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Abstract
The surface structure of RbI(001) was determined directly by means of medium-
energy ion scattering (MEIS) with a monolayer depth resolution. The rumpled
surface structure determined here was compared with semi-classical shell-
model calculations. On the basis of a simple model regarding the lattice
site ion as a point charge accompanied by a dipole moment, we evaluated the
dipole moments of the top- and second-layer I− and Rb+ ions self-consistently
from the relaxed lattice positions determined by means of MEIS and from
the polarizabilities estimated systematically from experimental refraction data.
The balance between a short-range force and a long-range coulombic one
determined the equilibrium positions of the top- and second-layer ions; these
are consistent with those derived by means of MEIS within the experimental
uncertainties of 0.02 Å. This indicates that the polarizablities derived from the
refraction data and the interatomic (short-range) potentials of the Born–Mayer
type are applicable.

1. Introduction

Medium-energy ion scattering (MEIS) provides a powerful tool for determining directly near-
surface and interface structures [1–3]. Recently, MEIS with a monolayer depth resolution
has been applied to the analysis of metal silicide/Si interfaces, surface structures of metals
and oxides, and initial oxidation of Si surfaces [4–7]. The notable point of the ion scattering
analysis is its reliability due to the simple and well-established principle and direct observation
in real space, in contrast to the diffraction (momentum-space) methods using electrons and
x-rays.
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In the present work, we first determined the surface structure of RbI(001) by means of
high-resolution MEIS. As is well known, alkali halide crystals have strongly rumpled surface
structures due to the dipole moment of negative ions being considerably larger than that of
positive ions [8]. Our toroidal electrostatic analyser (ESA) for MEIS has an excellent energy
resolution (�E/E = 9 × 10−4) and thus allows a layer-by-layer analysis [9–11]. As shown
later, it resolved the scattering components from the top- and second-layer Rb+ and I− ions.
Using the ion shadowing effect [10, 11], we determined the heights of the top-layer I− and Rb+

ions from the second-layer I− and Rb+ ions. Thus the surface relaxation and the rumplings of
the top and second layers were deduced. Then, on the basis of the simple model wherein the
lattice site ion is regarded as an elemental point charge (±e) accompanied by a dipole moment,
the local electric fields and the dipole moments for the top- and second-layer Rb+ and I− ions
are derived self-consistently. It must be noted that for the ions in deeper layers, the electric
fields generated by the surrounding ions are cancelled out and thus no dipole moments are
induced. In order to study the lattice dynamics at surfaces, we need a reliable short-range pair
potential. Previously, some pair potentials of the Born–Mayer type [12–14] were proposed for
alkali halide crystals. We checked whether the forces were balanced between the short-range
force and a long-range coulombic one at the relaxed lattice positions determined by MEIS.

As regards the structures and dipole moments of ions near the alkali halide surfaces,
some theoretical predictions have been made based on the semi-classical shell models
[12, 15, 16]. Recently, first-principles local density calculations were performed to deduce the
polarizabilities of alkali halide crystals [17, 18]. It is impossible to determine experimentally
the polarizabilities of the positive and negative ions separately by optical methods applied to
the dielectric response. However, individual polarizabilities can be estimated systematically
from experimental data using the Clausius–Mossotti relation. Up to the present, optimized
surface structures of alkali halide crystals based on ab initio molecular dynamics simulation
have not been calculated, because this needs many more plane waves as the basis functions
than simulation for metals and semiconductors. In addition, there are no experimental reports
on the structures and the dipole moments of near-surface ions for alkali halide crystals. The
present study provides useful experimental data on the structure and dipole moments of the
RbI(001) surface and makes it possible to evaluate the accuracies of the theoretical models
applied to ionic crystals.

2. Experiment

The RbI crystal has a NaCl-type structure with lattice constant of 7.342 Å at room temperature.
RbI(001) crystals with purity better than 99.9% were purchased from the Crystal Growth
Laboratory of the University of Utah. A crystal with a size of 14 × 14 × 1 mm3 was cleaved
in the atmosphere with a razor-blade and then immediately installed into the ion scattering
chamber evacuated to ultrahigh vacuum (UHV: 2 × 10−10 Torr). It is a crucial that the crystal
is cut carefully, to ensure that there is no surface damage or distortion. The sample was
heated to 100–150 ◦C for 5 min in the UHV chamber and a clean surface without C and O
contamination was confirmed by Auger electron and ultraviolet photoelectron spectroscopies,
respectively. In order to avoid the charge-up effect, the sample surface was covered with thin
Al foils except for a small ion-irradiation area with a size of about 4 × 8 mm2. The absence of
charging was confirmed by the slope and position of the front edge in the MEIS spectra from
I atoms.

The specification and performance of our toroidal ESA were described elsewhere [9].
Figure 1 shows a typical MEIS spectrum for 80 keV He+ ions incident along the [001] axis of
RbI(001) and backscattered to 100◦. Our toroidal ESA resolves the scattering components from
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Figure 1. The observed MEIS spectrum (open circles) for 80 keV He+ ions incident along the
[001] axis of RbI(001) and backscattered to 100◦. The dashed and solid curves are the deconvoluted
and total MEIS spectra, respectively, best fitted to the observed one. These energy spectra were
simulated assuming the energy resolution �E/E = 1 × 10−3, stopping power S(E) = 1.4SZ(E)
(SZ(E): Ziegler’s stopping power; E: energy), and straggling 
2 = 0.25
2

B (
B : Bohr
straggling). The isotope abundances of 85Rb (72%), 87Rb (28%), and 127I (100%) were taken
into account.

the top- and second-layer Rb+ and I− ions. The dashed and solid curves are the deconvoluted
Gaussian distributions (from the top down to the fourth layer, 127I (100%), 85Rb (72%), 87Rb
(28%)), and total MEIS spectrum, respectively, best fitted to the observed one. If one assumes
the scattering component from each layer to be a slightly asymmetric Gaussian shape, the best-
fitted spectrum is obtained by choosing the system energy resolution (�E/E) of 1 × 10−3,
the stopping power of 1.4SZ (SZ: Ziegler’s stopping power), and the energy straggling of
0.25
2

B (
2
B : Bohr straggling). The uncertainties of these fitting parameters are estimated to

be roughly ±10%. The normalized scattering yields derived from the above best fit for the
top-, second-, third-, and fourth-layer ions are 1.0, 1.2, 0.4, and 0.3, respectively. Such large
values for the second-, third-, and fourth-layer ions are responsible for a strong focusing effect
in the outgoing path (almost parallel to but slightly deviating from the [601] axis) and for
considerable thermal vibration amplitudes (0.16–0.20 Å) due to the small Debye temperature
of RbI (115 K).

3. Results and discussion

First, we determine the heights of the top-layer I− and Rb+ ions measured from the second-
layer I− ions. In this case, two energy windows were set for the scattering components from
the second-layer I− ions and from the deeper-layer ions (see figure 1, shaded areas). Then the
angular scans were performed for the above two scattering components around the [101] axis
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in the (01̄0) plane and around the [111] axis in the (11̄0) plane. The former angular scan gives
the height of the top-layer I− ions and the latter that of the top-layer Rb+ ions scaled from
the second-layer I− ions. If we set an energy window for the scattering component from the
second-layer Rb+ ions (see figure 1, shaded area), the heights of the top-layer I− and Rb+ ions
scaled from the second-layer Rb+ ions are determined in the same manner.

Figure 2 indicates the angular scan spectra around the [101] axis in the (010) plane (left)
and those around the [111] axis in the (01̄0) plane (right) for the scattering components from
the second-layer I− ions and from the deeper-layer ions. The scattering angle was fixed at
80◦ and 68◦ for the polar scans around the [101] and [111] axis, respectively. We confirmed
by Monte Carlo simulations that no blocking and focusing effects occur in such scattering
geometries. It is known that there is no surface reconstruction on the (001) surface of NaCl-
type crystal owing to its highly symmetric nature. The angles giving the scattering yield
minima were determined by an appropriate polynomial fitting [10]. From the angular shifts
indicated in the figures, the heights of the top-layer I− and Rb+ ions above the second-layer I−

ions were derived as 3.679±0.01 and 3.595±0.01 Å, respectively, by the simple triangulation
method [10, 11]. This means that the interlayer distance of the top I− and Rb+ planes scaled
from the second I− plane are expanded by +0.008 Å and −0.076 Å, respectively, compared
with the bulk interlayer distance dbulk (3.671 Å at room temperature (RT)).

Figure 2. Angular scan spectra for 80 keV He+ ions incident around the [101] axis in the (010)
plane (left) and around the [111] axis in the (11̄0) plane (right). The scattering angle was fixed at 80◦
and 68◦ for polar scans around the [101] and [111] axis, respectively. Full and open circles denote
the scattering components from second-layer I− ions and from deeper-layer ions, respectively.
The solid and dashed lines indicate the angles giving the scattering yield minima determined by a
polynomial curve fitting.

Figure 3 shows the angular scan spectra around the [101] axis in the (010) plane (left) and
those around the [111] axis in the (01̄0) plane (right) for the scattering components from the
second-layer Rb+ ions and from the deeper-layer ions. In the same way as described above,
the heights of the top-layer I− and Rb+ ions measured from the second-layer Rb+ ions were
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Figure 3. Angular scan spectra for 80 keV He+ ions incident around the [101] axis in the (010)
plane (left) and around the [111] axis in the (11̄0) plane. The scattering angle was fixed at 80◦ and
68◦ for polar scans around the [101] and [111] axis, respectively. Full and open circles denote the
scattering components from second-layer Rb+ ions and from deeper-layer ions, respectively. The
key to the symbols used is the same as that for figure 2.

deduced to be 3.695 ± 0.02 and 3.606 ± 0.02 Å, respectively. The above two values indicate
that the second-layer Rb+ ions are located below the second-layer I− ions by 0.015 Å and
0.011 Å, respectively. This small deviation indicates good accuracy of the present analysis.
Now, we take the average value of 0.013 Å.

Here, we define the surface relaxation (ε) and the rumpling of the top (�ε1) and second
(�ε2) layers by the following relations (see figure 4):

ε = (d12 − dbulk)/dbulk × 100% (1)

�ε1 = (d−I − d+I)/dbulk × 100% = (d−R − d+R)/dbulk × 100% (2)

�ε2 = (d−R − d−I)/dbulk × 100% = (d+R − d+I)/dbulk × 100% (3)

where d−I and d+I are the heights of the top-layer I− and Rb+ ions above the second-layer I−

ions, respectively, and d−R and d+R are the heights of the top-layer I− and Rb+ ions above
the second-layer Rb+ ions, respectively. The average interlayer distance between the top and
second layers is denoted by d12 (=(d−I + d+I + d−R + d+R)/4). Then the surface relaxation
and rumpling of the top and second layers are deduced as −(0.75 ± 0.4)%, +(2.29 ± 0.4)%,
and +(0.35 ± 0.5)%, respectively. The minus sign for the relaxation means contraction of the
interlayer distance compared with the bulk interlayer distance (dbulk) and the plus sign for the
rumpling indicates the displacement of negative ions toward the vacuum side relative to the
positive ions in the same atomic plane.

In table 1, the present result is compared with those given by the shell models [12, 15, 16]. It
also includes the calculations obtained from molecular dynamics (MD) simulations performed
under two different conditions: (I) for the interatomic potential and dipole moments used in
reference [12]; and (II) for the interatomic potential proposed in reference [14] and the dipole
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Figure 4. A schematic side view of the RbI(001) surface seen from the [010] axis. Arrows indicate
the direction of the dipole moments.

Table 1. Surface relaxation (ε) and rumpling (�ε) determined by MEIS and by the shell models
[11, 14, 15]. The subscript 1 or 2 denotes the top or second layer, respectively. The plus sign for
the relaxation values denotes the displacement toward the vacuum side and the plus sign for the
rumpling values means the displacement of I− ions toward the vacuum side relative to Rb+ ions.
The numbers in the square brackets are references.

ε (%) �ε1 (%) �ε2 (%)

Shell model [12] −1.41 + 3.61 −1.80
Shell model [15] −1.98 + 4.18
Shell model [16] −1.2 + 11.2 −6.08
Present MEIS −0.75 ± 0.4 + 2.29 ± 0.4 + 0.35 ± 0.5
MD (I) [12] −2.35 + 4.16 −2.57
MD (II) [14] −1.80 + 3.11 −1.14

moments (top and second layers: determined by MEIS; deeper layers: neglected). For details
of the MD simulation, we refer the reader to the literature [10, 19]. Significant discrepancies
are seen between the present MEIS result and the predictions of the shell models. This suggests
inaccuracies of these semi-classical shell-model calculations. In the above shell model, Benson
and Claxton [12] introduced a distortion energy for each layer which is expressed as a function
of the displacements and dipole moments of the ions in this layer. The equilibrium configuration
was determined by equating to zero the first derivatives of the distortion energy for each layer
independently. Such oversimplified treatment possibly led to the inaccurate result. In fact, the
MD simulation (I) using the same interatomic potential and dipole moments disagrees with
the shell-model calculation [12] (see table 1). The present relaxation value is increased by
+0.33% compared with the previous MEIS result (−1.08%) [10]. Here, we must note that in
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the previous analysis, the heights of the top-layer ions were scaled from the second-layer I−

ions only and the second-layer rumpling was neglected.
From the displacements of the top- and second-layer ions from the unrelaxed (bulk-like)

lattice positions, we can deduce their dipole moments self-consistently. The dipole moment
of an ion i in the nth layer is given by

µin = αi
∑

j

Etotal(rij ) (4)

where αi is the polarizability of the ion i and Etotal(rij ) is the total electric field induced at
the position of the ion i by the point charge ej and the dipole moment µjm. Here, rij is the
position vector of the j th ion relative to the ith. The electric field induced by the surrounding
point charges

∑
j Ep(rij )was calculated by the modified Ewald method for a laminar structure

[20]. In the case of the electric field generated by dipole moments
∑

j Ed(rij ), we performed
the summation over 24 × 24 ions in the lateral plane and neglected the contribution from the
underlying layers, as a first approximation. In fact, the deeper the lattice site positions, the
smaller the electric fields due to the surrounding point charges. First, the total electric field
at the ion i in the top layer is calculated assuming appropriately the dipole moments of the
top-layer I− ion (µ−

1 ) and Rb+(µ+
1). Then the dipole moment of the top-layer ions is deduced

from equation (4) employing an appropriate polarizability α±. Thus, we can derive the dipole
moments self-consistently. Figure 5 shows the contour plots of equi-inconsistency (%) for

Figure 5. Contour plots of equi-inconsistency (%) for the dipole moments of the top-layer (upper)
and second-layer (lower) ions. The final self-consistent values are indicated by the symbol ⊗ (see
table 2).
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Table 2. Dipole moments (in Debye units: 10−18 esu cm) derived from the rumpled surface
structures. The superscript + or − denotes positive or negative ions and the plus sign for µ
indicates the dipole vector directed to the vacuum side parallel to the surface normal. The values
with asterisks denote corrected ones. The numbers in the square brackets indicate the references.

α+ (Å3) α− (Å3) µ+
1 µ−

1 µ+
2 µ−

2

Shell model [11] 1.81 [11] 5.85 [11] −0.249 + 0.890 + 0.048 −0.265

Present MEIS 1.81 [11] 5.85 [11] −0.253 + 0.774 + 0.0556 −0.0730
−0.258* + 0.784* + 0.0562* −0.0740*

1.38 [17] 6.95 [17] −0.212 + 0.853 + 0.0455 −0.0753
1.80 [20] 6.20 [20] −0.264 + 0.821 + 0.0584 −0.0800
1.71 [21] 6.29 [21] −0.253 + 0.824 + 0.0554 −0.0783

µ+
1 and µ−

1 (upper) and for µ+
2 and µ−

2 (lower). The self-consistent values indicated by the
cross symbol (⊗) are −0.253 (µ+

1), +0.774 (µ−
1 ), +0.0556 (µ+

2), and −0.0730 (µ−
2 ) in Debye

units (10−18 esu cm). In order to improve the accuracy, we performed the contour plots again
considering the second-layer dipole moments. The correction is very small, less than 2%. In the
above calculations, we employed the polarizabilities ofα+ = 1.81 Å3 andα− = 5.85 Å3, which
were deduced using equation (4) from the displacements and dipole moments predicted by the
shell model [12]. These values are consistent with those (α+ = 1.80 Å3 [21], 1.71 Å3 [22];
α− = 6.20 Å3 [21], 6.29 Å3 [22]) determined systematically by experimental refraction data
assuming the Clausius–Mossotti relation. Table 1 shows the dipole moments determined from
the rumpled surface structure of RbI(001) assuming different polarizabilities [12, 18, 21, 22].
In all cases, the dipole moment of the top-layer I− ions is more than three times that of the
top-layer Rb+ ions and the dipole moments of the second-layer ions are considerably reduced.

Now, we consider the force balance at the relaxed lattice positions determined by MEIS.
Here, interatomic potentials of the Born–Mayer type [12–14] are employed. The short-range
interactions (VS(r)) between two neutral atoms are given by the following form:

VS(rij ) = A exp[−rij /ρ] − C/r6
ij −D/r8

ij (5)

where the first term corresponds to a repulsive potential and the second and third ones are
effective van der Waals interactions between two dipoles induced by a fluctuation of charge
distributions, respectively. This short-range interaction was taken into account for the first-
and second-nearest neighbours only. The long-range coulombic potential between two ions i
and j having charges ei and ej and dipole moments µi and µj is expressed by

VL(rij ) = eiej /rij − ei(rijµj )/r
3
ij + ej (µirij )/r

3
ij − 3(µirij )(µj rij )/r

5
ij + (µiµj )/r

3
ij . (6)

The first term denotes the interaction between point charges ei and ej and the second and
third terms are the interaction between point charge ei and the electric field due to dipole
µj , and the interaction between dipole µi and the electric field generated by point charge
ei , respectively. The interaction between dipoles µi and µj corresponds to the fourth and
fifth terms. The dipole–dipole interaction was neglected in the present analysis because of
its small contribution (three orders of magnitude lower than the first term in equation (6)).
The total potential energy is expressed as the sum of the short-range pair potential VS(rij )
and the long-range coulombic one VL(rij ). Figure 6(a) shows the total potential energies for
the top-layer Rb+ and I− ions calculated using the pair potential proposed by Catlow et al
[14] as a function of displacement in the surface-normal direction (z). Here, the relaxed
lattice positions determined by MEIS were taken as the origins of the displacements. The
calculations were performed using the dipole moments of the top- and second-layer ions
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Figure 6. Total potential energies for the top-layer I− and Rb+ ions as a function of displacement
in the surface-normal direction from the relaxed lattice positions determined by MEIS (a) and from
those calculated by MD (b).

determined by MEIS. The displacements and dipole moments of the ions in layers deeper than
the third one were neglected because of the very small contributions. The deviations of the
equilibrium positions from those determined by MEIS are listed in table 3 for three different
polarizabilities [12, 18, 21] and interatomic potentials [12–14]. Here, the minus sign means
displacement toward the vacuum side. The discrepancies are small except for in the case using
the polarizabilities calculated by Pettersson and Subbaswamy [18], based on first-principles
density functional theory. It is worth noting that polarization of an ion or atom in solids cannot
be defined without ambiguity in a quantum mechanical sense because the wave functions of
valence electrons are not localized completely, and overlap each other at unit-cell boundaries
[23]. The present result indicates that the polarizabilities derived experimentally [21, 22] and
the interatomic potentials of Born–Mayer type [12–14] are applicable. Figure 6(b) shows the
total potential energies as a function of displacement (z) from the relaxed lattice positions
estimated from the MD (I) simulation. Quite naturally, the force balance holds at the relaxed
lattice positions, which are different from those determined by MEIS (see table 1).
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Table 3. Deviations of the calculated equilibrium lattice positions of the top-layer Rb+ and I−
ions from the relaxed lattice positions determined by MEIS. The numbers in the square brackets
indicate the references.

Deviations (Å)

α+ (Å3) α− (Å3) Ion species Benson [12] Catlow [14] Sangster [13]

1.81 [11] 5.85 [11] Rb+ −0.02 −0.03 −0.03
I− + 0.02 + 0.0 + 0.01

1.38 [17] 6.95 [17] Rb+ −0.04 −0.05 −0.05
I− + 0.04 + 0.02 + 0.03

1.80 [20] 6.20 [20] Rb+ −0.02 −0.03 −0.03
I− + 0.02 + 0.0 + 0.01

4. Summary

The surface relaxation and the rumpling of the top and second layers of RbI(001) were
determined by high-resolution MEIS. The present MEIS analysis gives significantly smaller
values compared with the predictions of the semi-classical shell models. The discrepancies are
possibly caused by their simplified treatments. On the basis of the classical model regarding the
lattice site ion as a point charge with a dipole moment, we calculated the local electric fields at
the lattice site ions and evaluated the dipole moments for the top- and second-layer Rb+ and I−

ions self-consistently from the relaxed lattice positions determined by MEIS together with the
polarizabilities estimated from the refraction data. From the balance between the short-range
force and the long-range coulombic force, we deduced the equilibrium positions of the top-
and second-layer ions, which were consistent with those determined by MEIS. This indicates
that the polarizabilities derived from refraction data and the short-range pair potential of the
Born–Mayer type are applicable.
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