates the presence of a layer that has approxi-
mately half the density of thelayersin the substrate. Since these
minima are systematically shifted to smaller Q with respect to
the center of each midzone, this surface layer should have a
height that is modestly larger than the substrate lattice spacing.
With this in mind, the CTR shape may be explained by the
coexistence of both terminations « and g at the (1010) surface.
With this assumption, a good fit (x* = 1.54) was obtained by
assuming a coherent sum of 33 +3% of termination « and 67
+3% of termination B (Fig. 12a,b). Note, however, that the
distance between Si, (1) and O4(1) layers (1.35 + 0.08 A) is
larger than the equivalent distances measured in the bulk struc-
ture (1.1186 A), while that measured between Si (1) and O; (1)
layers equals the bulk unrelaxed distance within uncertainty
(147 + 0.13 and 1.3758 A, respectively; Table 3). Interest-
ingly, the distances between Si (1) and O, (1) and O (1) layers
(058 + 0.4 and 1.20 = 0.06 A, respectively) match the
distances measured between equivaent atomsin the bulk struc-
ture (0.6211 and 1.1360 A, respectively). Also, the total ad-
sorbed water, summed on terminations « and 3, amountsto 2.8



Table 3. Reflectivity-derived structural parameters for the quartz (1010) water interface. All distances are measured perpendicular to the reflection plane..

d, Si,-02 d,Si-0° d,Si-wi1 d,0-wi1°® d,0-w2¢ d Si;0r° d,Si-0f d,0-Wi1° d O W29 Ny,,"

Sample  Roughness (A) A) A A) A) A) A) A) (A) A) (2657 A7) u,, () X
(1010) 4, 33+02 125+004 136+005 32+01 1.83+008 50=+03 16+015 05*07 132
(101011 36+03 135+008 147+013 26+02 12+02 42+04 058+004 120+006 24+04 56+04 28+04 0701 154
(1010), 2 27+03 120+ 011 144+017 34+02 19+02 47+05 12+015 05*02 1.06

aBulk structural value 1.1186 A.

b Bulk structural value 1.3758 A.

¢ Distance between the surface oxygens and the first layer of adsorbed water (W1).
9 Distance between the O;(1) layer and W2, the layer of water directly above W1.

©Bulk structural value 0.6211 A.

" Bulk structural value 1.1360 A.

9 Distance between the O,(1) layer and W2, the layer of water directly above W1.
h Surface occupancy of water in the W1 layer.
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+ 0.4 molecules/26.57 A2 located at 2.4 + 0.4 and 1.2 + 0.2
A beyond the hydroxy! groups of terminations « and . Finally,
while a reasonable electron density profile is obtained (Fig.
12c¢), rather high outward relaxation values are obtained for the
most external oxygens (Fig. 12d), consistent with the qualita-
tive assessment above. The surface roughness value obtained
from the best fit (3.6 = 0.3 A) compares well with values
obtained on (1010),,, and (1010),.,».
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Fig. 12. Best fit results for X-ray reflectivity data obtained for the
(1010),,, natural surface. (a) Reflectivity data R(Q) and best fit. (b)
Normalized reflectivity data R(Q)[Qsin(Qd1¢/2)]° and best fit. (c)
Laterally-averaged electron density profile; O¢(1) indicates the O
atom in the surface layer. (d) Relaxation parameters as afunction of the
unit cell layer. Positive and negative relaxations are toward the solution
and the bulk crystal, respectively.

5. DISCUSSION

5.1. Impact of Annealing on the Structure of (1010) and
(1011) Surfaces

X-ray reflectivity data collected on natural (1010) and (1011)
growth surfaces of quartz are consistent with minor relaxation
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of the mineral structure at the solid-water interface. No evi-
dence for the presence of highly disturbed or amorphous silica
layers was obtained, and extensive coverage of the quartz
surface by such a coating can be ruled out. Indeed, care was
taken in the present study to preserve the surface structure of
the natural quartz samples, except for annealing. Severe che-
momechanical treatment of the surfaces was avoided, because
these preparation methods are known to result in fracturing and
amorphization over a depth of severa nm (Gratz et a., 1990;
Noge et al., 1997). Furthermore, little or no structural differ-
ence was observed between annealed and natural surfaces of
the same orientations, as surface 3c groups predominate in all
but the (1010),,, sample. This result agrees with previous
LEED observations of the absence of reconstruction for quartz
surfaces either chemically etched in HF or annealed at temper-
atures = 500°C (Bart et a., 1992) and with the predicted
predominance of 3c groups on (1010) surfaces (Koretsky et al.,
1997). Indeed, extended surface reconstruction was proposed to
occur only above 571°C, that is, the temperature of the quartz
a <> quartz B transition (Bart and Gautier, 1994). Reflectivity
observations do not preclude possible healing of point or linear
defects, as X-ray reflectivity is affected only by laterally-
averaged electron density.

The predominance of surface 3c groups over 2c groups
suggests that surface groups with a lower number of crystal
bonds dissolve (or are incorporated at growth steps) more
rapidly, as predicted previously from theoretical considerations
(Lasaga, 1990; Gratz et al., 1991; Gratz and Bird, 1993b).
Because of this greater reactivity, stable crystal surfaces such as
(1010) and (1011) quartz faces should expose a minimal num-
ber of 2c groups, mostly at steps or as diffusion intermediates
(adatoms) bonded to 3c groups (Gratz and Bird, 1993a). Our
observations seem to confirm this assumption, except for the
X-ray reflectivity results of (1010),, Which suggest that 2c
groups cover 33% of the surface (assuming the absence of a
contaminant molecule). While we cannot determine uniquely
that this particular surface has a different termination, we can
place constraints on this interpretation. For example, only steps
of unit-cell height were observed on AFM images of (1010),41,
suggesting that only one surface termination was present on
this sample. This is fully consistent with the lack of any
systematic broadening of the rocking curve widths (e.g., Fig. 4)
as a function of Q (not shown) beyond our experimental reso-
lution. Because broadening of the rocking curve as a function
of Q is sensitive to both the lateral step spacing and the step
height (Fenter et al., 2001), our results imply that the typical
surface domain size, as measured by X-ray reflectivity, islarge
with respect to the lateral resolution, consistent with the broad
flat terraces visible in the AFM imagesin Fig. 3. Therefore, the
strong changes in X-ray reflectivity for the (1010),,,, sample
must be interpreted as a uniform termination of the surface,
since multiple terminations having lateral domain sizes beyond
the instrumental resolution would add incoherently and not
produce the strong decrease in reflectivity observed for this
surface. The simplest explanation for this observation isthat the
(1010),,, surface contained a partial layer of 2c groups ran-
domly distributed over 33% of the underlying B-terminated
layer. Since we have not made any direct measurements of the
elemental composition of the surface, we cannot rule out the
possibility that this layer is due to the adsorption of some

Fig. 13. Possible structure of (1010),,, surface explaining X-ray
reflectivity and AFM data. About 33% of the surface is covered by
silica forming two crystal bonds with two other bulk tetrahedral units
(2c groups); the remaining surface contains silica groups forming three
crystal bonds (3c groups). The arc R visualizes the curvature of the
AFM tip of nominal radius ~ 10 nm.

“contaminant.” However, given the high uniformity that we
have observed with the other growth surfaces, this appears
unlikely. This distribution of surface groups would be seen by
AFM as one termination with asmall-scale roughness (Fig. 13).

5.2. Step Structure and Implications for Dissolution
Reactions

Flat surfaces are believed to dissolve or grow mostly by
subtraction or addition of growth units at steps (Burton et a.,
1951). In this model, the mechanisms of dissolution and
growth, and the possible incorporation of impurities, depend
strongly on the structure and reactivity of the steps. AFM
images and X-ray reflectivity data can provide some useful
insight on this structure. AFM images reveded that steps on
(1011) and (1010) surfaces have orientations corresponding to
intersections between major growth planes, e.g., [232] orienta-
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Step position —

Step position —»3

Cq

Fig. 14. Possible step structures on (1011) and (1010) surfaces. Silanol groups of the lower levels are represented as grey
spheres, and those of the upper level aswhite spheres. (a) [23 2] steps on (1011) surfaces. (b) [001] steps on (1010) surfaces.

tions for (1011) surfaces, and [011] and [001] for (1010)
surfaces. Knowing the step orientations from AFM and the
structure of terraces from X-ray reflectivity, the step atomic
structure may be modeled by intersecting the unit-cell high
terraces with vertical planes. Figure 14a shows that only sur-
face Si, form 2c groups at the [232] edges of (1011) surfaces.
Reconstitution of the [001] steps on (1010) faces also points to

astable framework, as al Si, are fully coordinated to structural
silicatetrahedral, while Si,, and Si; groups expose only one and
two free Si-O bonds, respectively (Fig. 14b). It is possible that
step-exposed and terrace-exposed Si may not differ too muchin
terms of stability, and the possible presence of step-exposed 3¢
groups has to be taken into account for reliable estimation of
dissolution/growth sites on quartz.
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5.3. Surface Structure of Water

A layer of adsorbed water is consistent with electron density
profiles on al probed surfaces. This layer is presumably re-
tained at the surface via hydrogen bridges between silanol
groups and oxygens of water molecules, and therefore is
thought to be structured surface water. Etzler and Fagundus
(1987) postulated that interfacial structuring of water would
result in a decrease of the water density close to the silica
surface. They modeled this decrease from a series of measure-
ments on silica gels with decreasing pore size, and their model
suggests that the density of water at ~1.7 A from the surface
should equal 0.93 times that of bulk water. Assuming avolume
of ~30.3 A® per molecule for bulk water, the adsorbed water
layer is expected to contain either 2.8 molecules/26.57 A2 for
(1010) surfaces, or 3.5 molecules/33.80 A2 for (1011) surfaces.
For al but sample (1010), ..., the experimental water density is
equal to or lower than these predicted values, confirming the
hypothesis of Ezler and Fagundus (1987). We find that the
number of adsorbed water molecules is consistent with the
number of silanol groups per unit cell (excepting the (1010),,41
sample), suggesting that the driving force for the formation of
this layer is likely the hydrogen bonding of these water mole-
cules to surface silanol groups. These observations agree with
those of previous studies of the calcite and barite surfaces
(Fenter et al., 2000a; 2001) in which the number of adsorbed
water molecules corresponded to the number of reactive sites
on the mineral surface, and as found here, was substantially
lower than the corresponding density of a densely packed layer
of water molecules. However, the amount of adsorbed water in
the first layer for (1010), ., (2.8 = 0.4 molecules/26.57 A?) is
equal to the layer density of bulk water (~ 2.8 water/26.57 A?),
and the fit becomes worse if the density of water is decreased.
The amount of adsorbed water is also on average twice as high
asthat on the (1010), . and (1010),,,, surfaces. This suggests that
adsorbed water is somewhat more disordered at the (1010),.,,
surface, in agreement with a surface model of terraces contain-
ing isolated silicon groups that are randomly distributed.

Structural organization of water on atomicaly flat surfaces
may be expected to result in oscillations of water density within
the interfacial solution through the so-called “hard-wall” effect
(Cheng et al., 2001). Based on ab initio calculations, such
density oscillations may be present at the quartz-water interface
(Lasaga, 1990). In contrast, electrostatic considerations indicate
that little or no water structuring occurs at the quartz surface
(Sverjensky, 2001). Sum-frequency generation (SFG) studies
of water-“fused quartz” (i.e., pyrolyzed silica) surfaces pointed
to an absence of orientational ordering of water at near-neutral
pH (Du et a., 1994). Our observation of only one layer of
structurally modified water directly in contact with the surface
agrees with the SFG results. This absence of extensive struc-
turing at near-neutral pH was explained by competing effects of
hydrogen bridging and net negative surface charge on the
orientation of the water dipole (Du et al., 1994). This compe-
tition would lead to structural disorder in bulk water near the
interface, which is consistent with our results.

5.4. Comparison of Smooth and Rough Quartz Surfaces

Because of their nearly “perfect” nature, and the precautions
taken to avoid preparation artifacts, the Herkimer diamond

surfaces may differ from ground quartz powder commonly
used in solution chemistry studies. Quartz grains in surficial
environments can expose surfaces without obvious crystallo-
graphic orientations (Gratz and Bird, 1993a; Koretsky et al.,
1998; Schulz and White, 1999). Yet, Bloss and Gibbs (1963)
showed that conchoidally fractured surfaces are composed of
submicroscopic combinations of preferred cleavage planes,
eg. {1011}, {0111}, {1122}, and less pronounced cleavages
on {0001}, {1121}, {5161} and {1010}. Exposed silica groups
on these irregular surfaces should have various humbers of
crystal bonds with bulk silica groups, and consequently varying
degrees of reactivity in solution (Gratz et al., 1991; Gratz and
Bird, 1993b). In contrast, most surface silica groups on basal
terraces of {1010} and {1011} crystal faces are 3c groups, and
therefore would have relatively low reactivity. However, Gratz
and Bird (1993b) demonstrated that the same rate law could be
applied to describe the dissolution properties of quartz powder
and crystal faces by adjusting only one proportionality con-
stant. This observation suggests that similar energetics govern
the dissolution reactions in both cases, and therefore our con-
clusions obtained on “perfect” crystal faces may apply as well
to other quartz surfaces.

5.5. Influence of Trace Components on the Modeled
Interface Structure

Modeling of the interface structure was performed assuming
that the interface was composed dominantly of bulk and surface
silicon and oxygen atoms in the solid quartz and water in the
solution. The presence of trace elements in the bulk quartz or
low concentrations of other dissolved components in the water
would not have altered the laterally-averaged electron densities
of layers parallel to the interface within the uncertainty of the
model fits. However, the possible occurrence of two additional
solution components should be discussed in more detail. The
first is dissolved silicawhich, if present in high concentrations,
may adsorb as an incomplete monolayer on the quartz surface
(Holt and King, 1955). All quartz surfaces stored in water and
then analyzed by AFM or X-ray reflectivity were washed
extensively with deionized SIO,-free water before the measure-
ment. Adsorbed silica desorbs in SiO,-free basic or near-
neutral solutions within hours (Holt and King, 1955), and
therefore the quartz surfaces were probably free of adsorbed
silica. The second type of solute includes the organic solvents
methanol and acetone. Only high-purity solvents were used to
clean the quartz surfaces, and the final cleaning step was always
in deionized water in the ultrasonicator, which would have
solubilized and removed the majority of the organic molecules
(Goss, 1992). Some of the “dust” observed in AFM images
may be organic residues. However this “dust” was not exten-
sive enough to mask unit-cell-high steps in the images and
effectively could be ignored in modeling the reflectivity data.

6. CONCLUSIONS

Structural and morphologic characterization of natural quartz
growth faces was performed by AFM and X-ray reflectivity
with minimal preparation of the surfaces. Results indicate that
little or no amorphous silica is present, the surface is likely
fully hydroxylated, and only minor relaxations (< 0.4 A) have
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occurred close to the surface (=14 A). They further indicate
that no structuring of the near-surface water is observed beyond
the first layer of adsorbed water molecules. Finally, most sur-
face silicon tetrahedra form three bonds with the bulk tetrahe-
dral units, thereby reducing the steric freedom and chemical
reactivity of surface silica groups.

X-ray reflectivity measurements demonstrate that rigorous
structural models for surfaces can be constructed to support
molecular mechanisms for mineral dissolution and growth.
Such knowledge should be useful for understanding the mech-
anism of impurity incorporation during quartz growth, whichis
important for economic production of high-quality crystals for
piezoelectric and oscillator applications. Structura models of
nearly-perfect surfaces and experiments performed on such
surfaces may also help understand the reactivity of powdered
quartz in experimental studies and of fine-grained weathered
quartz in natural systems.
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