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Abstract

The atomic-scale structure of Zn?* incorporated at the CaCO; (1014) surface by adsorption from solution was determined by

X-ray standing wave triangulation and surface extended X-ray absorption fine structure spectroscopy. At low coverage (approximately
0.1 ML), Zn?* substitutes for Ca®>* in the surface layer. Structural relaxation of the adjacent in-plane CO3~ ions in the host surface
is shown by the reduced nearest-neighbor distance of Zn-O relative to Ca—O. Relaxation of the Zn?* ion in the out-of-plane
direction is shown by the displacement of its lattice position from the ideal Ca®* position. These relaxations, resulting in a local
lattice buckling feature at the Zn>* adsorption site, can be fully explained as the combined effect of the electrostatic relaxation of
the nearest-neighbor anions in response to the smaller size of Zn?*, and the bonding asymmetry due to surface truncation. © 1998
Published by Elsevier Science B.V. All rights reserved.
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The buckled lattice structure observed in a mixed
ionic crystal [1,2] reveals the cooperative charac-
teristics of ionic bonding. Despite the differences
in size of the mixing ions, the crystal nonetheless
maintains an average long-range lattice order. The
geometric flexibility for bonding among ions of
different sizes is attributed to the long-range nature
of the electrostatic potential, which is attractive
among nearest neighbors; the preservation of lat-
tice ordering, on the other hand, is ensured by the
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cut-off to this attractive force imposed by the
strong short-range repulsive potential of the
electron shells. This type of balance between
the attractive and the repulsive forces among near-
est-neighbor ions is presumably also the primary
mechanism that determines the structure of an
impurity ion incorporated at the surface of an
ionic crystal, creating a localized lattice buckling
feature at the impurity adsorption site analogous
to those in the bulk. Unlike the bulk lattice,
however, the surface impurity is not fully coordi-
nated due to the truncation of the crystal; this
may render further structural ordering at the impu-
rity site.
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A precise knowledge of the local lattice structure
of a surface impurity ion is a critical factor in
one’s ability to accurately assess the properties of
the impurity-doped surface, that is, whether the
surface preserves sufficient ordering for further
epitaxial growth into a potentially macroscopic
solid solution phase, or the impurity doping may
passivate or inactivate the surface. These funda-
mental issues have practical significance in many
applied systems. Although there have been numer-
ous studies on ionic surfaces, most have focused
only on adsorption at binary surfaces such as
alkali and alkaline—earth halides and metal oxides,
in the on-top or hollow geometries by isolated
bonding [3]. Little attention has been paid to the
structure of a substitutional impurity ion incorpo-
rated in an ionic surface.

In this report, we present the results of a com-
bined X-ray standing wave (XSW) triangulation
and surface extended X-ray absorption fine struc-
ture (SEXAFS) study on the structure of an
absorbed Zn?* impurity ion on the CaCO,
(1014) surface. The combination of these two
techniques allows us to obtain two complementary
pieces of structural information at the atomic scale.
From XSW triangulation, we obtain the lattice
site of the adsorbate ion with respect to the sub-
strate crystal, and from SEXAFS, we obtain the
local relaxation of the host lattice at the adsorption
site with respect to the impurity ion. The back-
reflection XSW and SEXAFS techniques have
previously been used together to study surface
relaxation [4]; the present work is, to our knowl-
edge, the first to be reported combining the conven-
tional XSW triangulation and SEXAFS.

The calcite (1014) surface used in these experi-
ments is highly ordered. The unit cell parameters
of this surface preserve their bulk values in aqueous
environment and in vacuum, as revealed by atomic
force microscopy [5,6] and low-energy electron
diffraction studies [7], respectively. The out-of-
plane relaxation of the surface is small at the high-
symmetry lattice points according to X-ray scatter-
ing characterization [8]. The Zn?* ion is isovalent
to the host Ca®>" ion, but is substantially smaller
in size (ionic radii: Zn%**, r=0.74 A; Ca2*, r=
0.99 A). This difference in ionic size is expected to
cause structural relaxation at the adsorption site.

Zn?* ions were adsorbed on freshly-cleaved
natural Iceland spar (1014) surfaces from a dilute
([Zn**1=0.63 mM) aqueous solution. The solu-
tion contained an excess of ethylenediaminetet-
raacetic acid (EDTA) to ensure that no separate
Zn solid phase became saturated. After adsorption
in solution, excess solution over the sample surface
was removed by a jet of dry nitrogen gas without
allowing precipitation. The samples were main-
tained in a helium environment during X-ray meas-
urements. We use the term “adsorption” in a
general sense without specifically suggesting the
nature of chemical bonding or the geometry of the
“adsorbate”; these are to be resolved by the analy-
sis of the experimental results.

Both the XSW and the SEXAFS experiments
were carried out at beamline X15A at the National
Synchrotron Light Source. The Bragg-diffraction
XSW technique, which is reviewed in ref. [9], has
previously been applied to studying adsorption of
metal ions on calcite surface [10-12]. The XSW
at the calcite crystal surface, which is generated by
the interference between the incident and Bragg-
diffracted X-ray beams, is shifted inward in the
—[hkil] (or —H) direction by one-half of the d-
spacing during the course of scanning through the
(hkil) reflection. In the present case, this produces
a characteristic modulation in the normalized Zn
Ka yield, which is described as

Y(0)=1+R(0)+2VR(0)fyy cos[v(0)—2nPy]
(D

where R(0) is reflectivity and v(0) is the relative
phase of the standing-wave field. The coherent
position Py is the average Ady/dy position of the
adion, and the coherent fraction f; and Py are the
amplitude and phase, respectively, of the H Fourier
component of the normalized spatial distribution
of the fluorescent adions. In practice, Y(0) is
measured, and f; and Py are obtained as best-fit
parameters through Eq. (1).

The XSW experiments were performed using
the (1014) normal lattice planes, and the (0006)
and (0224) off-normal lattice planes. The incident
X-ray beam was monochromated to 11.0 keV with
a double-crystal monochromator, using Si(111)
for the calcite (1014) and (0006) reflections, and



Si(022) for the (0224) reflection. In each setting,
the first of the two Si monochromator crystals had
a suitable surface miscut to optimize beam collima-
tion. The sample was placed on a four-circle
diffractometer. The reflectivity and fluorescence
signals were simultaneously recorded, respectively,
with a Si photodiode and an energy-dispersive
Si(Li) solid-state detector.

The principles and experimental techniques of
SEXAFS are reviewed in Ref. [13]. The SEXAFS
measurement presented here was taken on the
same sample on which XSW measurements had
been made, using X-rays monochromated with a
symmetric Si(111) double crystal monochromator
over the Zn K-edge, in an energy range of
9.6-10.1 keV. The beam was incident on the
sample surface at a glancing angle of approxi-
mately 10°, so that the o-polarized E-field preferen-
tially sampled bonding that was within the
(1014) lattice plane. Data were collected in the
fluorescence mode with the Si(Li) detector by
monitoring the Zn Ko fluorescence. A thin
Ho,0; foil was used to reduce elastically scattered
signals. The fluorescence emission angle from the
sample surface was controlled by a low-angle slit
placed between the sample and the detector to
enhance surface sensitivity.

The experimentally measured reflectivity R(6)
and Zn?" fluorescence yield Y(0) with respect to
the normal (1014), and the off-normal (0006) and
(0224) lattice planes for a typical sample are
presented in Fig. 1, along with the best-fit curves
based on Eq. (1) to these data. The corresponding
coherent positions Py and coherent fractions fy
obtained from these fits are given in the figure.
This sample had a total Zn** adsorbate coverage
of ©®:=0.10+0.02 ML, as measured against a
calibrated Ga-implanted silicon standard crys-
tal; the coherent coverage was therefore
Oc=f101a XO1r=0.09+0.02 ML. The 0.02ML
uncertainty in coverage was shown by a separate
full XSW scan on a control calcite substrate to be
due to background signals not originating from
the sample surface or substrate. Independently,
chemical analysis of the calcite substrate showed
that it contained less than 3 ppm of Zn as impuri-
ties. For the Zn?*-adsorbed samples, although the
Zn fluorescence signal in principle could have
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Fig. 1. X-ray standing wave triangulation results. X-ray reflec-
tivity R(0) and Zn Ko fluorescence yield Y(0) measured for the
calcite (a) (1014), (b) (0006) and (c) (0224) Bragg reflections.
The solid lines are the best y? fits to the data; the best-fit results
and uncertainties are shown in the figure.
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originated from anywhere within the 14.6 um
extinction depth of the Zn Ka X-ray, careful XSW
experiments on the (1014) reflection with fluores-
cence slit set at various take-off angles (from less
than 1 to a few degrees) from the surface gave
identical results in Py. This indicates that the Zn
signal was from the surface. Furthermore, the best
fits for Y(0) were obtained with the assumption
that the Zn signals were from the surface. The
XSW measurements were replicated on six other
adsorption surfaces prepared with the same
method, but with different adsorption time periods,
ranging from 4 to 20 min. The Py values for all
reacted surfaces remained unchanged within the
range of experimental uncertainty; the average
coherent position for the (1014) reflection over all
samples is 0.87, with a standard deviation of 0.008.
The corresponding average coherent fraction over
these samples is 0.61, with a standard deviation of
0.13. The average total Zn coverage over all
samples is 0.13 ML, with a standard deviation of
0.04 ML. These data suggest that the adsorption
site 1s constant, while the coherent fraction fluctu-
ates slightly due to variations in sample prepara-
tion. The rate of adsorption was apparently fast
relative to the shortest solution exposure time. The
fraction of Zn that is not coherent could represent
disordered, hydrated Zn ions that are physisorbed
to the surface, or Zn associated with adventitious
material. A comparable study of Pb adsorption on
calcite showed no difference between Py values
measured in situ and those measured after remov-
ing the solution from the surface by the procedure
used in this study [11].

SEXAFS data analysis was performed using the
MacXAFS software package [14] according to
standard procedures [15]. After background
subtraction and conversion to k-space, the
k>-weighted experimental EXAFS y(k) function,
shown in Fig. 2a, displays a dominant first-shell
feature that is of the same frequency as the first-
shell component in the ZnCO; standard com-
pound, shown in Fig. 2b. The y(k)k? function was
Fourier transformed into R-space over the range
k=2.81-10.48 A~', with modified Hanning win-
dows of 0.40 A~1, to reduce truncation ripple. The
first-shell contribution of the Fourier-transformed
data from both samples (Zn on calcite, and
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Fig. 2. The y(k)k* Zn K photoelectron experimental EXAFS
spectra for (a) Zn on CaCOj; sample, (b) ZnCOj; standard, and
(c) the Fourier-filtered Zn—O first-shell component of the Zn
on CaCOj data (solid line). Also plotted in (c) is the best fit to
the filtered first-shell data (dashed line).

ZnCO;) was Fourier filtered (R=1.09-2.16 A, and
0.202 A Hanning windows). The Fourier-filtered
data from the Zn-on-calcite sample are shown as
a solid line in Fig. 2c. This data was fit in phase
¢ (k) and amplitude |f(k)| with respect to that for



the ZnCO; standard, according to the equation
1(k)=N\|f(k)| sin[2kR + (k)] exp(—2k*c?).  (2)

The best fitting parameters are obtained by mini-
mizing the normalized 7> value. This value is
defined to be the difference in phase and amplitude
of the filtered data of the experimental and com-
puter-generated data. For the transform range
(2.81-10.48 A‘l) and Fourier filtering range
(1.09-2.16 A) used in this analysis, the maximum
number of fit parameters allowed to vary at one
time is more than five [16]. In addition to an
energy shift variable (AE), three parameters were
allowed to vary while determining the best fit to
the data: the Zn-O radial distance (R), the coordi-
nation number (N), and the mean-square relative
displacements due to static distribution and ther-
mal vibration (¢?). The best-fit values for these
parameters are AE=0.65V, R=2.1140.01 A, N=
3.81+1 and Ae?=0.001340.001 A% The coordi-
nation number value quoted here has been normal-
ized to account for a maximum allowed in-plane
7Zn-O coordination number of 4. The Ac? value
represents a difference relative to the ZnCO; stan-
dard. Additionally, the errors quoted in the best-
fit values for R and Acg” represent an increase in
the %* value from approximately 0.5 to 2 as each
fitting variable was stepped across its best-fit value
while allowing the remaining fit variables to float.
The error quoted for N is estimated [15]. The AE
value never varied by more than 0.15V from the
best-fit value of 0.65 V. The best fit to the Fourier-
filtered data is shown as a dash line in Fig. 2c.
The two-dimensional primitive unit cell for the
(1014) lattice plane in calcite contains two
CaCO; molecules. In the bulk lattice, each of the
two central Ca?* ions is octahedrally coordinated
to six nearest-neighbor oxygen atoms in the six
adjacent CO; groups. Four of six O atoms are on
the same (1014) lattice plane as the central Ca?*
ion, and the remaining two are in the adjacent
(1014) planes. As the (1014) surface is created,
the O atom above the surface plane is removed.
In the following we present a structural inter-
pretation of the XSW and SEXAFS results. First,
by comparing the Zn coherent positions to those
for the Ca and considering the number of nearest-
neighbor coordinated O atoms, we establish that
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Zn** substitutes for Ca?* on the surface lattice
plane. We then describe the local in-plane relax-
ation of the surrounding O atoms by considering
the first nearest-neighbor Zn—O distance. Finally,
from the Zn coherent positions measured with
respect to the three non-colinear lattice planes, we
determine the exact lattice sites of the Zn?* adsor-
bate ions. A quantitative structural model of the
Zn2" ions incorporated in the calcite (1014) sur-
face that is consistent with the experimental obser-
vations is then presented.

The Py values for each of the two ideal Ca sites
with respect to the (1014), (0006), and (0224)
lattice planes are 1, 0.5, and 1, respectively. The
corresponding measured Py values for Zn, of 0.87,
0.45, and 0.85, indicate that the Zn?* ion is located
within the oxygen-cornered cation octahedron, but
slightly displaced from its center where the Ca®*
would be located. This leads to the conclusion
that Zn?" substitutes for Ca?* at its high-symme-
try sites. This is, to our knowledge, the first direct
structural evidence that Zn?* substitutes for
Ca?* upon adsorption on calcite surface from
solution; previous assertions of this generally
accepted notion have been based on indirect infer-
ence from solution ion concentration changes
observed from before to after adsorption, e.g.
Ref.[17]. To resolve whether the Zn?* ion is
adsorbed in an on-top geometry or incorporated
in the surface layer requires the Zn—O nearest-
neighbor coordination information. The coordina-
tion number N for a surface cation site is expected
to be approximately 4, and the measured Zn-O
coordination number of 3.81+1 indicates that
Zn?* is incorporated in the surface layer. If the
Zn>" adsorbate were located above the surface, or
occurred for example as an amorphous hydroxide
phase, it would most likely have different values
of R and/or N than those measured.

Since the Zn?" ion is substantially smaller than
the Ca?* ion, inward relaxation of its nearest-
neighbor CO%~ groups on the surface may occur.
This was indeed observed in the Zn—O nearest-
neighbor distance of 2.11+0.01 A. Since the Ca—O
nearest-neighbor distance in the ideal calcite lattice
is 2.36 A, an inward relaxation of 0.25A is
observed. Note that this measured Zn—O nearest-
neighbor distance is within uncertainty equal to
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the Zn-O distance in ZnCO;, of 2.111 A [18].
That is, the nearest-neighbor O atom bound to
the CO3~ group relaxed fully so that Zn and O
are in ‘“‘contact”. This hints that the attractive
electrostatic interaction of the substituting cation
with its nearest-neighbors is the driving force of
this local relaxation. In other words, given its
identical valence to the host cation, the local
in-plane structure of an adsorbate cation is deter-
mined solely by its ionic size.

The relaxation of the Zn?* ion in the out-of-
plane direction reflects the effect of surface trunca-
tion. The dominance of the nearest-neighbor elec-
trostatic interaction in the in-plane structure
considered above suggests that the out-of-plane
relaxation may be along the Zn-O direction as
well (where O specifies the coordinating oxygen
atoms in the second layer). We may consider a
hypothetical surface lattice model for the two sites
of the surface Zn?* ions, assuming they relax
along the out-of-plane nearest-neighbor Zn-O
direction by such a distance that their positions
projected in the (1014) lattice normal agree with
that measured by XSW. We then verify the validity
of this model by checking its quantitative consis-
tency in the Zn?* positions with respect to the off-
normal (0006) and (0224) planes with that from
the XSW measurements. The model is shown in
Fig. 3. The quantitative positions sy of the Zn>*
ions above the lattice plane H at the two generally
non-equivalent cation sites in a surface unit cell
derived from this model are listed in Table 1, and
compared to that from the XSW measurements,
with the relation hy=dy x Py. Note that the two
Zn sites are inequivalent with respect to the
(0224) planes, but equivalent with respect to the
(1014) and the (0006) planes. The agreement
between the values from the model and from the
XSW experiments indicates that the model is valid
within uncertainties. Furthermore, if we assume
the oxygen atoms coordinated to the Zn®* adsor-
bate ion from the second-layer CO3~ are bulk-like
in position, the Zn—O nearest-neighbor distance in
the out-of-plane direction is deduced to be 1.95 A
from the model. This distance is comparable to
the Zn-O bond distance found in more tightly
bound binary compounds, e.g. ZnO. The shorter
Zn—-0O bond distance in the out-of-plane direction
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Fig. 3. A model describing the lattice sites of the Zn>" ions
(showing the local relaxation of the CO3~ ions) incorporated
in the CaCOj; (1014) surface. The Zn>" lattice sites in the model
are constructed assuming that Zn>* ions are in the surface
monolayer, and their out-of-plane relaxation is along the direc-
tion of the nearest-neighbor Zn—O (O in the second-layer) bond.
(a) An edge-on view of the adsorption surface containing the
(1014) and (0006) planes. (b) An edge-on view containing the
(1014) and (0224) planes.

compared to that in-plane is not unexpected, and
is obviously best explained by the bonding asym-
metry at the surface.

It is particularly noteworthy that the extent of
the in-plane relaxation of the nearest-neighbor O
atoms towards Zn?* at the calcite surface is equiv-
alent within uncertainty to that occurring at a
Zn** impurity site in bulk calcite, where the Zn-O
distance is 2.1240.02 A [19]. The significance of
this comparison between the surface and the bulk
impurity structure is that it implies that the calcite
(1014) surface, in addition to being structurally
bulk-like, must also possess bulk-like parameters



Table 1

Lattice position &y of the Zn?" ion above the lattice plane H
from the XSW measurements and according to the structural
model described in the text. Note that for H=(0224), where
the two non-equivalent Zn?* sites project different /1, positions,
the XSW measured position is the average of the two projected
positions. The uncertainties in the XSW measured values are
estimated from consideration of the uncertainties in Py from
the best y fits (listed in Fig. 1) and, in the case for H=(1014),
the statistical distribution in Py from all samples examined (see
text); these uncertainties correspond to 1%, 5% and 3% of the
d-spacing for the (1014), (0006) and (0224) reflections,
respectively

H dy (A)  hy (XSW  hy (model)
measured )
Site 1 Site 2
(1014) 3.04 2.64+0.03 2.64+0.03 2.64+0.03
(0006) 2.84 1.284+0.14 1.20+0.04 1.20+0.04
(0224) 1.93 1.64+0.06 1.754+0.05 1.56+0.05

in its interaction potentials (i.e. the Madelung and
Born-type potentials), at least at the cation sites.

In summary, using X-ray standing wave triangu-
lation and surface extended X-ray fine structure
spectroscopy, we determined in high resolution the
adsorption structure of Zn>* incorporated at the
calcite cleavage surface from an aqueous solution.
The adsorption is substitutional, in the surface
layer. The nearest-neighbor O atoms at the adsorp-
tion site relax inward, because of the smaller ionic
size of Zn?*, to such an extent that the Zn-O
distance is equivalent to that found in the isomor-
phous ZnCOj crystal structure. The slight displace-
ment of the Zn** adsorbate from the center of
the Ca2?* octahedron is explained by the surface
truncation-induced asymmetry on the bulk relax-
ation in the out-of-plane direction.
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