
PHYSICAL REVIEW B 66, 125402 ~2002!
Surface structure and lattice dynamics of KI„001… studied by high-resolution
ion scattering combined with molecular dynamics simulation

T. Okazawa, T. Nishimura, and Y. Kido*
Department of Physics, Ritsumeikan University, Kusatsu, Shiga-ken 525-8577, Japan

~Received 19 April 2002; published 4 September 2002!

The rumpled surface structure and thermal lattice vibrations of KI~001! were studied by high-resolution
medium-energy ion scattering~MEIS! and molecular dynamics~MD! simulation. The relaxation of the inter-
layer distance between the top and second layer and the rumpling of the top and second layers were measured
directly by MEIS with an accuracy of 0.01 Å. From the displaced lattice positions determined above, we
derived the dipole moments of the top- and second-layer K1 and I2 ions self-consistently using the polaliz-
abilities estimated from the optical refractive index combined with the Clausius-Mossotti relation. The balance
between a short-range force and a long-range Coulombic one made it possible to judge the applicability of the
short-range pair potentials proposed so far. We also determined the root-mean-square thermal vibration ampli-
tudes of the bulk and top-layer ions together with the correlations between the top- and second-layer ions by
means of the ion shadowing effect applied to various kinds of scattering geometries. The results obtained were
compared with those calculated from the MD simulations based on a semiclassical model using the dipole
moments determined above and a Born-Mayer- or Hellmann-type pair potential. The present results are in
overall agreement with the MD simulations employing the pair potential proposed by Catlowet al. @J. Phys. C
10, 1395~1977!#.

DOI: 10.1103/PhysRevB.66.125402 PACS number~s!: 68.35.Ja, 61.85.1p, 78.55.Fv
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I. INTRODUCTION

It is well known that alkali-halide crystals have strong
relaxed and rumpled surfaces, because the electric field
the lattice sites of the near-surface region are not comple
canceled out and as a result the ions near the surface
dipole moments.1 Such a characteristic surface structu
would generate a specific nature of the lattice motion.
example, a crystal row consisting of alternating plus and
nus point charges would induce strongly correlated ther
vibrations because of the attractive force between the ne
boring ions. Unfortunately, there are only a few reports
only on the structural analysis, but also on the lattice dyna
ics of the alkali-halide surfaces.2–4 The reason is probably
due to the large band gaps leading to intense charge-u
x-ray, electron, and ion irradiations. Concerning the theo
ical investigations, semiclassical shell models5–8 have been
developed and they predicted the structures and disper
relations for the surfaces. For more precise analysis of
surface structure, it needs a fully quantum mechanical
proach. Recently, a challenge has been done to determin
optimized surface structure of alkali-halide crystals using
ab initio molecular dynamics~MD! calculation based on
density functional theory.9

In this study, we first determine the rumpled surface str
ture of KI~001! by high-resolution medium-energy ion sca
tering ~MEIS!. Then the dipole moments of the top- an
second-layer K1 and I2 ions are derived self-consistent
from the above displaced lattice positions. Here we use
polarizabilities of both ions estimated from the observed
fraction data coupled with the Clausisu-Mossotti relation
one regards the lattice site ion as a point charge accompa
by a dipole moment, the balance between a Born-Mayer
Hellmann-type short-range force and a long-range Coulo
0163-1829/2002/66~12!/125402~10!/$20.00 66 1254
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bic one can judge the applicability of the short-range p
potentials proposed so far. We also determine the root-me
square~rms! thermal vibration amplitudes~TVA’s ! of the
bulk and top-layer ions together with the correlations b
tween the top- and second-layer ions. In order to derive
above values directly by means of MEIS, the ion shadow
and focusing effects are applied to various kinds of scatte
geometries. The results are compared with the predicti
given by the semiclassical MD simulations employing t
dipole moments determined here and the applicable
potential.

II. EXPERIMENT

The KI~001! crystals~lattice constant 7.066 Å! with pu-
rity better than 99.99% were purchased from the Optoe
tronic Materials Laboratory of the University of Utah. W
prepared the clean KI~001! surface by cleaving the rod with
a razor blade in N2 ambience and then immediately intro
duced it into an ultrahigh-vacuum~UHV! chamber. The
sample was mounted on a six-axis goniometer and heate
100–150 °C for 5 min in UHV (2310210 Torr). The clean
surface without carbon and oxygen contamination was c
firmed, respectively, by Auger electron and ultraviolet ph
toelectron spectroscopy.

We used 70-keV He1 beams which were collimated t
0.05 ~horizontal! 32.0 ~vertical! mm2. The backscattered
He1 ions were detected by a high-resolution toroidal elect
static analyzer~ESA! mounted on a turntable. It has a wid
interelectrode distance of 16 mm and thus covers a br
energy range~10% of the pass energy! at a fixed applied
voltage.10 After the electric deflection, the ions impinge on
three-stage microchannel plates combined with a silic
position-sensitive detector~PSD!, which has an excellent po
sition resolution of 40mm. Our toroidal ESA makes it pos
©2002 The American Physical Society02-1
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sible to clearly see a blocking pattern on the PSD image,
thus it is easy to set up a desired scattering condition
outgoing ions such as blocking-focusing and random ge
etries. The angular resolution was estimated to be better
0.1° from reproducibility of angular yield curves. In order
suppress a charge-up effect, the sample surface was cov
with thin Al foils except for a small ion-irradiation area. Th
beam position on the sample surface was shifted by 1 mm
the horizontal plane after an integration beam current o
mC to avoid the accumulation of radiation damages.

III. STRUCTURE ANALYSIS

First, we determine the heights (dI-I ,dK-I) of the top-layer
I2 and K1 ions from the second-layer I2 ions. In this case,
two energy windows were set for the scattering compone
from the second-layer I2 ions and from the deeper layers I2

ions. Then angular scans were performed for the above
scattering components around the@101# axis in the ~010!
plane and around the@111# axis in the (11̄0) plane. The
former angular scan gives the height of the top-layer I2 ions
and the latter that of the top-layer K1 ions scaled from the
second-layer I2 ions. We also set an energy window for th
scattering component from the second-layer K1 ions and
performed the angular scan around the@111# axis and in the
(11̄0) plane. It gives the height (dI-K) of the top-layer I2

ions scaled from the second-layer K1 ions. The situation is
illustrated in Fig. 1 and the details of such a procedure
referred to the literature.2,3

Figure 2 shows a typical MEIS spectrum observed
70-keV He1 ions incident along the@101# axis and backscat
tered to 80°~random direction! from I2 ions in the ~010!
plane. The spectrum was decomposed into the scatte
component~Gaussian! from each layer of I2 ions. The en-
ergy window for the scattering component from the seco
layer I2 ions was set between 66.4 and 66.7 keV. It par
includes the scattering components from the top- and th
layer I2 ions. However, this does not affect the determinat
of the angle giving the scattering yield minimum for th

FIG. 1. Side views of three kinds of He1 incidence on KI~001!
surfaces.~i! Left: He ions are incident along the@101# axis and the
scattering plane is~010!. ~ii ! Center: incidence along th

I2-terminated@111# axis in the (11̄0) plane.~iii ! Right: incidence

along the K1-terminated@111# axis in the (11̄0) plane.
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scattering component from the second-layer I2 ions, because
of no shadowing effect for the top-layer I2 ions and of a
small contribution from the third-layer I2 ions.

Figures 3~a! and 3~b! indicate the angular scan spectru
around the@101# axis in the~010! plane and around the@111#
axis in the (11̄0) plane, respectively, for the scattering com
ponent from the second-layer I2 ions. The angles giving the
scattering yield minima were estimated from an appropri
polynomial fitting.3 From the angular shifts indicated in th
figures, the heights of the top-layer I2 and K1 ions from the
second-layer I2 ions were determined to be 3.50
60.010 Å (dI-I) and 3.43860.010 Å (dK-I), respectively, by
the simple triangulation method.2,3 The height of the top-
layer I2 ions from the second-layer K1 ions was deduced to
be 3.50760.015 Å (dI-K). Thus the average interlayer dis
tance between the top- and second-layerd12@5(dI-I1dI-K
1dK-I1dK-K)/4# is deduced to be 3.473 Å, namely, shrin
by 0.06 Å.

The surface relaxation~«! and the rumpling of the top-
layer (D«1) and second-layer (D«2) are defined by

«5$~d122dbulk!/dbulk%3100 ~%!,

D«15$~dI-I2dK-I !/dbulk%3100 ~%!,

D«25$~dI-I2dI-K !/dbulk%3100 ~%!, ~1!

where dbulk is the bulk interlayer distance~3.533 Å!. The
surface relaxation and rumpling for KI~001! at room tem-
perature~RT! are listed in Table I and compared with th
shell model calculations.5–7 The minus sign in the relaxation
means a contraction of the interlayer distance compared
the bulk interlayer distance (dbulk), and the plus sign in the
rumpling indicates a displacement of negative ions tow

FIG. 2. Observed MEIS spectrum~open circles! for 70-keV
He1 ions incident along the@101# axis and backscattered to 80
Thin and thick solids curves are the deconvoluted and total M
spectra, respectively, best fitted to the observed one. The scatt
component from the second-layer I2 ions is indicated by the shade
Gaussian shape.
2-2
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FIG. 3. Angular scan spectra for 70-keV He1 ions incident
around the@101# axis in the~010! plane ~a! and around the@111#

axis in the (11̄0) plane~b! and~c!. Open squares and circles deno
the scattering components from the second-layer I2 ions and from
deeper layers ions, respectively. In the case of~c!, open squares
denote the scattering component from the second-layer K1 ions.
The scattering angle was fixed at 80° and 68° for polar scans aro
the @101# and@111# axis, respectively. The straight lines indicate t
angles giving the scattering yield minima determined by a fou
order polynomial curve fitting.
12540
the vacuum side relative to that of positive ions in the sa
atomic plane. Significant discrepancies are seen between
present MEIS result and the predictions by the sh
models.5–7 It suggests inaccuracies of these semiclass
shell model calculations. In the above shell model, Ben
and Claxton5 introduced a distortion energy for each lay
which is expressed as a function of the displacements
dipole moments of the ions in this layer. The equilibriu
configuration was determined by equating to zero the fi
derivatives of the distortion energy for each layer indep
dently. Such a too simplified treatment possibly led to t
inaccurate result. In fact, the MD simulation using the sa
interatomic potential and dipole moments does not coinc
with the shell model calculation.5

The displacements of the top- and second-layer ions fr
the unrelaxed lattice positions can give their dipole mome
self-consistently if the polarizability of each ion is know
The dipole moment of an ioni in the nth layer is given by

mW n
i 5a i(

j
$EW p~rW i j !1EW d~rW i j !%, ~2!

wherea i is the polarizability of ioni andEW p(rW i j ) andEW d(rW i j )
are, respectively, the electric fields induced by a point cha
ej and by a dipole momentmW m

j of a lattice site ionj. HererW i j

is the position vector of thej th ion relative to thei th. We
must note that the dipole moments and electric fields
directed to the surface normal direction because of the s
metric configuration in the lateral plane.12 Both electric fields
are calculated by the modified Ewald method.13 First, we
calculated the electric field induced at the ioni in the top
layer assuming appropriate dipole moments of the top-la
I2 (mW 1

2) and K1 (mW 1
1) ions. As a first approximation, the

dipole moments of the underlying ions were neglected,
cause the deeper the lattice site positions, the smaller
electric fields. If one uses appropriate polarizabilities,
dipole moments are derived from Eq.~2!. We adopted the
values of 1.15 (aK1) and 6.29 (a I2) ~Å3!, which were esti-
mated systematically from experimental refraction data
suming the Clausius-Mossotti relation.14,15 Thus the dipole
moments of the top-layer ions are determined se
consistently. Next, the dipole moments of the second-la
ions were determined in a quite same manner considering

nd

-

TABLE I. Surface relaxation~«! and rumpling of top (D«1) and
second (D«2) layer of KI ~001! determined by MEIS and shel
models~Refs. 5–7!. In the MD* simulation, the pair potential and
dipole moments given by the shell model~Ref. 5! were used.

« ~%! D«1 ~%! D«2 ~%!

Present MEIS 21.6360.4 11.7860.3 10.5960.4
Shell modela 21.67 15.50 23.01
Shell modelb 20.80 13.99
Shell modelc 20.46 10.92 20.56
MD* 23.21 16.11 22.46

aReference 5.
bReference 6.
cReference 7.
2-3
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dipole moments of the top- and second-layer ions only. T
we calculated again the electric fields at the top-layer i
considering the dipole moments of the second-layer ions
termined above.

Figures 4~a! and 4~b! shows the contour plots of equ
inconsistency~%! for (mW 1

1 ,mW 1
2) and (mW 2

1 ,mW 2
2), respectively.

Such self-consistent and iterative calculations derived the
pole moments of the top- and second-layer ions (m1

K1

520.196,m1
I250.86,m2

K150.044,m2
I2520.094 in Debye

units: 10218 esu cm). The result is listed in Table II an
compared with the shell model calculation.

Recently, the polarizabilities of alkali-halide crystals we
calculated based on first-principles density functio
theory.16 However, the predicted values are considerably d

FIG. 4. Contour plots of equi-inconsistency~%! for the dipole
moments of the top-layer~a! and second-layer~b! ions. The final
self-consistent values are indicated by the symbol^ ~see Table II!.

TABLE II. Dipole moments~in Debye units: 10218 esu cm) of
the top- and second-layer K1 and I2 ions determined self-
consistently from the MEIS displacement data and those given
shell models~Refs. 5 and 7!. In the present calculation, the pola
izabilities given by Jaswal and Sharma~Ref. 15! were used. The
plus sign means the direction toward the vacuum side.

(a1) (a2) m1
1 m1

2 m2
1 m2

2

Present MEIS 1.15 6.2920.196 10.860 10.044 20.094
Shell modela 1.14 5.85 20.161 11.061 10.034 20.381
Shell modelb 2.28 4.51 20.218 10.456 10.024 20.078

aReference 5.
bReference 7.
12540
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ferent from those derived from experimental optical da
coupled with the Clausius-Mossoti relation.14,15It is worth to
note that polarization of an ion or atom in solids cannot
defined uniquely in a quantum mechanical sense becaus
wave functions of valence electrons are not localized co
pletely and rather overlap each other at unit-c
boundaries.17

Now, we consider a balance between the long-range fo
and the short-range one at the relaxed lattice positions de
mined above. As the short-range interaction, the Bo
Mayer- and Hellmann-type pair potentials we
employed.5,11,18,19They are written by

Born-Mayer ~Refs. 5, 11, and 18!:

VS
B~r i j !5A exp@2r i j /r#2C/r i j

6 2D/r i j
28, ~3!

Hellmann ~Ref. 19!:

VS
H~r i j !5

A

r i j
exp@2r i j /r#2C/r i j

6 2D/r i j
8 , ~4!

where the coefficientsA, C, D, andr take different values for
different ion~cation, anion! combinations. The first term cor
responds to a repulsive potential, and the second and t
ones are the effective van der Waals interactions betw
two dipoles induced by a fluctuation of electron charge d
tributions. The long-range Coulombic potentials betwe
two ions i and j were calculated by the modified Ewal
method, where only the dipole moments of the top- a
second-layer ions determined by MEIS were used and
dipole-dipole interaction was neglected because of its sm
contribution~three orders of magnitude lower than the poin
charge–point-charge interaction!. We calculated the total po
tential energies for the top-layer K1 and I2 ions indepen-
dently as a function of the displacement of the top-layer K1

or I2 plane from the corresponding relaxed plane determi
by MEIS. Here we considered the displacements of the
and second layers only and assumed no relaxation and
pling for deeper layers. The displacements of the top-la
K1 and I2 planes giving a minimum total potential energ
are shown in Table III for some pair potentials.5,11,18,19Here
the displacement values are time-averaged considering

y

TABLE III. Deviations ~Å! of the equilibrium positions of the
top-layer K1 and I2 planes from those determined by MEIS. Th
values in the column of RT are time averaged considering ther
vibrations at RT (̂uK&50.195 Å, ^uI&50.19 Å).

Bensona Catlowb Sangsterc Hellmannd

K1 I2 K1 I2 K1 I2 K1 I2

0 K 20.08 10.05 20.08 10.06 20.07 10.06 20.01 10.04
RT 20.05 20.02 20.04 10.04 20.04 10.04 10.04 10.03

aReference 5.
bReference 11.
cReference 18.
dReference 19.
2-4
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mal vibrations at RT@in the column~RT!#. All pair potentials
give small deviations within 0.05 Å.

IV. MD SIMULATIONS

The MD simulation program used here is basically simi
to the previous one.2,11 There are two improved points:~1!
the potential induced by dipole moments is also calcula
by the modified Ewald method and~2! an optimum conver-
gence parameter13,20 was chosen to minimize the reciproc
lattice sum in the above potential calculations by the Ew
method without lowering the accuracy. In addition, a spec
attention was paid to make the nearest-neighbor distanc
the basic cell equal to equilibrium time-averaged one
each pair potential. The ions vibrate thermally around
lattice site position, which gives a minimum potential ener
If the above matching is insufficient, the interlayer distanc
in the surface normal direction are significantly shrunk
expanded. Such a situation is seen for the Hellmann-t
potential, and a good matching was obtained by changing
parameterA, which reflects the ionic radii.

The present MD simulation derives rms thermal vibrati
amplitudes at RT averaged over all ions in one basic
eight image cells. The basic cell consists of 838
(lateral plane)320 ~surface normal direction! ions, which is
surrounded by 8 image cells of the same size. The basic
size isL3L35L/2 (L58dbulk), and it has fixed boundarie
in the lateral plane and free boundaries in the surface nor
direction. Lateral oscillation modes with wavelengths larg
than 23L cannot occur in such a limited space. Howev
their contributions are expected to be small at RT, beca
primary ones come from the waves with frequency close
vD ~Debye frequency!. The MD simulations were performe
using the pair potentials mentioned before5,11,18,19 and the
dipole moments of the top- and second-layer ions wh
were determined in the present study. For comparison,
dipole moments given by Benson and Claxton5 were also
employed. The MD simulations for KI~001! and RbI~001!
revealed a strong dependence of the pair potential on
bulk TVA’s and a small dependence of the dipole mome
and pair potential on the enhancement of the top-layer io
As will be shown later, the combination of the dipole m
ments determined here and the pair potential proposed
Catlow et al.11 gives a good agreement with the bulk TVA
of I2 and K1 ions derived by the present MEIS analysis.

Figure 5 shows the one-dimensional rms TVA’s of the2

and K1 ions from the top down to the tenth layer of KI~001!
calculated from the MD simulation using the dipole m
ments determined in the present study and the pair pote
proposed by Catlowet al. The TVA’s were also calculated
using other pair potentials and those from the top- down
the fifth-layer ions are listed in Table IV. It is clearly see
that the TVA’s of the top-layer ions in the surface norm
direction are significantly enhanced by 20%–40% compa
with those of deeper layer ions. Slightly enhanced are
TVA’s of the top-layer ions in the lateral plane and of th
second-layer ions in the surface normal direction. Accord
to a simple spring model of solid, the bulk TVA is multiplie
by& to give that of the top-layer atoms in the surface n
12540
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mal direction because the spring constant of the top-la
atoms is reduced to half that for the bulk atoms. In the c
of some alloy surfaces, a large enhancements of a facto
2.5–3 relative to the bulk value was reported21 recently. Un-
expectedly, the enhancement for the top-layer I2 ion with a
heavier mass is significantly larger than that of the top-la
K1 ion. It is probably due to the fact that the top-layer2

ions are displaced toward the vacuum side by 0.1 Å rela
to the top-layer K1 ions. Such a situation is quite the same
that for RbI~001! surfaces. The TVA’s in the deep region tak
constant and almost mass-independent values for any
potentials, although the absolute values strongly depend
the pair potential. The TVA’s are intimately related to th
slope of the short-range potential for K1-K1 and/or I2-I2

pairs around the position which gives a minimum poten
energy. Apparently, a steep slope yields a strong elastic fo
and thus leads to small vibration amplitudes.

If one employs the Debye model assuming a linear d
persion relation coupled with the virial theorem,22 one ob-
tains the following one-dimensional rms TVA (A^u2&
[^u&) at temperatureT ~K!:

^u2&5
1

3NM E
0

vD H 1

exp~v\/kBT!21
1

1

2J \Z~v!

v
dv,

~5!

whereM, N, \, andkB are ion mass, an atomic density, th
Planck constant, and the Boltzmann constant, respectivel
the Debye approximation, the density of statesZ(v) is equal
to 9N/v2vD

3 . Equation ~5! indicates that an rms TVA is
proportional toM 21/2. If this formula is applied to the KI
crystal, the TVA’s of K1 and I2 at RT are deduced to b
0.258 and 0.143 Å, respectively, using the Debye tempe

FIG. 5. One-dimensional rms thermal vibration amplitudes
each layer of KI~001! derived from MD simulations. Solid and ope
symbols denote K1 and I2 ions, respectively, and squares an
circles correspond to vibrations in the surface~x,y! plane and sur-
face normal direction~z, @001#!, respectively. In the MD simulation
the dipole moments determined in the present analysis and the
potential proposed by Catlowet al. ~Ref. 11! are assumed.
2-5
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TABLE IV. The rms TVA’s ~Å! for KI ~001! calculated from MD using the dipole moments determined
the present study and the pair potential of~i! Catlow et al. ~Ref. 11!, ~ii ! Sangster~Ref. 18!, and ~iii !
Hellmann type~Ref. 19!. The uncertainty is estimated to be60.001 Å.

~i! Catlow et al.
Top layer Second layer Third layer Fourth layer Fifth layer

Vertical Lateral Vertical Lateral Vertical Lateral Vertical Lateral Vertical Later

K1 0.2112 0.1894 0.1944 0.1804 0.1782 0.1757 0.1782 0.1739 0.1746 0.1
I2 0.2263 0.1867 0.1875 0.1809 0.1816 0.1752 0.1749 0.1732 0.1743 0.1

~ii ! Sangster

K1 0.1926 0.1680 0.1701 0.1568 0.1588 0.1556 0.1557 0.1576 0.1539 0.1
I2 0.1989 0.1594 0.1568 0.1492 0.1507 0.1464 0.1477 0.148 0.1477 0.1

~ii ! Hellmann type

K1 0.1738 0.1370 0.1556 0.1338 0.1431 0.1304 0.1392 0.1304 0.1342 0.1
I2 0.1799 0.1364 0.1538 0.134 0.1454 0.1310 0.1378 0.1306 0.1362 0.1
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ture of 130 K for KI.23 Here we must note that this expre
sion is valid for monatomic materials.

The correlations between thei th- and j th-layer (i , j
51,2,...,20) ions were calculated for the@001#, @101#, and
@111# strings by MD. Now, we define the correlation coef
cient between thei th-and j th-layer ions by the following
relation:

Ci j 5^ui•uj&/A^ui•ui&•^uj•uj&, ~6!

whereui is the displacement of the ioni from its equilibrium
position and the brackets mean a time average. The plus
indicates the ions moving each other toward the same di
tion ~correlated or positive correlation!, whereas the minus
sign means the ions moving each other in an opposite
~anticorrelated or negative correlation!. The correlations be-
tween the top- andnth-layer (n52,3,...) ions and betwee
the second- andnth-layer ions (n51,3,4,...) in the@001#
string for KI~001! are shown, respectively, in Figs. 6~a! and
6~b!. There is no significant difference between the K1 and
I2 ion termination except for correlations between the
two nearest-neighbor ions in the surface normal directi
Strong correlations are seen between the nearest-neig
ions, and quite reasonably the larger the distance betwee
ions, the smaller the correlations. In addition, theCi j value is
almost equal to theCi 1n j1n value (n51,2,...). The correla-
tions between the top- andnth-layer ions in the@101# and
@111# strings are shown Figs. 7~a! and 7~b!. In the case of the
@101# string with the same positive (1e) or negative (2e)
point charges, unexpectedly the correlations between
nearest-neighbor ions are positive~about10.2!, not negative
in spite of the same charge lineup of the ions. It indicates
the short-range interaction dominates the lattice motion.

V. LATTICE DYNAMICS

In order to decompose precisely a MEIS spectrum into
scattering component from each atomic layer, it is essen
to obtain knowledge of the energy loss and straggling for
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He ions backscattered from near-surface atoms. In a chan
ing or blocking trajectory, He ions pass in the vicinity of th
target nucleus of ioni. In this case, the ion suffers an add
tional energy lossDE1( i ) compared with that@DE2(KI) # for
He ions passing through a medium in a random trajectory
from a target nucleus. We analyzed several MEIS spe
observed under channeling-blocking and random geomet
where the surface peaks were clearly decomposed. In

case of the@101# incidence and the@101̄# emergence, the
energy intervalDE12(I-I) between the scattering componen
from the top- and second-layer I2 ions is approximated to be
2DE1(I) 12&dbulk DE2(KI). The corresponding MEIS
spectrum is shown in Fig. 8. For He ions incident along
@101# axis and backscattered to 80° in a random direct
~see Fig. 2!, the energy intervalDE12(I-I) is approximately
DE1(I) 1(&11/cos 35°)dbulk DE2(KI). The DE1( i ) and
DE2(KI) values for incident energy take slightly differen
values from those for emerging energy. As a first approxim
tion, we neglected the difference because of a weak en
dependence of the stopping powers. Such a systematic s
trum analysis gives the values of 0.1560.01 keV/I2, 0.10
60.01 keV/K1, and 0.01460.002 keV/Å, respectively, as
DE1(I), DE1(K), andDE2(KI), for 70-keV He1 incidence.
Thus the peak position of the He ions backscattered fr
each atomic layer is clearly decided. Then the surface p
in an observed MEIS spectrum is decomposed uniquely
the scattering component from each atomic layer assumi
Gaussian shape.

Prior to analyzing the observed MEIS spectra, how
calculate the normalized scattering yields under a single
double-alignment condition is briefly explained. Here t
normalized scattering yield for thenth-layer ions is defined
by the ratio of the total scattering yield from thenth-layer
ions to that from the top-layer ions. The details of the meth
are described in the literature.24,25 First, we define the prob-
ability that the lattice site ions from the top down tonth layer
in the @hkl# string ~z axis! take the positionsrW1(x1 ,y1),
2-6
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SURFACE STRUCTURE AND LATTICE DYNAMICS OF . . . PHYSICAL REVIEW B 66, 125402 ~2002!
rW2(x2 ,y2),..., rWn(xn ,yn). It is expressed by the following
relation:

w~j1 ,j2 ,...,j2n!5
1

A~2p!2nuCu

3expH 2
1

2 (
i 51

2n

~C! i j
21

•j i•j j J , ~7!

wherej i[xi /^ui& ~i odd! or j i[yi /^ui& ~i even! andC is the
correlation matrix (2n32n) defined by Eq.~6!. By a Monte
Carlo ~MC! simulation of ion trajectories we calculate th
close encounter probabilityPCL(n) that the ions are inciden
along the@hkl# axis and hit thenth-layer ion. Of course, al
the PCL(n) values are equal to unity if ions are incide
along a random direction. It is given by

FIG. 6. Correlations between the top- andnth-layer ions~a! and
between the second- andnth-layer ions~b! in the@001# string. Solid
and open symbols denote the I2- and K1-terminated@001# string,
respectively. Circles and squares indicate the vibrations in the
face normal~@001#! and in the lateral plane~@100# and@010# direc-
tions!, respectively.
12540
PCL~n!5~S/N0!(
j 51

N

w~rW1 ,rW2 ,...,rWn21 ,rW01“
W

n!, ~8!

whererWn5rW01“
W

n (rW0 is the incident position vector in the
first atomic plane!, S is the area in which the incident io
positions are confined, andN0 denotes the number of inci
dent ions in the MC simulation. Next, assuming tim
reversal symmetry, we calculate the close encounter p
ability PCL8 (n) that the ions are incident along the outgoin
path and hit thenth-layer ion.24,25 This assumption is ad
equate if the scattering point is shallow enough and thus
energy loss is negligibly small. The normalized scatter
yield for thenth-layer ion under a double alignment cond
tion is given by

Y~n!5PCL~n!3PCL8 ~n!. ~9!

In this approximation, the incident and exit paths are trea
independently.

r-

FIG. 7. Correlations between the top- andnth-layer ions for the
@101# ~a! and@111# ~b! strings. In the case of the@101# string, solid
and open squares denote the I2-I2 chain and the K1-K1 chain,
respectively.
2-7
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We first determine directly the rms TVA’s of the bulk K1

and I2 ions by a polar-scan analysis of MEIS. As mention
before, Fig. 2 indicates the observed and best-fitted M
spectra for 70-keV He1 incident along the@101# axis of
KI ~001! and backscattered from I2 to 80°. We put an energy
window for the scattering components from the fifth-
seventh-layer I2 ions ~64.7–65.5 keV! and performed the
polar scan around the@101# axis in the~010! plane. It was
found that such a polar-scan spectrum around the angle
ing a scattering yield minimum for the scattering comp
nents from deep layers was not sensitive to correlations
enhancement of thermal vibrations but dependent sig
cantly on the rms TVA’s of the lattice site ions in dept
Figure 9 shows the observed polar-scan spectrum toge
with the simulated ones assuming the vibration amplitude
I2 ions to be 0.14, 0.16, 0.18, 0.19, 0.20, and 0.22 Å. T
^uI& value of 0.1960.01 Å gives the best fit to the observe
spectrum. A similar polar scan was also performed for
scattering components from the fifth- to the eighth-layer
I2 ions around the@111# axis in the (111̄) plane. It must be
noted that the K2 and I2 ions are alternately lined up in th
@111# string. We tried to best-fit the simulated spectrum to
observed one by varying the^uK& value. However, the fitting
parameter̂ uK& giving a best fit widely ranges from 0.1
to 0.24 Å because the I2 ions dominate the@111# string
potential.

We simplify the lattice motion and consider^uI&, ^uK&,
the correlations between neighboring ions, and the vert
enhancement of the top-layer ions only the correlations
tween the ions in the@111# string, were neglected because
their small values less than 10% from the MD simulatio
The above approximation seems reasonable from the
simulations presented before~Figs. 6 and 7!. Here we define
the enhancement factorb i as ^uK'(1)&5bK^uK& and
^uI'(1)&5b I^uI& for the top-layer K1 and I2 ions, respec-

FIG. 8. Observed~open circles! and best-fitted~solid curves!
MEIS spectra for 70-keV He1 ions incident along the@101# axis

and backscattered from I2 ions to the@101̄# direction. The energy
interval between the deconvoluted first- and second-surface p
DE12 I-I is estimated to be 0.45 keV.
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tively, in the surface normal direction. In order to determi
these values, the MEIS measurements were performed u
five different scattering conditions~see Fig. 10!. The close
encounter probability for the second-layer I2 ions
(PCL

101(2,I-I)) is derived to be 0.55 by decomposing the ME
spectrum observed for the@101# incidence and random eme
gence~see Fig. 2!. The normalized scattering yield for th
second-layer I2 ions is determined to be 0.30 from the MEI
spectrum observed under the double-alignment geometr
the @101# incidence and@101̄# emergence~see Fig. 8!. These
results are quite consistent from the view point of tim
reversal symmetry24 presented before (0.5530.55'0.30).
Now, we consider the scattering geometry indicated in F
10~b!. The probability to hit the second-layer I2 ions
@PCL

101(2,I-I)50.55# is already known. The normalized sca
tering yield is derived to be 0.40 from the MEIS spectru

ks

FIG. 9. Observed~squares! and simulated~curves! polar-scan
spectra for the scattering components from the fifth- to seve
layer I2 ions. Here 70-keV He1 ions were incident around the
@101# axis and backscattered to 80° in the~010! plane.

FIG. 10. Side views of various scattering geometries:~a! @101#

incidence and@101̄# and random emergence,~b! @101# incidence

and @201̄# emergence,~c! @111# incidence and random emergenc
~scattered to 60° from the second-layer K1 ions!, ~d! @111# inci-
dence and random emergence~scattered to 60° from the second
layer I2 ions!.
2-8
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observed under this condition~@101# incidence and@101̄#
emergence!. This normalized scattering yield is equated
PCL

101(2,I-I)3PCL
201(2,I-I) from the time-reversal symmetry. I

fact, the energy of He ions scattered to the@201̄# direction is
67.0 keV, which is almost equal to the incident energy~70
keV!. If the ^uK& andbK^uK& values (̂ uI& is already known!
are given, one can calculate thePCL

201(2,K-I) by the MC simu-
lation of ion trajectories. Next, we look at the scattering g
ometry indicated in Fig. 10~d!. Also, in this case, the normal
ized scattering yield@5PCL

111(2,K-I) # is calculated from MC
simulations assuming thêuK& andbK^uK& values. We mea-
sured the MEIS spectrum for the@111# incidence and random
emergence~scattering angle 60°! and obtained a normalize
scattering yield of 0.78. Figure 11 shows the combinatio
(^uK&,bK) which give the abovePCL

201(2,I-I) andPCL
111(2,K-I)

values. Thus we obtain thêuK& andbK values as the cros
point of the two curves (̂uK&50.19660.015 Å and bK
51.2660.10). If ^uK& is known, we can determine th
b I^uI& value from the MEIS measurement under the scat
ing geometry indicated in Fig. 10~c! and have obtained th
enhancement factor (b I) of 1.1060.10.

Finally, the correlations between the top- and seco
layer ions in the@101# and @001# strings are determined in
quite the same manner as mentioned above. As can be
from Fig. 10~a!, the correlation coefficientC12(I-I) for the
@101# string in its perpendicular direction (@101̄#) is deter-
mined to be 0.0560.05 from the MEIS spectrum analys
@PCL

101(2,I-I)50.55# followed by MC simulation of ion trajec-
tories. In this case, the scattering component from the th
layer I2 ions contributes significantly to the surface pea
However, the correlation between the top- and second-la
I2 ions is almost the same as that between the second-
third-layer I2 ions. In addition, the correlations between t
second-nearest-neighbor ions are negligibly small. We c
sidered the above situations when decomposed the su
peak. The correlation coefficientC12(K-I) for the @001#

FIG. 11. Points (bK^uK&) satisfying thePCL
111 ~2, K-I! and PCL

201

~2, I-I! values derived from the MEIS analysis are plotted as so
and dashed curves, respectively. The crossing point gives thebK

and ^uK& values.
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string in the lateral direction~@100# and @010#! can be also
determined in quite the same manner. The MEIS meas
ments were performed under the conditions that 70-keV H1

ions were incident along the@001# incidence and backscat
tered to the@601̄# direction and to the direction 1.8° off from
the @601̄# in the ~010! plane. As expected, we obtain th
strong correlation of theC12(K-I) value of 0.4060.05 in the
vertical direction of the@001# string.

The results obtained are shown in Table V and compa
with the predictions of the shell model26 and the MD simu-
lations using different pair potentials. Concerning the bu
TVA’s, the shell model26 and MD simulation using the
Catlow-type pair potential11 give consistent values with th
present result. On the other hand, the MD simulations us
Sangster’s and Hellmann’s potentials result in considera
smaller values. In any cases, the bulk TVA’s are almost m
independent, in contrast to those calculated from the De
approximation. Small enhancements were found for the t
layer K1 and I2 ions in the surface normal direction. Con
cerning the correlations, those observed are large for
@001# string in the lateral direction, but small for the@101#
string in the@101̄# direction, as expected. Overall agreeme

d

TABLE V. The bulk TVA’s (^uI&, ^uK&), enhancement coeffi-
cients (b I , bK) for top-layer ions, and correlation coefficien
@C12(I-I) 5C23(I-I) # for the @001# and @101# strings.

~i! Thermal vibration amplitudes~bulk!

^uI& ~Å! ^uK& ~Å!

QD5130 Ka 0.143 0.258
Shell modelb 0.180 0.185

MD ~Catlowc! 0.17560.005 0.17560.005
MD ~Sangsterd! 0.14560.008 0.15560.008
MD ~Hellmanne! 0.13060.005 0.13060.005

Present MEIS 0.19060.010 0.19660.015

~ii ! Enhancement coefficients for the top-layer ions in the surf
normal direction

b I bK

MD ~Catlow! 1.2960.05 1.2060.05
MD ~Sangster! 1.3760.07 1.2560.07
MD ~Hellmann! 1.3860.05 1.3460.05
Present MEIS 1.1060.10 1.2660.10

~iii ! Correlation coefficients between the nearest-neighboring I2-I2

ions in the perpendicular directions of the@001#-(I2-K1) and
@010#-(I2-I2) strings.

C12
001(I-K) C12

101(I-I)
MD ~Catlow! 0.3560.02 0.1560.02
MD ~Sangster! 0.2560.05 0.1560.05
MD ~Hellmann! 0.2860.02 0.1560.
Present MEIS 0.4060.05 0.0560.05

aReference 23.
bReference 26.
cReference 11.
dReference 18.
eReference 19.
2-9
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is obtained between the present results and the MD sim
tions using the dipole moments determined in the pres
study and the Catlow-type pair potential.

VI. CONCLUSION

We determined directly the relaxation and rumpling of t
KI ~001! surface by high-resolution MEIS. From the di
placements of the top- and second-layer ions from the e
librium lattice positions, their dipole moments were deriv
self-consistently using the polarizabilitires of K1 and I2 ions
estimated from the optical refraction data. Knowledge of
dipole moments makes it possible to test the applicability
the short-range pair potentials proposed so far, which re
duce the elastic constants of the KI crystal. All pair potenti
given by Catlowet al.,11 Sangster,18 and Sipani and Gupta19

reproduced the relaxed lattice positions determined by M
within 0.04 Å.

We also determined directly the bulk TVA’s of K1 and I2

ions, the enhancements of the TVA’s of the top-layer ions
the surface normal direction, and the correlations betw
the nearest-neighbor ions in the@101# and@001# strings. The
MEIS measurements under various kinds of scattering ge
etries combined with the MC simulations of ion trajectori

*Corresponding author. FAX:181-77-561-2710/2657. Electroni
address: ykido@se.ritsumei.ac.jp
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