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Surface structure and lattice dynamics of KI(001) studied by high-resolution
ion scattering combined with molecular dynamics simulation
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The rumpled surface structure and thermal lattice vibrations ¢80 were studied by high-resolution
medium-energy ion scatterin®IEIS) and molecular dynamic8D) 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 A. From the displaced lattice positions determined above, we
derived the dipole moments of the top- and second-layeraiid I 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 GatawJ. Phys. C
10, 1395(1977].
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[. INTRODUCTION bic one can judge the applicability of the short-range pair
potentials proposed so far. We also determine the root-mean-
It is well known that alkali-halide crystals have strongly square(rms) thermal vibration amplitude$TVAs) of the
relaxed and rumpled surfaces, because the electric fields Btk and top-layer ions together with the correlations be-
the lattice sites of the near-surface region are not completelfveen the top- and second-layer ions. In order to derive the
canceled out and as a result the ions near the surface ha@gove values directly by means of MEIS, the ion shadowing
dipole momentd. Such a characteristic surface structure@nd focusing effects are applied to various kinds of scattering
would generate a specific nature of the lattice motion. Fog@0ometries. The results are compared with the predictions
example, a crystal row consisting of alternating plus and midiven by the semiclassical MD simulations employing the

nus point charges would induce strongly correlated thermaqjipOIe moments determined here and the applicable pair

vibrations because of the attractive force between the neing—Otent'al'

boring ions. Unfortunately, there are only a few reports not
only on the structural analysis, but also on the lattice dynam- Il. EXPERIMENT

ics of the alkali-halide surfacég.“.The reason is probably  The Ki(001) crystals(lattice constant 7.066 Ywith pu-

due to the large band gaps leading to intense charge-up By, petter than 99.99% were purchased from the Optoelec-
x-ray, electron, and ion irradiations. Concerning the theoretygnic Materials Laboratory of the University of Utah. We
ical investigations, semiclassical shell modefshave been prepared the clean K001) surface by cleaving the rod with
developed and they predicted the structures and dispersiQQirazor blade in B ambience and then immediately intro-
relations for the surfaces. For more precise analysis of thguced it into an ultrahigh-vacuuniUHV) chamber. The
surface structure, it needs a fully quantum mechanical apsample was mounted on a six-axis goniometer and heated to
proach. Recently, a challenge has been done to determine th@0—150 °C for 5 min in UHV (X 10 '° Torr). The clean
optimized surface structure of alkali-halide crystals using arsurface without carbon and oxygen contamination was con-
ab initio molecular dynamic§MD) calculation based on firmed, respectively, by Auger electron and ultraviolet pho-
density functional theory. toelectron spectroscopy.

In this study, we first determine the rumpled surface struc- We used 70-keV Heé beams which were collimated to
ture of KI(001) by high-resolution medium-energy ion scat- 0.05 (horizonta) x2.0 (vertica) mn?. The backscattered
tering (MEIS). Then the dipole moments of the top- and He" ions were detected by a high-resolution toroidal electro-
second-layer K and I ions are derived self-consistently static analyze(ESA) mounted on a turntable. It has a wide
from the above displaced lattice positions. Here we use thianterelectrode distance of 16 mm and thus covers a broad
polarizabilities of both ions estimated from the observed reenergy rangg10% of the pass enerpyat a fixed applied
fraction data coupled with the Clausisu-Mossotti relation. Ifvoltage® After the electric deflection, the ions impinge on a
one regards the lattice site ion as a point charge accompani¢idree-stage microchannel plates combined with a silicon
by a dipole moment, the balance between a Born-Mayer- oposition-sensitive detectdPSD), which has an excellent po-
Hellmann-type short-range force and a long-range Coulomsition resolution of 4Qum. Our toroidal ESA makes it pos-
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FIG. 1. Side views of three kinds of Hencidence on K(001)

surfaces(i) Left: He ions are incident along t@01] axis and the 0 < s
scattering plane is(010. (ii)) Center: incidence along the 65 66 67
I~ -terminated 111] axis in the (1 D) plane.(iii) Right: incidence Seattered He' Energy (keV)

along the K -terminated 111] axis in the (1D) plane.
FIG. 2. Observed MEIS spectrurfopen circleg for 70-keV

4 - . .
sible to clearly see a blocking pattern on the PSD image, anHe ions incident along th¢101] axis and backscattered to 80°.

thus it is easy to set up a desired scattering condition fo;J'hin and thick solids curves are the deconvoluted and total MEIS

outgoing ions such as blocking-focusing and random geomg,pectra, respectively, best fitted to the observed one. The scattering

etries. The angular resolution was estimated to be better th coamuggir;in;:;)n; the second-layerions is indicated by the shaded

0.1° from reproducibility of angular yield curves. In order to pe-

suppress a charge-up effect, the sample surface was covered . .

with thin Al foils except for a small ion-irradiation area. The scattering component from the second—la_ygrdns, because

beam position on the sample surface was shifted by 1 mm iff N0 shadowing effect for the top-layer lions and of a

the horizontal plane after an integration beam current of ]_sma.II contribution from 'the. third-layer fions.

uC to avoid the accumulation of radiation damages. Figures &a) and 3b) indicate the angular scan spectrum
around thg 101] axis in the(010 plane and around tHé.11]

axis in the (1D) plane, respectively, for the scattering com-

Ill. STRUCTURE ANALYSIS ponent from the second-layer fons. The angles giving the

scattering yield minima were estimated from an appropriate

polynomial fitting® From the angular shifts indicated in the

ggures, the heights of the top-layer &nd K' ions from the

First, we determine the heightd,( ,dx.,) of the top-layer
I~ and K" ions from the second-layer lions. In this case,
two energy windows were set for the scattering component ) .
from the second-layerlions and from the deeper layers | ieg%nl%'lzyzr L 52343g666018%t\egmmed to tt,)e | 35502
ions. Then angular scans were performed for the above twg ™ @,4) and 3. ' (@), respectively, by

, o the simple triangulation methdd. The height of the top-
scattering components around tfE01] axis in the (010 ) ;
g P 3 ] axis | (019 layer I~ ions from the second-layerKions was deduced to

Flane and a}round thE_ﬂ‘ll] ﬁXiSh ‘T‘ rt]hef(%]D) pl?n_e._The be 3.50%0.015 A (d,«). Thus the average interlayer dis-
ormer angular scan gives the height of the top-layeions - . patween the top- and second-lagley = (d, + d\«

and the latter that of the top-layer*Kions scaled from the +dy,+dy)/4] is deduced to be 3.473 A, namely, shrinks
second-layer 1 ions. We also set an energy window for the 0.06 A ' ' ’

scattering component from the second-layef ins and
performed the angular scan around ffi&1] axis and in the

(1?0) plane. It gives the heightd() of the top-layer T

The surface relaxatiofe) and the rumpling of the top-
layer (Ae;) and second-layerXe,) are defined by

ions scaled from the second-layer Kons. The situation is &={(d12~ dpup)/ dpurt X 100 (%),
illustrated in Fig. 1 and the details of such a procedure are
referred to the literaturg® Aey={(dp,— i)/ dpud X 100 (%),
Figure 2 shows a typical MEIS spectrum observed for
70-keV He" ions incident along thE101] axis and backscat- Ae,=1{(dy;—dy i)/ dpuid X 100 (%), (1)

tered to 80°(random directioh from |~ ions in the (010

plane. The spectrum was decomposed into the scatteringhere dy, is the bulk interlayer distancé3.533 A). The
component(Gaussiah from each layer of T ions. The en- surface relaxation and rumpling for €I01) at room tem-
ergy window for the scattering component from the secondperature(RT) are listed in Table | and compared with the
layer I~ ions was set between 66.4 and 66.7 keV. It partlyshell model calculations.’ The minus sign in the relaxation
includes the scattering components from the top- and thirdmeans a contraction of the interlayer distance compared with
layer I” ions. However, this does not affect the determinationthe bulk interlayer distancedf,,,), and the plus sign in the

of the angle giving the scattering yield minimum for the rumpling indicates a displacement of negative ions toward
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TABLE I. Surface relaxatiorie) and rumpling of top Ae4) and
second Qe,) layer of Kl (001) determined by MEIS and shell
models(Refs. 5-7. In the MD* simulation, the pair potential and
dipole moments given by the shell mod&ef. 5 were used.

& (%)

Agy (%)

Ag;, (%)

Present MEIS

Shell modet
Shell model
Shell modet
MD*

—1.63:£0.4

—-1.67
—0.80
—0.46
-3.21

+1.78£0.3

+5.50
+3.99
+0.92
+6.11

+0.59+0.4

—3.01

—0.56
—2.46

45 46
Polar Angle (Deg)
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Polar Angle (Deg)

56

%Reference 5.
bReference 6.
‘Reference 7.

the vacuum side relative to that of positive ions in the same
atomic plane. Significant discrepancies are seen between the
present MEIS result and the predictions by the shell
models>~’ It suggests inaccuracies of these semiclassical
shell model calculations. In the above shell model, Benson
and Claxton 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 indepen-
dently. Such a too simplified treatment possibly led to the
inaccurate result. In fact, the MD simulation using the same
interatomic potential and dipole moments does not coincide
with the shell model calculation.

The displacements of the top- and second-layer ions from
the unrelaxed lattice positions can give their dipole moments
self-consistently if the polarizability of each ion is known.
The dipole moment of an ionin the nth layer is given by

ﬁfn=ai; {Ep(Fi) +Eq(Fi)}, @)

wherea' is the polarizability of iori andE,(f;;) andEq(f;;)

are, respectively, the electric fields induced by a point charge
e; and by a dipole momeni/, of a lattice site iorj. Heref;

is the position vector of th¢th ion relative to theith. We
must note that the dipole moments and electric fields are
directed to the surface normal direction because of the sym-
metric configuration in the lateral plaf&Both electric fields

are calculated by the modified Ewald methddrirst, we
calculated the electric field induced at the ibim the top
layer assuming appropriate dipole moments of the top-layer
I~ (@;) and K" (@) ions. As a first approximation, the

dipole moments of the underlying ions were neglected, be-
cause the deeper the lattice site positions, the smaller the
electric fields. If one uses appropriate polarizabilities, the

dipole moments are derived from E(). We adopted the

deeper layers ions, respectively. In the caseaf open squares Values of 1.15 @TH) and 6.29 ¢' ) (A%), which were esti-
denote the scattering component from the second-layeridgs. mated systematically from experimental refraction data as-
The scattering angle was fixed at 80° and 68° for polar scans arour@iMing the Clausius-Mossotti relatih:® Thus the dipole
the[101] and[111] axis, respectively. The straight lines indicate the moments of the top-layer ions are determined self-
angles giving the scattering yield minima determined by a fourth-consistently. Next, the dipole moments of the second-layer
order polynomial curve fitting. ions were determined in a quite same manner considering the

FIG. 3. Angular scan spectra for 70-keV Heons incident
around the[101] axis in the(010 plane(a) and around th¢111]

axis in the (1D) plane(b) and(c). Open squares and circles denote
the scattering components from the second-layeiohs and from
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Dipole Moment of Top Layer Ions of KI(001) TABLE lIl. Deviations (A) of the equilibrium positions of the
top-layer K" and I planes from those determined by MEIS. The
Inconsistency (%) values in the column of RT are time averaged considering thermal
' ] 088 vibrations at RT (ux)=0.195 A, (u))=0.19 A).
0.87
Bensof Catlow? Sangstér  Hellmanr
086 |- K* 1= K* 1=  K* I  K' I”
“f“S ) 085 0K —0.08 +0.05 —0.08 +0.06 —0.07 +0.06 —0.01 +0.04
o =629 RT —0.05 —0.02 —0.04 +0.04 —0.04 +0.04 +0.04 +0.03
o, 084
022 -0 0. 0. -0.18 ®Reference 5.
™ bReference 11.

‘Reference 18.

Dipole Moment of 2nd Layer Ions of KI(001) dReference 109.

Inconsistency (%)

.0.08 ferent from those derived from experimental optical data
0.085 coupled with the Clausius-Mossoti relati&ht® It is worth to
1 0.09 not_e that p_olarlza_mon of an ion or atorr_l in solids cannot be
' defined uniquely in a quantum mechanical sense because the
1°0:095 p- wave functions of valence electrons are not localized com-
of=115 T -01 pletely and rather overlap each other at unit-cell
o =629 1 -0.105 boundaries’
. -0.11 Now, we consider a balance between the long-range force
0.035 0.04 0.045 005 0.055 0.06 and the short-range one at the relaxed lattice positions deter-
Ty mined above. As the short-range interaction, the Born-

Mayer- and Hellmann-type pair potentials were

FIG. 4. Contour plots of equi-inconsisten¢$¢) for the dipole employed'?’“'l&lgThey are written by

moments of the top-layei@ and second-layefb) ions. The final

self-consistent values are indicated by the symbdkee Table ). Born-Mayer (Refs. 5, 11, and 18

dipole moments of the top- and second-layer ions only. Then

B _ 6 -8
we calculated again the electric fields at the top-layer ions Vs(rij)=Aexd —rij/p]=Clrij—=D/rj", ()
considering the dipole moments of the second-layer ions de-
termined above. Hellmann (Ref. 19:

Figures 4a) and 4b) shows the contour plots of equi-
inconsistency%) for (i, ;) and (@, ,f, ), respectively. A
Such self-consistent and iterative calculations derived the di- Vg(r”—)= —exg —rij/p]- C/rﬁ - D/rﬁ, (4)
pole moments of the top- and second-layer ions, { Fij

=-0.196,u; =0.86,u5  =0.044,u;, =—0.094 in Debye \yhere the coefficients, C, D, andp take different values for
units: 10 '® esucm). The result is listed in Table Il and different ion(cation, anioh combinations. The first term cor-
compared with the shell model calculation. responds to a repulsive potential, and the second and third
Recently, the polarizabilities of alkali-halide crystals weregnes are the effective van der Waals interactions between
calculated based on first-principles density functionalwo dipoles induced by a fluctuation of electron charge dis-
theory:® However, the predicted values are considerably diftributions. The long-range Coulombic potentials between
two ionsi andj were calculated by the modified Ewald
TABLE II. Dipole moments(in Debye units: 10’ esucm) of method, where only the dipole moments of the top- and
the top- and second-layer 'Kand I' ions determined self- second-layer ions determined by MEIS were used and the
consistently from the MEIS displacement data and those given byipole-dipole interaction was neglected because of its small
shell models(Refs. 5 and Y. In the present calculation, the polar- contribution(three orders of magnitude lower than the point-
izabilities given by Jaswal and Sharnfef. 15 were used. The charge—point-charge interactioiVe calculated the total po-

plus sign means the direction toward the vacuum side. tential energies for the top-layerﬂ(and I ions indepen-
N - N - N - dently as a function of the displacement of the top-layér K
(@) (@) m K1 K2 K2 or I~ plane from the corresponding relaxed plane determined

Present MEIS 1.15 6.29—0.196 +0.860 +0.044 —0.094 by MEIS. Here we considered the displacements of the top
Shell modét 1.14 585 —0.161 +1.061 +0.034 —0.381 and second layers only and assumed no relaxation and rum-
Shell moddl 228 451 —0.218 +0456 +0.024 —0.078 Pling for deeper layers. The displacements of the top-layer
K* and I" planes giving a minimum total potential energy
“Reference 5. are shown in Table Il for some pair potentiais:'&°Here
bReference 7. the displacement values are time-averaged considering ther-
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mal vibrations at RTin the column(RT)]. All pair potentials 0.24
give small deviations within 0.05 A. One-dim. Th. Vibration Amplitudes
r KI(001): MD
IV. MD SIMULATIONS <02

The MD simulation program used here is basically similar -g :::f,:::':;lrr

to the previous oné™ There are two improved points:(1) £ m- Lateral: K*
o : . & 0.20 ‘

the potential induced by dipole moments is also calculateds <@+ Vertical: K
by the modified Ewald method ar@) an optimum conver- 5
gence parametEr?’ was chosen to minimize the reciprocal g

lattice sum in the above potential calculations by the Ewald £ 0.18 - Q 'y

method without lowering the accuracy. In addition, a special * e :$><$-—-g-&

attention was paid to make the nearest-neighbor distance ir 1

the basic cell equal to equilibrium time-averaged one for . R T T S S

each pair potential. The ions vibrate thermally around the 0 2 4 6 8 10 12

lattice site position, which gives a minimum potential energy. Layer Number

If the above matching is insufficient, the interlayer distances

in the surface normal direction are significantly shrunk or FIG. 5. One-dimensional rms thermal vibration amplitudes for

expanded. Such a situation is seen for the Hellmann-typgach layer of KI001) derived from MD simulations. Solid and open

potential, and a good matching was obtained by changing th&ymbols denote K and I ions, respectively, and squares and

paramete, which reflects the ionic radii. circles correspond to vibrations in the surfagey) plane and sur-
The present MD simulation derives rms thermal vibrationface normal directiotiz, [001]), respectively. In the MD simulation,

amplitudes at RT averaged over all ions in one basic anH“e dipole moments determined in the present analysis and the pair
eight image cells. The basic cell consists ofx8 potential proposed by Catloet al. (Ref. 1) are assumed.

(lateral plane)x 20 (surface normal directigrions, which is o )

surrounded by 8 image cells of the same size. The basic ceMal direction because the spring constant of the top-layer
size isL X LX5L/2 (L=8dy,), and it has fixed boundaries atoms is reduced to half that for the bulk atoms. In the case
in the lateral plane and free boundaries in the surface norm&f some alloy surfaces, a large enhancements of a factor of
direction. Lateral oscillation modes with wavelengths larger2-5—3 relative to the bulk value was reporterecently. Un-
than 2xL cannot occur in such a limited space. However,expectedly, the enhancement for the top-layeidn with a
their contributions are expected to be small at RT, becaus@eavier mass is significantly larger than that of the top-layer
primary ones come from the waves with frequency close td<" ion. It is probably due to the fact that the top-layer |

wp (Debye frequency The MD simulations were performed ions are displaced toward the vacuum side by 0.1 A relative
using the pair potentials mentioned befote!®'%and the 1O the top-layer K ions. Such a situation is quite the same as
dipole moments of the top- and second-layer ions whicihat for Rb(001) surfaces. The TVA' in the deep region take
were determined in the present study. For comparison, theonstant and almost mass-independent values for any pair
dipole moments given by Benson and Claxtavere also potentials, although the absolute values strongly depend on
employed. The MD simulations for K001) and Rb{001) the pair potential. The TVAs are intimately related to the
revealed a strong dependence of the pair potential on th@lope of the short-range potential for'KK™ and/or I'-1~

bulk TVAs and a small dependence of the dipole momentgPairs around the position which gives a minimum potential
and pair potential on the enhancement of the top-layer iong€nergy. Apparently, a steep slope yields a strong elastic force
As will be shown later, the combination of the dipole mo- and thus leads to small vibration amplitudes.

ments determined here and the pair potential proposed by If one employs the Debye model assuming a linear dis-
Catlowet al ! gives a good agreement with the bulk TVAs Persion relation coupled with the virial theoréfnone ob-

of I~ and K" ions derived by the present MEIS analysis. tains the following one-dimensional rms TVA(u®)

Figure 5 shows the one-dimensional rms TVA's of the | =(u)) at temperaturd (K):
and K" ions from the top down to the tenth layer of (R01)
calculated from the MD simulation using the dipole mo- 1 op 1 1) hZ(w)
ments determined in the present study and the pair potential (u?)= f =
;ned in e p ucy pair potential (u%)= 5 | [exp(wﬁ/kBT)—1+2 @ 0

proposed by Catlovet al. The TVAs were also calculated
using other pair potentials and those from the top- down to ®)

the fifth-layer ions are listed in Table IV. It is clearly seen

that the TVASs of the top-layer ions in the surface normalwhereM, N, #i, andkg are ion mass, an atomic density, the
direction are significantly enhanced by 20%—-40% compareéPlanck constant, and the Boltzmann constant, respectively. In
with those of deeper layer ions. Slightly enhanced are théhe Debye approximation, the density of staZ¢®) is equal
TVAs of the top-layer ions in the lateral plane and of theto 9N/w?w3 . Equation (5) indicates that an rms TVA is
second-layer ions in the surface normal direction. Accordingproportional toM ~ Y2, If this formula is applied to the Ki

to a simple spring model of solid, the bulk TVA is multiplied crystal, the TVAs of K and I at RT are deduced to be

by v2 to give that of the top-layer atoms in the surface nor-0.258 and 0.143 A, respectively, using the Debye tempera-
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TABLE IV. The rms TVAs (A) for KI(001) calculated from MD using the dipole moments determined in
the present study and the pair potential (Of Catlow et al. (Ref. 11, (i) Sangster(Ref. 18, and (iii)
Hellmann type(Ref. 19. The uncertainty is estimated to bed.001 A.

(i) Catlow et al.
Top layer Second layer Third layer Fourth layer Fifth layer

Vertical Lateral Vertical Lateral Vertical Lateral Vertical Lateral Vertical Lateral

K* 0.2112 0.1894 0.1944 0.1804 0.1782 0.1757 0.1782 0.1739 0.1746 0.1742
I~ 0.2263 0.1867 0.1875 0.1809 0.1816 0.1752 0.1749 0.1732 0.1743 0.1715

(i) Sangster

K* 0.1926 0.1680 0.1701 0.1568 0.1588 0.1556 0.1557 0.1576 0.1539 0.1565
I~ 0.1989 0.1594 0.1568 0.1492 0.1507 0.1464 0.1477 0.148 0.1477 0.1466

(ii) Hellmann type

K* 01738 0.1370 0.1556 0.1338 0.1431 0.1304 0.1392 0.1304 0.1342 0.1328
I~ 0.1799 0.1364 0.1538 0.134 0.1454 0.1310 0.1378 0.1306 0.1362 0.1335

ture of 130 K for KI?3 Here we must note that this expres- He ions backscattered from near-surface atoms. In a channel-

sion is valid for monatomic materials. ing or blocking trajectory, He ions pass in the vicinity of the
The correlations between thgh- and jth-layer (,j target nucleus of iom. In this case, the ion suffers an addi-

=1,2,...,20) ions were calculated for th@01], [101], and  tional energy los& E;(i) compared with thatA E,(KI) ] for

[111] strings by MD. Now, we define the correlation coeffi- He ions passing through a medium in a random trajectory far

cient between theth-and jth-layer ions by the following from a target nucleus. We analyzed several MEIS spectra

relation: observed under channeling-blocking and random geometries,

where the surface peaks were clearly decomposed. In the
r— ‘e . ‘e . . ‘e . . . S
Cij = (ui- U/ V{ui- Ui} (uj-ug), ©) case of theg[101] incidence and th¢101] emergence, the

whereu is the displacement of the idrfrom its equilibrium ~ energy intervalAE**(I-I) between the scattering components
position and the brackets mean a time average. The plus sigfPm the top- and second-layer lons is approximated to be
indicates the ions moving each other toward the same dire@AE;(l) +2v2dy,x AE,(KI). The corresponding MEIS
tion (correlated or positive correlatignwhereas the minus spectrum is shown in Fig. 8. For He ions incident along the
sign means the ions moving each other in an opposite sidd01] axis and backscattered to 80° in a random direction
(anticorrelated or negative correlatjoihe correlations be- (see Fig. 2, the energy intervahE%(I-1) is approximately
tween the top- anaith-layer (1=2,3,...) ions and between AE,(l) + (v2+ 1/cos 35° Wy AE,(KI). The AE,(i) and
the second- anath-layer ions (=1,3,4,...) in the[001]  AE,(KI) values for incident energy take slightly different
string for KI(001) are shown, respectively, in Figst@and  values from those for emerging energy. As a first approxima-
6(b). There is no significant difference between the End  tion, we neglected the difference because of a weak energy
I~ ion termination except for correlations between the topgependence of the stopping powers. Such a systematic spec-
two nearest-neighbor ions in the surface normal directiony;m analysis gives the values of 0:1B.01 keV/I", 0.10
Strong correlations are seen between the nearest-neighbQrg 1 keV/K', and 0.014:0.002 keV/A, respectively, as
@ons, and quite reasonably th_e larger thelcljistance betwgen ”AeEl(l), AE,(K), and AE,(KI), for 70-keV He" incidence.
ions, the smaller the correlations. In addition, @yg value is Thus the peak position of the He ions backscattered from
:Lmngsé:teviaelr;mﬂ:zéig ’IJ; ’;m\;zl_ﬁjae (enr_i c:)Lnim) .tr;reFleOi? re:ilc?_ each atomic layer is clearly decided. Then the surface peak
P Y in an observed MEIS spectrum is decomposed uniquely into

[111] strings are shown Figs(& and 7b). In the case of the . . .
[101] string with the same positiveX(e) or negative (- ) the scattering component from each atomic layer assuming a
gaussian shape.

point charges, unexpectedly the correlations between th Prior t zing the ob d MEIS ra. how t
nearest-neighbor ions are positiia@out+0.2), not negative rior 1o -analyzing the observe spectra, how (o

in spite of the same charge lineup of the ions. It indicates that@!culate the normalized scattering yields under a single or
the short-range interaction dominates the lattice motion. ~ double-alignment condition is briefly explained. Here the
normalized scattering yield for theth-layer ions is defined

by the ratio of the total scattering yield from tmeh-layer

ions to that from the top-layer ions. The details of the method
In order to decompose precisely a MEIS spectrum into there described in the literatuf&?® First, we define the prob-

scattering component from each atomic layer, it is essentiability that the lattice site ions from the top downrith layer

to obtain knowledge of the energy loss and straggling for then the [hkl] string (z axis) take the positions’;(X1,Y1),

V. LATTICE DYNAMICS
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FIG. 6. Correlations between the top- amtth-layer ions(a) and FIG. 7. Correlations between the top- amith-layer ions for the

between the second- anth-layer ions(b) in the[001] string. Solid  [101] (a) and[111] (b) strings. In the case of tHa01] string, solid
and open symbols denote the-land K"-terminated[001] string,  and open squares denote thell” chain and the K-K™ chain,
respectively. Circles and squares indicate the vibrations in the surespectively.

face normal([001]) and in the lateral plan€100] and[010] direc-

tions), respectively. N R
PeL(n)=(SINo) 2, ¢(F1,F2,...7n-1,Fo+Vy), (8
Fo(X2,Y2) sy Fn(Xn,Yn)- It is expressed by the following =1

relation: wherer,=fy+ ﬁn (fy is the incident position vector in the
first atomic plang Sis the area in which the incident ion
(1. &) 1 positions are confined, and, denotes the number of inci-
() , yeeny ] i i i i i 1 _
1162 2n 2m2C| dent ions in the MC simulation. Next, assuming time

reversal symmetry, we calculate the close encounter prob-
120 ability P¢,(n) that the ions are incident along the outgoing
><exp{ - 52 (C)j*&-&(. (1 path and hit thenth-layer ion?*2 This assumption is ad-
=1 equate if the scattering point is shallow enough and thus the
energy loss is negligibly small. The normalized scattering
yield for the nth-layer ion under a double alignment condi-
tion is given by

where&=x;/{u;) (i odd or &=y;/(u;) (i even andCis the
correlation matrix (2 2n) defined by Eq(6). By a Monte
Carlo (MC) simulation of ion trajectories we calculate the
close encounter probablll_ﬂ?CL(n) that th_e ions are incident Y(n)=Pc (n)XPL(N). (9)
along the[hkl] axis and hit thenth-layer ion. Of course, all

the P (n) values are equal to unity if ions are incident In this approximation, the incident and exit paths are treated
along a random direction. It is given by independently.
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100 0.25 r "
* 1% | 70 keV He'~KI(001) !
70 keV He' — KI(001) Y1\ Polar-Scan j il
80 |  [101]-Incidence 127 020 |- \\ '\_. around [101] in (010) Iy !
[101]-Emergence A N\ I String i K
i Scat. Angle: 90° - @ \ L ®  Observed / il
4 | = \ ‘.\ L\ 5.67-Layers 0.144 /i ’
E 60 |- O  Observed 2 015 o -‘\ . / ’. ' I’
>~ Best-Fit (Total) - S SR I ;
= Top-Layer —— Decomposed 3 AR frl )
2 : N A\ A /
— L A A
2 40 - g 010 1, AN ;
< ™ \ X
ﬁ I =} \
2nd-Layer z \
20 0.05 -
Q lsm PP ) 317> i 4 7 4 R PN — | 0.00 . L . I . I .
64 65 66 67 43 44 45 46 47
Scattered He' Energy (keV) Polar Angle (Deg)
FIG. 8. Observedopen circley and best-fittedsolid curve$ FIG. 9. Observedsquarep and simulatedcurves polar-scan

MEIS spectra for 70-keV He ions incident along thg101] axis spectrfi fpr the scattering compgnents from the fifth- to seventh-
and backscattered from lions to the[ 10?] direction. The energy li%i; Ixi |onrsu.j I;eri 70t-tkerV d|_t|é é%r:sin\’\t'(ﬁo)m?dnem around the
interval between the deconvoluted first- and second-surface pealLs axis a ackscatiered to plane.

AE*? |-l is estimated to be 0.45 keV. . . o .
tively, in the surface normal direction. In order to determine

these values, the MEIS measurements were performed under
We first determine directly the rms TVA's of the bulk’K  five different scattering condition@ee Fig. 1@ The close
and I iOﬂS by a p0|ar-Scan ana|ySiS Of MEIS. As mentionedencounter probabmty for the Second_|ayer_ | ions
before, Fig. 2 indicates the observed and best-fitted MEISp1042 1)) is derived to be 0.55 by decomposing the MEIS
spectra for 70-keV He incident along the{101] axis of  spectrum observed for tH&01] incidence and random emer-
KI(001) and backscattered from Ito 80°. We put an energy gence(see Fig. 2 The normalized scattering yield for the
window for the scattering components from the fifth- t0 gecongd-layert ions is determined to be 0.30 from the MEIS
seventh-layer 1 ions (64.7-65.5 keY and performed the gpectrum observed under the double-alignment geometry of

polar scan around thgl01] axis in the(010 plane. It was the[101] incidence antﬂlOT] emergencésee Fig. & These
found that such a polar-scan spectrum around the angle Iesults are quite consistent from the view point of time-

Ir?gntz ;g?rt]tzrér;g Yallelé:jrsmv:/r;? ;jcrﬂ sfgastir:i?/esf: té((a)rrlg?aggrrgpg;]r versal symmetry presented before (0.580.55=0.30).
p lay L -~ .Now, we consider the scattering geometry indicated in Fig.
enhancement of thermal vibrations but dependent signifi:

cantly on the rms TVAs of the lattice site ions in depth. 10(1%)' The_probaplllty to hit the second-layer. lions
Figure 9 shows the observed polar-scan spectrum togethEPCLl(z’_l'l)__O'SSJ_'S already known. The normalized scat-
with the simulated ones assuming the vibration amplitudes ofering yield is derived to be 0.40 from the MEIS spectrum
|~ ions to be 0.14, 0.16, 0.18, 0.19, 0.20, and 0.22 A. The _

(u;) value of 0.19-0.01 A gives the best fit to the observed (o1 @ ton fu11] ©

spectrum. A similar polar scan was also performed for the & K o N '~

scattering components from the fifth- to the eighth-layer of

|~ ions around th¢111] axis in the (11) plane. It must be )
noted that the K and I" ions are alternately lined up in the e —
[111] string. We tried to best-fit the simulated spectrum to the
observed one by varying tHel) value. However, the fitting 101 o)
parameter(uy) giving a best fit widely ranges from 0.14
to 0.24 A because the lions dominate thg111] string N
potential.

We simplify the lattice motion and considéu,), (uy),
the correlations between neighboring ions, and the vertical
enhancement of the top-layer ions only the correlations be-
tween the ions in thgl11] string, were neglected because of  FIG. 10. Side views of various scattering geometrie&) [101]
their small values less than 10% from the MD simulations.incidence and 101] and random emergencéy) [101] incidence
The above approximation seems reasonable from the MQnd[201] emergence(c) [111] incidence and random emergence
simulations presented befofEigs. 6 and Y. Here we define  (scattered to 60° from the second-layet Kons), (d) [111] inci-
the enhancement factoB; as (ux:(1))=pBk(ux) and dence and random emergen@eattered to 60° from the second-
(up(1))=pB(u,) for the top-layer K and I" ions, respec- layer I" ions).

poi) I d

)
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0.24 TABLE V. The bulk TVAs ({(u;), (uk)), enhancement coeffi-
cients (B,, Bk) for top-layer ions, and correlation coefficients
<uy, (> = B <> [Cy(I-) =Cai(I-1) ] for the [001] and[101] strings.
0221 o (i) Thermal vibration amplitudegbulk)
o —e— [111]-Random u) (A ug) (A
-\.\\3 \ - [101]201) (u) (A) (ug) (A)
2 o QQ& 0,=130K? 0.143 0.258
A - Shell modef 0.180 0.185
3 \8¥5>. MD (Catlow) 0.175+0.005 0.175:0.005
‘0\\\;\.\ MD (Sangsteh 0.145+0.008 0.1553-0.008
0.18 - \‘o\ '\.\ MD (Hellmanrf) 0.130+0.005 0.13@:0.005
O | Present MEIS 0.1960.010 0.1960.015
N | N ' (i) Enhancement coefficients for the top-layer ions in the surface
0.16 1.0 12 1.4 16 normal direction
By B Br
_ o 1 201 MD (Catlow) 1.29+0.05 1.20-0.05
FIG. 11. Points ﬁK<uK>) Satlsfylng thePCL (2, K'l) and PCL MD (Sangste)r 1.37+0.07 1.25-0.07
(2, I-1) values derived from the MEIS analysis are plotted as solid MD (Hellmann 1.38+0.05 1.34-0.05
and dashed curves, respectively. The crossing point givegthe Present MEIS .1]_-@30.10 1'2& 0'10

and(uy) values.

) N o _ (iii ) Correlation coefficients between the nearest-neighboring|
observed under this conditiofi101] incidence and 101] ions in the perpendicular directions of thH@®01]-(I"-K*) and
emergence This normalized scattering yield is equated to[010]-(I"-17) strings.

PLY(2,1-1) x P2%(2,I-I) from the time-reversal symmetry. In

. — Cc9%1-K) C30%1-1y
fact, the energy of He ions scattered to [R€1] direction is MD (Catlow) 035+ 0.02 0.15-0.02
67.0 keV, which is almost equal to the incident ene(g9 ' ' ' ’

. MD (Sangster 0.25+0.05 0.15-0.05
keV). If the (ux) and Bx(uk) values (u,) is already knowh
. 0 . MD (Hellmann 0.28+0.02 0.15-0.
are given, one can calculate tﬁé,_l(Z,K-I) by the MC simu- Present MEIS 0.480.05 0.050.05

lation of ion trajectories. Next, we look at the scattering ge-
ometry indicated in Fig. 1@). Also, in this case, the normal- aReference 23.

ized scattering yield=Pg&[(2,K-1)] is calculated from MC  bReference 26.

simulations assuming thei) and Bx{uk) values. We mea- C°Reference 11.

sured the MEIS spectrum for thi#l1] incidence and random 9Reference 18.

emergencedscattering angle 60°%and obtained a normalized eReference 19.

scattering yield of 0.78. Figure 11 shows the combinations

((uk),Bx) Which give the abov@éoLl(Z,I-l) and PélLl(Z,K—I) string in the_later_al directiof 100] and[010]) can be also
values. Thus we obtain thei,) and B¢ values as the cross determined in quite the same manne_r.'The MEIS measure-
point of the two curves (Ux)=0.196-0.015A andgy  ments were pgrformed under the _cor_ldltlons that 70-keV He
=1.26+0.10). If (uc) is known, we can determine the ions were incident along thp01] incidence and backscat-
Bi{u) value from the MEIS measurement under the scattertered to thg 601] direction and to the direction 1.8° off from

ing geometry indicated in Fig. 16 and have obtained the the [601] in the (010) plane. As expected, we obtain the
enhancement factor3) of 1.10+0.10. strong correlation of th€,,(K-1) value of 0.40+0.05 in the
Finally, the correlations between the top- and secondvertical direction of thd001] string.
layer ions in the[101] and [001] strings are determined in  The results obtained are shown in Table V and compared
quite the same manner as mentioned above. As can be segfth the predictions of the shell mod&land the MD simu-
from Fig. 10a), the correlation coefficienC,(I-1) for the  |ations using different pair potentials. Concerning the bulk
[101] string in its perpendicular directiorf 101]) is deter- TVAs, the shell modef and MD simulation using the
mined to be 0.0%0.05 from the MEIS spectrum analysis Catlow-type pair potentidt give consistent values with the
[PZ%(2,I-1)=0.55] followed by MC simulation of ion trajec- present result. On the other hand, the MD simulations using
tories. In this case, the scattering component from the thirdSangster’s and Hellmann's potentials result in considerably
layer I~ ions contributes significantly to the surface peak.smaller values. In any cases, the bulk TVAs are almost mass
However, the correlation between the top- and second-laydhdependent, in contrast to those calculated from the Debye
I~ ions is almost the same as that between the second- a@@Pproximation. Small enhancements were found for the top-
third-layer I ions. In addition, the correlations between thelayer K™ and I ions in the surface normal direction. Con-
second-nearest-neighbor ions are negligibly small. We concerning the correlations, those observed are large for the
sidered the above situations when decomposed the surfat@01] string in the lateral direction, but small for th&01]
peak. The correlation coefficient,,(K-l) for the [001] string in the[ 101] direction, as expected. Overall agreement
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is obtained between the present results and the MD simulanade it possible to derive the above values. Concerning the
tions using the dipole moments determined in the presertiulk TVAS, the shell modéf calculation and the MD simu-
study and the Catlow-type pair potential. lation using the Catlow-type pair potenfialare consistent
with the present result. On the other hand, the MD simula-
tions using the Sangster's and Hellmann’'s potentials give
) ] . . considerably smaller values. In any cases, the bulk TVAS are

We determined directly the relaxation and rumpling of thegimost mass independent, in contrast to those calculated
KI(00) surface by high-resolution MEIS. From the dis- from the Debye approximation. Small enhancements were
placements of the top- and second-layer ions from the equigynd for the top-layer K and I ions in the surface normal
librium lattice positions, their dipole moments were derivedgjrection. Such considerably small enhancements compared
self-consistently using the polarizabilitires of Kand I ions  yjth those observed at metal surfaces are responsible for the
estimated from the optical refraction data. Knowledge of thesironger bonding of ionic crystals rather than metallic bonds.
dipole moments makes it possible to test the applicability ofas expected, we observed a strong correlation in the lateral
the short-range pair potentials proposed so far, which reprogicaction of the[001] string, but a small one in thE:lOT]

dil:/c;entge gl:tslgsvgfglstﬁnstzgf ;Tg}ggﬁgyzt?léﬁ:lgﬁér gﬁﬁ%t'alsdirection of the[101] string. Overall agreement was obtained
9 y ? gstet, P etween the present results and the MD simulations using the

\r;iﬁ:ﬁ]dgcoef’ghe relaxed lattice positions determined by ME ipole moments determined here and the Catlow-type pair
) X potential.

We also determined directly the bulk TVA's of'Kand I”
ions, the enhancements of the TVA's of the top-layer ions in
the surface normal direction, and the correlations between
the nearest-neighbor ions in the01] and[001] strings. The The authors would like to appreciate Y. Hoshino and Y.
MEIS measurements under various kinds of scattering geom¥agi for their assistance in carrying out the MEIS experi-
etries combined with the MC simulations of ion trajectoriesments and the MC simulation analysis.

VI. CONCLUSION
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