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Atomic structure of diamond ˆ111‰ surfaces etched in oxygen water vapor

F. K. de Theije, M. F. Reedijk, J. Arsic, W. J. P. van Enckevort, and E. Vlieg*
Department of Solid State Chemistry, Faculty of Science, University of Nijmegen, The Netherlands

~Received 3 November 2000; published 1 August 2001!

The atomic structure of the$111% diamond face after oxygen–water-vapor etching is determined using x-ray
scattering. We find that a single dangling bond diamond$111% surface model, terminated by a full monolayer
of uOH fits our data best. To explain the measurements it is necessary to add an ordered water layer on top
of the uOH terminated surface. The vertical contraction of the surface cell and the distance between the
oxygen atoms are generally in agreement with model calculations and results on similar systems. The OH
termination is likely to be present during etching as well. This model experimentally confirms the atomic-scale
mechanism we proposed previously for this etching system.
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I. INTRODUCTION

It is well known that growth of chemical-vapor-deposite
~CVD! diamond is a complicated process of simultaneo
growth and etching, although the exact mechanisms are
clear. One of the compounds that has an important influe
on this process is oxygen.1–3 Addition of small amounts of
oxygen enhances the growth rate and improves the cry
line quality of the grown layers.4 Therefore, the interaction
of oxygen with diamond surfaces is studied quite intensive
both by theoreticians and by experimentalists. Oxygen in
gas phase is able to remove non-diamond-bonded ca
from the surface. This etching occurs probably via O
which is formed in the gas phase upon addition of O2,

5 and is
much more effective than H alone.6

Most theoretical studies on the interaction of oxygen w
diamond have been concerned with the chemisorption
oxygen on diamond$001% surfaces.7–12 The stable configu-
rations for diamond$001% in the presence of both oxygen an
hydrogen were studied by Skokov, Weiner, and Frenklac13

They found that surfaces containinguOH and O-bridge
groups are energetically more favorable than surfaces
taining oxygen on top. This is because hydrogen bonds
be formed among the chemisorbed species. Diamond$111%
faces are studied less extensively. On oxidized$111% faces
C-O-C, C-O-O-C, and C-O structures are calculated, wit
strong similarity in energy. Therefore, these systems m
coexist.12 To our knowledge, the interactions of diamon
$111% with both oxygen and hydrogen have not been cal
lated. It is clear that because of the different geometry
$001% and$111% diamond faces, the surface interactions w
either oxygen or OH-containing groups will differ for thes
two faces.

The experimental research on the surface chemistry
diamond oxidation is also mostly performed on$001% dia-
mond surfaces and on diamond powder. A summary of
present status in this field is given in Ref. 14. Very recen
two papers on this subject were published by Pehrsson
Mercer.15,16 They oxidized hydrogenated diamond$001% by
leaking thermally activated oxygen in their ultrahigh vacuu
~UHV! system. Below 80 °C, a full monolayer coverage w
obtained and CvO, C-O-C, anduOH groups were ob-
served. At higher temperatures, the oxygen desorption
0163-1829/2001/64~8!/085403~7!/$20.00 64 0854
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much faster and the peak coverage was much lower.
Klauser et al.17 studied the adsorption of O and H o

$111% diamond under high-vacuum conditions at room te
perature. Their measurements show the bonding of oxy
atoms to the C$111%-(231) p-bonded chains. H atoms ex
posed to the O/C$111% surface replace the O atoms an
convert the surface to (131):H, while atomic O cannot do
the same to preadsorbed H. Surface x-ray measuremen
polished$111%-(131) diamond in UHV shows that the sur
face is mostly H-terminated, but contains also O, most lik
in the form ofuOH, and C in the form ofuCH3.

18 Most
experimental studies were done under UHV conditio
whereas our etching experiments are done at atmosph
pressure. A recent paper by Steadmanet al.19 showed that the
interaction of species with a surface may depend strongly
the pressure.

In earlier experiments14,20,21 we studied the mechanism
for various oxidative etching methods of diamond by inve
tigating the morphology and etch rates. Of these metho
etching in oxygen/water provides the most relevant inform
tion on the processes during CVD diamond growth, beca
during CVD the gas phase typically contains hydrocarbo
and hydrogen. Therefore, CVD environments contain
oxygen are in most cases also rich in hydrogen atoms.
diamond$111% etched in oxygen/water we proposed a stru
ture where the single dangling bond at the surface is st
lized by monovalent compounds, e.g.,uOH anduH. Here
we present a surface x-ray diffraction study of the$111% sur-
face after etching in O2 and water. In agreement with ou
previous conjecture, we find that the surface isuOH termi-
nated.

II. EXPERIMENT

The measurements are performed on cleaved$111% dia-
mond surfaces with a miscut,1°. Both a synthetic and a
natural diamond crystal are used, with a size of 33331 and
43330.5 mm3, respectively. Atomic force microscopi
~AFM! measurements show flat terraces, 50–1000-nm w
~see Fig. 1!. These terraces are large enough to allow x-
diffraction experiments. The terraces on the natural diam
are generally somewhat larger compared to those on the
thetic diamond. This is also reflected in the x-ray measu
©2001 The American Physical Society03-1
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ments, which yield better results on the natural diamond.
step height is 2.060.3 Å, corresponding to one atomic laye

A. Diamond etching experiments

In order to determine the complexes that account for
etching of diamond$111% in oxygen/water, the cleaved dia
mond $111% surfaces are etchedin situ. For this, we have
constructed a temperature-stabilized sample chamber~tem-
perature range 20–700 °C! with quartz x-ray windows. To
avoid contaminations, the materials in contact with the h
oxidizing gas are chosen to be resistant to this abrasive
vironment. A schematic side view of the chamber is given
Fig. 2. Earlier experiments using a tubular flow reacto20

showed that by using oxygen and water, etch pits with s
ficiently large terraces can be created on$111% surfaces. Fur-
ther, our preliminary surface x-ray experiments on cleav
diamond$111% had shown that this face is a good starti
point. The method of etching is similar to the gas pha
etching experiments in oxygen/water vapor described in R
20, except that here lower etching temperatures of 60
685 °C and shorter etching times of 15–30 min are us
These conditions were chosen in order to avoid a too str
attack of the diamond face causing roughening of the s
face, and consequently too strong a reduction in the inten
of the diffracted x rays. Because of these mild conditio
AFM observations on the surfaces before and after etch
do not show significant changes in surface morphology.

The diamonds are carefully cleaned by boiling in a m
ture of concentrated sulfuric acid and sodium nitrate, hea
in aqua regia, and finally by ultrasonic cleaning in demin
alized water and in ethanol. After cleaning the diamond s
strates are placed in the reaction chamber. Before etch
the setup is sealed off from ambient air and is thoroug
flushed with argon. Then the crystals are heated to the
sired etching temperature under an argon flow. The temp
ture is measured by a thermocouple, which was calibrate
the temperature inside the chamber. To reduce the los
heat, the quartz cap is covered with aluminum foil. A flow
10% high-purity oxygen~99.999%! in argon~99.9999%! is

FIG. 1. AFM image of the natural diamond$111% surface before
etching. The large flat terraces indicate that this surface is suit
for x-ray diffraction experiments.
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passed through two flasks containing demineralized, o
gassed water at room temperature~water-vapor pressure;26
mbar!. This gas mixture is passed through the reactor dur
the desired etching period. On completion of the run,
heating is turned off, the aluminum foil is removed and t
set-up is allowed to cool down under the same gas mixtu
We expect that this procedure leaves the chemical sur
structure intact.

B. X-ray measurements

Since carbon is a weak scatterer of x rays, sufficient co
rates can only be obtained using a very intense incom
beam.18 Therefore the high brilliance of a third-generatio
synchrotron radiation source is needed. We performed
experiments at the surface diffraction undulator beaml
ID3 of the European Synchrotron Radiation Facili
~Grenoble!. A wavelength of 1.07 Å~11.6 keV! was selected
using a double-crystal Si~111! monochromator. This rela
tively low energy~penetration depth! is needed to avoid a too
high background signal. On a weak scatterer like diamo
this is a necessary condition to obtain a reasonable signa
background ratio. However, this low energy also implies t
the penetration of x rays through the quartz window is lo
Although we tried to reduce the thickness of the quartz w
dow as much as possible, it absorbed too much signa
perform in situ measurements. Therefore, after etching a
cooling down to room temperature, the cap of the qua
chamber is removed and the sample is measured in air~rela-
tive humidity; 40%!. The structure did not change over th
time scale of days of the experiment, showing that no det
able contamination occurs during the in-air experiments.

le

FIG. 2. Side view of the etching chamber. The chamber is
lindrical in shape. The gas that is let in is heated in a coil before
diamond is exposed to it. The quartz cap absorbs a large fractio
the x-ray beam and is therefore removed during the data acq
tion.
3-2
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We measure intensities along integer-order diffract
rods, the so-called crystal truncation rods~CTR’s!. These
CTR’s originate from the abrupt truncation of the crys
lattice at the surface and are diffuse tails to the bulk Bra
peaks. Their intensity is given by the interference betwe
bulk and surface atomic structure. Away from the bulk Bra
points, the surface contribution becomes significant.

In order to denote the diffraction data, we use a surf
unit cell for $111% diamond. The diamond crystal has an AB
bilayer stacking along thê111& directions. The primitive sur-
face lattice vectors, expressed in conventional cubic lat
vectors, are a15 1

2 @101̄#cubic, a25 1
2 @ 1̄10#cubic, and a3

5@111#cubic. The cubic coordinates are in units of the latti
constant of bulk diamond, 3.567 Å. The corresponding rec
rocal lattice vectors$bj% are given byai•bj52pd i j . The
momentum transferQ, which is the difference between th
outgoing and the incoming wave vector, is denoted by d
fraction indices (h k l) in reciprocal space:Q5hb11kb2
1 lb3 . For crystal truncation rods, which are labeled
(h k), the indicesh andk refer to the in-plane component o
the momentum transfer and have integer values, whereal is
unconstrained and refers to its perpendicular component

The integrated intensity at each pointl is determined by
rotating the crystal about the surface normal and measu
the number of diffracted photons. The measured intens
are converted to structure factors by applying a stand
procedure.22 We find that variation in the etching time an
temperature do not result in significant changes in the m
sured structure factors. In addition, both diamond crys
give similar results, although the data set from the natu
diamond was better, as was expected from the AFM m
surements. Therefore the data measured for different cry
and etching time and temperatures are merged into one
set. The full data set contains the~1 0! CTR and specular
data (h5k50) ~see Fig. 3!. The negative part of the~1 0!
rod is obtained by inverting the structure factor distributi
along the positive (1̄0) rod through the origin of reciproca
space~Friedel’s rule!. In total, 224 structure factors wer
measured, of which 91 were non-equivalent. The aver
agreement factor of the equivalent reflections and the dif
ent preparations is 15%.

III. RESULTS

The analysis of the data is based on fitting the experim
tal data to structure models by using theROD program.23

Diamond is a difficult crystal for x-ray diffraction, and there
fore our data set is less precise than for other systems.
this reason it is important to restrict the number of fitti
parameters and to use information from other technique
well. In order to constrain the number of fitting paramete
the Debye-Waller factors for oxygen and carbon are assu
to be isotropic and are fixed at literature values@0.14 for C
~Ref. 24!, 0.7 for O ~Ref. 25!#. Because hydrogen is a ver
weak x-ray scatterer and has a large vibrational amplitud26

the hydrogen atoms will only have a small effect on t
structure factor. Therefore, throughout the fitting procedu
the relaxation of the hydrogen atoms is coupled to that of
corresponding oxygen atoms.
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There are a number of simple surface structures that
might expect to occur during etching. One possibility is th
the surface is hydrogen terminated, with a structure sim
to that found by Huismanet al.18 for a polished surface
Model calculations for an ideal, single-cleaved$111% dia-
mond surface terminated by hydrogen result in a very h
x2 value of 12.2~see Fig. 3!, effectively ruling out this pos-
sibility. From earlier experiments,20 we expect that specie
containing monovalent oxygen terminate the etch
surface.14 If we terminate the surface byuOH groups, how-
ever, the calculated model still deviates strongly from t
measured data (x258.3), as shown in Fig. 3. Here we hav
located the oxygen on top of the surface carbon at a dista
of 1.43 Å, the value for a single bond betweensp3 bonded
carbon and oxygen.27 For these two models, the only fre
fitting parameter is the overall scale factor. However, it
well known that a diamond surface containing oxygen fun
tionalities is hydrophilic:28 water molecules can form hydro
gen bonds with the surface oxygen. Indeed, our specim
etched by oxygen or oxygen and water vapor20 show consid-
erable wetting, as was verified by placing a droplet of wa
on the surface. This is in contrast to a hydrogen-termina
diamond surface, which is hydrophobic and shows poor w
ting. One might thus expect adsorbed water on the etc
diamond surfaces. In our model, we therefore add an orde
water layer on top of the diamond surface. The position
the water molecules is set according to energy minimizat
calculations using the modeling program29 CERIUS2 and is
close to theH3 site @ see Fig. 5~b!#. The oxygen atom, and
coupled to that the hydrogens of the water molecule,
allowed to relax along thez direction, making the number o

FIG. 3. Structure factor amplitudes along the~1 0! and ~0 0!
CTR as a function of the diffraction index 1. The dashed curv
represent a calculation for a ideal hydrogen-terminated surface
solid curves represent auOH terminated surface.
3-3
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free fitting parameters equal to two. The best-fit distan
between the oxygen of theuOH group and that of the wate
molecule is 2.24 Å. This model gives a much better fit,
shown by the dashed curve of Fig. 4, and has ax2 of 4.6. In
particular the prominent maximum aroundl 522 in the~10!
rod is fitted much better than in the previous models.

In a further refinement, the surface oxygen and the
three carbon layers are allowed to relax along thez direction.
This brings the numbers of free fitting parameters to six. T
procedure further reducesx2 to 2.5. In order to estimate th
oxygen coverage, we allow a fractiong of the oxygen atoms
of theuOH group to be replaced byuH and we release the
fraction of the water layer. The best fit, both for theuOH
group and the water molecules, is forg51. This indicates a
full monolayer coverage of bothuOH and water. To restric
the number of free fitting parameters in our best-fit mod
both fractions are subsequently fixed atg51. This best-fit
model is shown by the solid curve in Fig. 4. A side and a
view of this model, a OH-terminated diamond$111% surface
with an ordered water layer, are shown in Fig. 5. Addition
a second layer of water molecules, at a position above thT4
site of the substrate as calculated by usingCERIUS2, does not
improve the fit, whereas two extra fitting parameters
needed~the coverage of this water layer and the distan
between the water layers!.

The optimized atomic distances are given in Table I. Ta
II shows the coordinates of the surface unit cell based on
best-fit model. It should be noted that, although hydroge
a very weak scatterer, the models show a better fit if hyd
gen is included in the calculations. In a system contain

FIG. 4. Structure factor amplitudes along the~1 0! and ~0 0!
CTR as a function of the diffraction indexl. The dashed curves
represent a calculation for an idealuOH terminated surface with
one water layer on top, the solid curves represent the best-fit m
with one ordered water layer, including relaxations~see text!.
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only weak scatterers~carbon, oxygen, hydrogen!, the scatter-
ing of hydrogen cannot be ignored.

It is clear from Fig. 4 that our best model does not fit t
data at alll values. As stated above, given the difficulty of
diamond x-ray diffraction experiment, it is not meaningful
add other fitting parameters. Our aim is to emphasize
most important structural features. We have also tried sev
other C-O containing terminations involving more comp
cated bonding topologies or chemical species but none

el FIG. 5. ~a! Side view and~b! top view of the optimized best-fit
model of an OH-terminated diamond$111% surface with an ordered
water layer. The gray spheres represent the carbon atoms, the
spheres the oxygen atoms, and the white spheres the hydroge
oms ~not shown in the top view!.

TABLE I. Comparison between various structural models a
the corresponding best fit parameters. The fixed parameters ar
dicated with an asterisk.

Parameter Ideal
uOH

terminated

uOH terminated,
adsorbed water

layer

uOH terminated
adsorbed wate

layer, relaxation

dO2-O1
~Å! 2.2460.05 2.5160.05

dC1-O1
~Å! 1.43* 1.4060.02

dC1-C2
~Å! 1.54* 1.5460.02

dC2-C5
~Å! 1.54* 1.5060.02

dC3-C4
~Å! 1.54* 1.5060.02

gO1
1*

gH2O 1*
x2 12.2 8.3 4.6 2.5
3-4
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these yielded a satisfactory fit to the data, as will be d
cussed in Sec. IV.

IV. DISCUSSION

The data for the etched diamond$111% surface differ com-
pletely from the X-ray data measured on oil-polished a
solvent-degreased diamond$111% in UHV by Huisman
et al.18 From their x-ray data they deduced that their expe
mental conditions resulted in an average oxygen coverag
about 15% and no water layer. Because of the comple
different experimental conditions, such a large difference
tween their and our data is expected. In our case, oxyge
supplied during the experiment. Many groups found t
oxygen chemisorbs easily on diamond. A full monolay
coverage on diamond$001% was found after leaking activate
oxygen in UHV below 80 °C.15 Klauser et al.17 found 0.5
monolayer on$111% diamond after leaking activated oxyge
in UHV at room temperature. Another large difference w
Huismanet al.18 is that we prepared and measured the s
face at atmospheric pressure, therefore the supply of oxy
atoms is orders of magnitude higher compared to the U
experiments. Many groups found a full oxygen monolayer
diamond powder after oxidation at atmospheric pressure
elevated temperature.28,30,31Our best-fit model also indicate
a full monolayer oxygen coverage.

Because an oxygen-terminated diamond surface
hydrophilic,28 one can expect the appearance of a thin wa
layer. In our model, a monolayer of water is placed on top
the surface. Since these water layers contribute to the m
sured rods, they must be ordered, both in the lateral and
perpendicular directions. In our best-fit model, the wa
layer has a coverage of 1. It is possible that additional,
ordered water layers are present, which we cannot mea
by our technique. The water absorbing properties of diam
surfaces in air are confirmed by AFM measurements.32,33 In
our best-fit model, the distance between the oxygen of
uOH groups and the oxygen of the water molecules is 2
Å. This value is close to the value found for the distan
between the oxygen atoms of -P-OH and H2O for
KDP~KH2PO4) in an aqueous growth solution, which is 2.5
Å ~Ref. 34! and the value found from the energy minimiz
tion calculations byCERIUS,2 which is 2.47 Å.

TABLE II. Fractional coordinates of the surface unit cell bas
on the best fit model of a OH-terminated diamond$111% surface
with an ordered water layer.

Element x y z

O2 0.74 0.38 0.9560.03
H2 0.78 0.19 0.78
H2 0.09 0.76 0.92
O1 0.00 0.00 0.6160.02
H1 0.20 0.10 0.77
C1 0.00 0.00 0.3860.02
C2 0.33 0.67 0.3060.02
C3 0.33 0.67 0.0660.02
C4 0.67 0.33 0
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The appearance of the water layer also helps us to exc
the presence ofuCH3 instead ofuOH. If we use the model
with one adsorbed water layer and replace theuOH by a
methyl group~where the methyl group is placed at a distan
of 1.54 Å, the C-C distance in bulk diamond!, the fit is not
much worse than the fit withuOH ~x254.6 for theuOH
model and 5.2 for theuCH3 model!. However, this termi-
nation would lead to a hydrophobic diamond surface, a
therefore no water layer would appear.

The contractions we find when the structure is allowed
relax in thez direction are similar to those found by Huisma
et al.18 on a diamond$111%-(131) surface. The contraction
of the bilayers corresponds to the results fromab initio
calculations35 on hydrogen-terminated diamond, althoug
other calculations resulted in essentially no relaxations~mo-
lecular dynamics calculations!,36 ~tight-binding total energy
calculations!,37 ~ab initio calculations38!#. Energy minimisa-
tion calculations of a full monolayer oxygen on-top of
single-cleaved diamond$111% surface give a C-O distance o
1.34 Å.12 No H atoms are included in these calculations. T
average value for a single bond betweensp3-bonded carbon
and oxygen of anuOH group is 1.43 Å.27 The C-O distance
we found in the optimized model is in between those t
values, 1.40 Å.

In a previous paper,20 we proposed a surface structure f
$111% diamond etched in oxygen/water environment. Th
model is based on a comparison between the morpho
and etch rates of diamond$111% etched by various oxidative
methods. Etching proceeds layerwise via monoatomic st
indicating that the surface is stabilized by the etching co
pounds. This is in contrast to dry oxygen etching, where
divalent oxygen causes chemical roughening. The struc
we proposed for oxygen/water etching starts from a diam
$111% surface terminated by single dangling bonds that
stabilized by monovalent compounds, likeuOH anduH.
Our X-ray data provide strong evidence that the monova
surface compound isuOH and notuH.

Many groups propose the presence of C-O-C~ether! and
CvO ~ketone! groups.12,28,30,31To test the presence of ethe
groups, we took the calculated models of Zheng and Smi12

as a starting point. Models containing oxygen at each al
nating bridge site on~1! an undistorted$111% surface termi-
nated by one dangling bond and on~2! a (231) recon-
structed$111% surface terminated by three dangling bonds
tested. These models give a fit comparable to that of
uOH terminated model, but in contrast to this model, t
fits get worse upon the addition of a water layer. Second
full monolayer of oxygen on~1! an undistorted surface ter
minated by three dangling bonds and~2! a (231) recon-
structed surface terminated by three dangling bonds is ex
ined. These two models both result in a poor fit to the da
The presence of CvO ~ketone! in our model is also not
likely. The distance we found between C and O is 1.40
which is much closer to the value for a single bond betwe
sp3-bonded carbon and oxygen@1.43 Å ~Ref. 27!# than to
that for a double bond between C and O@1.23 Å ~Ref. 27!#.
Further, the tetravalent carbon in CvO can only be presen
on the single cleaved surface as HCvO. Energy minimiza-
3-5
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F. K. de THEIJEet al. PHYSICAL REVIEW B 64 085403
tion usingCERIUS2 showed that this extra H atom sterical
does not fit on the closely packed diamond$111% surface.

From their calculations, Zheng and Smith12 deduced that a
C-O-O-C~peroxide! was the most stable full-monolayer cov
erage on$111% diamond terminated by one dangling bon
This compound is not likely to exist in our system, becaus
CO-OC bond is weak compared to a CO-H bond@38 versus
105 kcal/mol~Ref. 39!#. In the presence of hydrogen, it wi
rapidly convert intouOH. Finally, lactone@-C~vO!-O-C#
and anhydride@-C~vO!-O-O~v!O-# structures are pro-
posed by Andoet al.31 Again, energy minimization showe
that these large compounds are not likely from a ster
point of view.

In this experiment we determine the atomic structure
the$111% diamond face after wet oxygen etching. The surfa
is studied in air at room temperature, and we find a w
ordered water layer on the top of theuOH terminated sur-
face. To fully understand the etching mechanism, the se
needs to be improved so that the surface can be studied
ing etching. It would be interesting to study what happens
the water layers at the high temperatures present during e
ing.

V. CONCLUSIONS

We have used the technique of surface x-ray diffraction
study the structure of$111% diamond after etching in oxygen
and water vapor. The model that fits the data best is a si
cleaved diamond$111% surface model with the dangling bon
saturated by a full monolayer ofuOH. To explain the mea-
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surements it is necessary to add an ordered water laye
top of theuOH terminated surface. Small relaxations a
found in the first four layer spacings. The contraction b
tween the first two bilayers agrees with earli
measurements18 and calculations.35 The best-fit distance be
tween the oxygen of theuOH groups and the oxygen of th
water molecules corresponds to the value found from
energy minimisation calculations byCERIUS2 and the value
found for the distance between the oxygen atoms of -P-
and H2O for KDP in an aqueous growth solution. The resu
of this study gives experimental evidence to support
atomic structure of the terrace atoms, as proposed in
previous paper20 and explains the relative stability of dia
mond $111% under these etching conditions.
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