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Surface Atomic Structure of KDP Crystals in Aqueous Solution:
An Explanation of the Growth Shape
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With this study on KDP, we present an interface atomic structure determination of a crystal in contact
with its growth solution. Using x-ray diffraction at a third-generation synchrotron radiation source, the
structure of both theh101j and h100j faces has been determined. We found that theh101j faces are
terminated by a layer of K1 ions and not by H2PO 2

4 groups, resolving a long-standing issue that could
not be predicted by theory. This result leads to an atomic-scale explanation of the influence of metal
impurities on the macroscopic growth morphology. [S0031-9007(98)05505-7]

PACS numbers: 81.10.Dn, 61.10.– i, 68.35.Bs
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The crystallographic theory of Hartman and Perdok aim
to predict the morphology of growing crystals [1,2]. With
this theory it is often possible to predict from a known
crystal structure the facets, referred to by the Miller indice
(h k ,), that will dominate the crystal form. These face
are the so-called F (flat) faces. Since the growth
crystals takes place at the crystal-solution interface, o
expects the atomic structure at this boundary to play
primary role in the composition, growth, and morpholog
of the crystal. Hardly any atomic-scale experimental da
exist to verify this. Hartman-Perdok theory does not tak
into account possible relaxations or reconstructions at t
crystal surface, nor the influence of the solution on th
interface, but is still remarkably successful. A problem
in the theory is, however, that often more than one surfa
termination is possible for a given orientation (h k ,) and
that it is impossible to predict which of the alternatives wi
control the crystal growth.

With the appearance of third-generation synchrotro
radiation sources it is now possible to look accurately at t
atomic structure of these interfaces with x rays. Surface
ray diffraction has proven to be a very powerful techniqu
for studying interfaces at an atomic scale [3], and it is on
of the few surface science techniques that does not requ
a vacuum environment. X-ray scattering studies ha
been done on liquid-liquid [4] and liquid-solid interfaces
[5,6]. In particular, surfaces of electrodes in an electroly
solution have received attention [7,8]. Recently the fir
in situ x-ray diffraction studies on crystals in their growth
solution have been reported [9,10]. Here we report th
determination of the atomic positions at such an interfac

The system we study is a KH2PO4 (KDP) crystal in its
aqueous growth solution. KDP finds widespread use a
frequency doubler in laser applications and has been st
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ied in great detail [11]. Hartman-Perdok theory predict
that the pyramidal facesh101j and the prismatic facesh100j
of KDP are flat in solution [12,13]. This is in agreemen
with the observed habit of these crystals: they exist as
tetragonal prism consisting of four faces of the formh100j
terminated by two opposing tetragonal pyramids consistin
of h101j faces [see Fig. 1(a)]. For the prismatich100j faces
exactly one surface termination is predicted. For the pyr
midal h101j faces, however, two alternative terminations
are theoretically possible. One has the negative H2PO 2

4
groups on the outside, and the other the positive K1 ions
[see Fig. 1(b)].

For these pyramidal faces the question arises wheth
growth kinetics is determined by single layers, with al
ternately K1 and H2PO 2

4 on top, or double layers. The
single layers are strongly polar. The difference in polar
ity of the layers and, especially, the differences in size an
polarizability of the ions will result in a different surface
free energy. If the polarity of the surface layers does n
play a role in the step kinetics, the surface would consist
both K1 and H2PO 2

4 -terminated layers. From the surface
morphology observed with interference-contrast reflectio
microscopy and considering the symmetry of the cryst
[13,14] it can be concluded that the surface is bounded b
only one of the polar layers. This is confirmed by atomi
force microscopy measurements where the height of t
steps on theh101j face is always found to correspond to
the thickness of double layers [15].

The question remains which of the two alternative layer
is the one at the surface. We have determined the surfa
structure of both theh101j and h100j surfaces in solution
by measuring the distribution of diffracted intensities alon
so-called crystal truncation rods (CTRs) [16]. These CTR
are tails of diffuse intensity connecting the bulk Bragg
© 1998 The American Physical Society 2229
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FIG. 1. (a) Growth habit of a KDP crystal with the prismatic
and pyramidal faces indicated. (b) Schematic side view of th
pyramidal face, KDP(101), projected on the (111) plane. Th
big circles are the potassium atoms while the PO4 groups are
depicted as a circle for the phosphor atom connected by stic
to the four neighboring oxygen atoms, shown as small whit
circles. The dots give the positions of the hydrogen atom
between two oxygen atoms. The layers with the K1 ions on top
are schematically indicated by the dotted lines and the laye
with the H2PO 2

4 groups on top by the dashed lines. Arrows
indicate the relaxations in the topmost layer as determined fro
fitting the experimental data.

peaks in the direction perpendicular to the surface an
show the interference between bulk and surface structur
Parallel to the interface the aqueous solution will be ver
weakly ordered [8]. We have only measured CTRs whic
have an in-plane component (i.e., not the specular rod), f
which the intensity distribution will hardly be influenced
by the solution and mainly depends on the crystal surfac
atomic structure.

For KDP(101) we use a unit cell of which the primitive
lattice vectorshaij can be expressed in the conventiona
tetragonal lattice vectors asa1  1

2 f1 1 1gtetragonal, a2 
1
2 f1̄ 1 1̄gtetragonal, and a3  f1̄ 0 1gtetragonal, with ja1j 

ja2j 
q

1
2 a2 1

1
4 c2, ja3j 

p
a2 1 c2, with a  7.45 Å

and c  6.97 Å the lattice constants of bulk KDP [17].
The corresponding reciprocal lattice vectorshbij are de-
fined byai ? bj  2pdij. The momentum transfer vec-
tor Q, which is the difference between the wave vec
tors of the incident and scattered x rays, can be denote
by the diffraction indices (hk,) in reciprocal space:Q 
hb1 1 kb2 1 ,b3. For CTRs, which are labeled by (hk),
the indicesh andk have integer values, whereas, is uncon-
strained and refers to the component ofQ perpendicular to
the surface. The Bragg peaks occur for integer values of,,
2230
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which is in reciprocal lattice units (r.l.u.) of0.62 Å21. For
KDP(100) we use a unit cell in which the primitive lattice
vectors area1  f0 1 0gtetragonal, a2  f0 0 1gtetragonal, and
a3  f1 0 0gtetragonal. These definitions result in1 r.l.u. 
0.84 Å21 along the, direction.

The measurements were performed at the TROIKA op
undulator beam line (ID10A) of the European Synchrotro
Radiation Facility (ESRF) in Grenoble, France [18]. Thes
data were fully consistent with earlier measurements (wi
a lower accuracy) performed at the Synchrotron Radiatio
Source in Daresbury, U.K. The crystals were mounted
a growth chamber made of polycarbonate, consisting of
outer heating bath kept at a constant temperature by a th
mostat. In the inner chamber, the crystal is mounted in
environment of a saturated aqueous KDP solution. Th
structure determination was carried out at a temperature
22±C. The incoming and outgoing x-ray beams penetra
through a thin Mylar foil (6 mm) which can be pushed
close to the crystal surface, leaving a thin layer of sat
rated solution between the crystal and the foil (thickness,
10 mm). The crystal growth chamber is mounted onto
horizontal diffractometer (i.e., the scattering plane is hor
zontal). The beryllium monochromator was set to sele
a wavelength of 0.73 Å (17.0 keV) using the (002) reflec
tion, leading to approximately1012 photonsysec in a2 3

1 mm2 spot. This wavelength was chosen as an optimu
in the signal to background ratio. For smaller wavelength
the diffuse background scattering from the bulk crys
tal rapidly goes up, while for larger wavelengths attenu
ation in the solution (and the Mylar) becomes too stron
For a typical surface reflection the signal-to-backgroun
ratio is about 10%, but for weak reflections this can be a
small as 2%. The possibility to do accurate measureme
under these circumstances has enormously increased w
the availability of high-intensity and high-energy x-ray
beams from third-generation synchrotron radiation sourc
such as the ESRF. The KDP crystals are sufficiently fl
to measure the CTR intensity far from the Bragg peak
where the surface sensitivity is highest.

Figure 2 shows measured structure factor amplitud
along thesh kd  s1 0d CTR for KDP(101). The integrated
intensity at each point, is determined by rotating the
crystal about the surface normal and measuring the num
of diffracted photons. The measured integrated intensiti
are corrected for the active sample area, the Lorentz fact
the polarization factor, the rod interception [19], and th
absorption due to the different pathways of the outgoin
beam through the liquid and the Mylar foil. Structure
factor amplitudes are obtained by taking the square ro
of the corrected integrated intensity. The values for th
negative , part of the rod are obtained according to
Friedel’s rule by inverting the structure factor distribution
along the positiveshkd  s1̄0d rod through the origin of
reciprocal space.

The dotted curve in Fig. 2 gives the expected value
for a bulk K1-terminated surface and the dashed curv
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FIG. 2. Structure factor amplitudes along theshkd  s10d
crystal truncation rod for KDP(101) as a function of the
diffraction index , which is expressed in reciprocal lattice
units. The dotted line is a calculation for a bulk K1-terminated
surface, the dashed curve for a H2PO 2

4 -terminated one. The
solid line is the best fit starting from a K1-terminated surface
and allowing the K1 ions and the H2PO 2

4 groups in the top
layer to relax.

is a calculation for a surface terminated by the H2PO 2
4

groups. It is immediately clear that the surface must be K1

terminated. Our data confirm the conclusion of De Yore
Land, and Dair [15] that the surface does not conta
both K1 and H2PO 2

4 -terminated parts. An even bette
description of the data is obtained when small out-of-plan
relaxations of the top layer are allowed and when a simp
model for surface roughness on an atomic scale is includ
[16]. Least-squares fitting of the data then results in
model that yields the solid line. A schematic side view
of this model is shown in Fig. 1. The fit procedure wa
performed using the complete data set which also includ
the sh kd  s1 1d and sh kd  s2 1d CTRs (not shown).
In the best fit model the K atoms in the top layer rela
outwards by an amount of0.10 6 0.05 Å and the H2PO4

groups by0.04 6 0.05 Å. The root mean square (rms)
roughness was estimated to be2.0 6 0.5 Å measured over
a lateral length scale of a few thousand Å.

In a similar fashion, data were obtained on KDP(100
In Fig. 3, structure factor amplitudes along thesh kd 
s1 2d CTR are shown. For this surface only one bul
crystal termination is possible. The solid curve is a fit t
the data using as fit parameters only a scale factor an
roughness parameter. For the fit the full data set was us
that also contains parts of thesh kd  s2 1d and sh kd 
s3 0d CTRs (not shown). The rms roughness found fo
this surface is1.2 6 0.3 Å. A schematic side view of the
structure model is shown in Fig. 4. The data set on th
face was much smaller than on KDP(101), and therefo
we can only conclude that if there are relaxations of th
top layer atoms these are smaller than 0.1 Å.

Having established the atomic structure of both face
we can now understand why small traces of trivalent me
ion impurities like Fe31 or Cr31 block the growth of the
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FIG. 3. Structure factor amplitudes along theshkd  s12d
crystal truncation rod of KDP(100). The solid curve is
calculation for a bulk terminated crystal with a rms roughne
of 1.2 Å.

prismatic faces, but affect the growth of the pyramid
faces to a much lesser extent [13,20,21]. When su
impurities are present the crystals become more elonga
in the direction of the pyramids. Looking at Figs. 1 an
4, it is seen that the pyramidal face has the K1 ions on
the outside of the crystal for the best fit model. The pri
matic face has both the positive K1 ions and the negative
H2PO 2

4 at the interface. This result supports the hypoth
sis of Damet al. [13] that the attachment of cations to
the pyramidal faces is less favorable than to the prisma
faces. With only K1 ions on the surface of the crystal
metal impurities like Fe31 and Cr31 ions will experience a
large barrier to adsorption onto the positively charged fac
On the prismatic faces, however, these ions can ads
easily, and small amounts of Fe31 or Cr31 will already
block the growth.

For the pyramidal growth sectors the segregation co
ficient of trivalent metal ions has been found to be muc
lower than for the prismatic sectors [22]. Similar differ
ences in impurity segregation on crystallographically di
similar faces [23] as well as dissimilar steps on a sing
face [24] have been observed in other crystal syste
grown from solutions. Paquette and Reader [24] attribut
such inhomogeneities in CaCO3 to differences in kink site

FIG. 4. The prismatic face KDP(100) projected on the (01
plane. Here only one termination is possible.
2231
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geometries, the implication being that incorporation kine
ics at steps controlled the impurity content. We now hav
shown that for KDP a different mechanism is active, sinc
the impurity content in the pyramidal sectors of the cryst
is limited by adsorption kinetics on the terraces rather tha
incorporation kinetics at the steps.

Our results thus present an atomic-scale explanation
the influence of impurities on the macroscopic growth mo
phology of KDP. At the same time the possibility of de
termining the interface structure of a crystal in its growt
solution is an important step towards the development
more sophisticated crystal growth theories. The atom
structure at the solid-liquid interface, including relaxation
or even reconstructions, is important for controlling th
distribution and concentration of the molecules in the sol
tion. An intriguing implication of the present work is that
a strongly polarized crystal surface will affect the struc
ture of the near-surface liquid layer. Presumably there
a charge compensating layer of solution adjacent to t
surface, and this must strongly affect the adsorption k
netics for the solute ions. In addition, the fact that th
s101d surface is positively charged suggests that the rea
tion rate (desolvation and attachment) for anions is mu
greater than for cations. More experiments and theory a
necessary to further increase our understanding of the
phenomena.
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