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Heteroepitaxial strain in alkali halide thin films: KCI on NaCl
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We have performed Monte Carlo simulations of the properties of a Ne@) surface covered by full or
partial layers of KCI, for coverages up to 5 monolay@vd. ). A wide variety of structures of the film is found.
For integer ML coverages we find the continuous, so-called floating mode rumple structure, as was previously
found in the KBr/NaCl system. However, for a coverage~dl.1 ML, we find a discrete structure of period-
icity 3:4 of small regularly spaced KCI pyramids. It has the same scattering characteristics as the structure
observed by Henzlest al. [Phys. Rev. B2, 17 060(1995], but it is two-dimensional modulated, rather than
the rowlike stacking fault structure proposed by Heneleal. Also, at a coverage of 0.8 ML there is a stable
3:4 structure. Other structures are found at intermediate coverages, corresponding to regular arrays of dislo-
cation lines with periodicity 9:10. A further growth from such structures would give rise to growth~@ a
miscut KCI crystal relative to the NacCl lattice. The reciprocal space patterns corresponding to the continuous
and the discrete film deformations are also calculdi®0163-18289)00947-9

I. INTRODUCTION long-range nature of the Coulomb makes simulations very
challenging technically. In this paper, we have tested the
The relief of strain at epitaxial interfaces is of scientific previously used and the presently used Monte Carlo calcula-
and technological interest in many systems. In some case8pns against exact Ewald calculations of the long-range po-
the consequences of strain are to be prevefitedetero- tential.
structure devices for exampleln other cases, strain relief ~ The buildup of strain is presumably in several respects of
can result in desired propertigsuch as creating a self- similar nature for ionic crystals as for other systems with
organized mesostructyreln a recent review Moonéydis-  regard to the hard sphere properties of the ions. However, the
cusses the problem for the technically relevant semicondudons are ideally spherical, contrary to those in more co-
tor interfaces with rather large misfits-@4%). However, it ~ valently bound crystals, and there is no screening of the Cou-
is difficult to study even misfits of this size in atomistic detail lomb field as in metals. A further property of the ionic crys-
using simulation methods, because it requires very large sy$als is that any local unbalance in charge sets up long-
tem sizes. An advantage is therefore to study model systenf@hging dipolar fields, similar to the elastic strain fields,
with very large misfits. These are found in the interlayerswithout possessing the crystal symmetry. This could be of
between different kinds of alkali halide saftd.Previously —importance especially for fractional coverages, which we
we made a simulation study of KBr/NaCl, which has a 17%shall study in the paper, since defect stabilized structures
misfit* The general strain relief mechanism was by amay interact directly via the Coulomb field. In a previous
“floating”-mode rumpling mechanism. After a few rumpled study, fractional coverage was studied in systems having
layers perfect KBr could again be formed, with the sameVan der Waals interactions only, but without the Coulomb
orientation as the substrate. These systems are experimeniﬂéﬂlefaCtiong-)'10
realizations of Frenkel-Kontorova modefsin which un-
usual morphologies arise from relaxation of atomic positions Il. THE POTENTIAL AND COULOMB SUMMATION
or defect formation in order to accommodate a heteroepi- At the interface of areatly mismatched lavers. atomic dis-
taxial misfit. However, contrary to these models, which treat | t lik Igt by tside th YErs, f har-
the substrate as a rigid corrugation potential, we find that thg'acements are fikely lo be outside he range of any har

substrate undergoes as large deformations as the added filgonc pc_)tent|al app_rOX|mat|ons,_such as are familiar in pho-
on lattice dynamical calculations. We therefore follow

This will pr I h for m interf W . .
S probably be the case for most interfaces bet eer?3owda,ll and use a phenomenological potential between

elastically similar materials. ionsi andi with ch do. at a dist This i
Henzleret al.” made the interesting observation that in the'ONS! andj with chargep; andp; at a distance. This Is very
well approximated by the following form

KCI/NaCl system, for which the misfit is-10%, both the

floating mode and a “discrete” mode of strain relief could 1 (a+e) 2aa;

be found. He proposed the latter to be essentially of the type Vi (r)=p;pie?| =+ ——L —

observed in the semiconductor cdsaccordingly, we set . T 2r4 r’

out to see if we could obtain the different modes in our

simulation. S ex;{ B L) R
The alkali halides are ionic crystals for which the interac- 6 Y pij)

tion is probably the best known of all substances. It is domi-

nated(90%) by the exactly known Coulomb force. Fromthat  In the study of KCI on NaCl, we need the interaction

point of view they are ideal as model systems. However, th@otential between all three kinds of ions. The polarizabilities
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TABLE |. Potential parameters for alkali halide molecules.  torted crystals. The idea is simply to consider the ionic crys-
tal as an assembly of formal dipoles. The Coulomb energy of

Parametefs Expt. Values an ion is found by summing its interaction with its formal
ij Cj° Aij Pij Req?  —Ueq® partner and the surrounding neutral dipoles in a box size
(eV-A®)  (ev) A) &) (eV) xXyXz. The method converges surprisingly rapidly to the
KK 9.06 3360 0.278 exact Madelung result for the ideal NaCl structure. Partially
NaNa 1.09 1622 0.240 as a test, we have in the present paper used a related but
KNa 3.12 2335 0.258 different method in which we do not form the formal dipole
KCl 16.15 306%  0.347 3.147 7507 pairs, but simply account for ions inside a chosen box size,
NaCl 5.43 1973 0.316 2813 g.145 and follow these even if they do some movements. In more
cicl 29.94 2400 0.461 detail, ions surrounding the point of interest are recorded in a

box extending horizontally 5 mesh spacings in thendy
aModified to remove pressure in the film; for potentia) we used  directions, and to the surface and 5 mesh lattice spacings

the value 2840 from Ref. 12. down in thez direction We find again the same good con-
PExcept where noted, from Ref. 12. vergence, accuracy and speed for the perfect crystals as with
“Modified. the dipole method. Both schemes accomplish the charge neu-
dFrom Ref. 13. trality necessary for convergence, without excess computa-
dFrom Ref. 11. tional complexity.

Since it is more difficult to asses the accuracy for nonper-

a;, the Van der Waals coefficien@; , and the Born-Mayer fect crystqls(for which the Madelung constant is not known
repulsive parameterd;; and p;;, are basically from Celli We have in the present work performed a number of tests
and UrZa*2 with some modifications. We have tested theusing the Ewald method for the semi-infinite syst€iThis
sensitivity of our results to modifications of the potential andiS able to correctly include the long-range part of the Cou-
found that the most crucial factor is to obtain the correctlomb interaction, but is somewhat time consuming. We have
lattice spacings for the energy minini@r the perfect crys- found that the above computer-efficient cut-off methods are
tals), whereas other features of the potential are much lesgccurate within 1-5 K for thenergy differencéetween any
important. The raw Celli-Urzal potential parameters do not two disordered structures having the same number of ions
yield the position of the minima sufficiently accurate and we(periodically repeated This is proved by calculating the cor-
have, therefore for simplicity, uniformly reduced the alreadyresponding energy difference using the Ewald method. This
small Van der Waals interaction, in order to reproduce thds important because in a Monte Carlo simulation, all we
energy minima and the various lattice Spacings as Consigleed is the energy difference between the initial and the pres-
tently as possible. Table | below lists the parameters for th@€ntly simulated state. Hence, the approximate methods are
potentials(1) and(2), which are used in the simulations. The valid and accurate for this use also for distorted crystals, as
form of potential(1) is shown in Fig. 1. long as the individual ions remain close to the original posi-

A long-standing problem in the calculation of the struc-tion, as in the cases here studied. Clearly, if ions are allowed
tural properties of the alkali halides has been how to treat th&0 migrate freely the above simple methodskegping track
slowly converging Coulomb interactions. Several method®f the ions must be modified, however the general idea of the
have been devised, which work well for perfect crystdlsy ~ approximation should still work as long as the charge neu-
particular the Ewald method, which is a partial real and retrality principle can be maintained. The reason for the
ciprocal space methdd,but also various fractional charge achieved accuracy and convergence is that in the dipole
box methods® In our previous studyof KBr/NaCl we de- method, for example, calculating the energy difference

vised a simple method that works both for perfect and disamounts to calculating the energies of a dipole interacting
with an effective quadropole, which is a rapidly converging

0 problem.
= On the other hand, not surprisingly, we find that the ap-
2 oL proximate methods are not very accurate in calculating the
£ absolute energyf a single ion in the system. That may be
o off by ~15% corresponding to as much asl500 K per
s 4T moving ion. The reason for this is essentially that the cut-off
N methods neglect the large Coulomb-tail extending from the
8 -6r —NaCl about 5 cells to infinity, see Fig. 1. Consequently, we only
> compare energy differences and only for systems having the
5 -8 r --KCl identical number of ions.
o . . . . . . The Monte Carlo calculation is a further development of
05 10 156 20 25 30 35 40 the contir.luogos method used for studying adsorbgd rare gases
Lattice Spacing/r on graphite’'° The atoms are formally recorded in a mesh,

Nec but are free to do any excursion in a small sphere from a

FIG. 1. The interaction potential for NaClull lines) and KCI ~ given position. The energy of an atom is tested before and
(broken line3. The curves refer to potentiél) in Table I, giving  after a move, which is then accepted or rejected by the stan-
exactly the bulk lattice constant for NaCl but a 0.7% reduced onedard Metropolis rulé® which introduces the temperature by
for KCI. the Boltzmann factor. The continuous method has the advan-
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FIG. 2. The calculated “rumpled” structure for three ML coveragglQ planes, showing the top substrate layer to the left, and
consequently the added layers at full coveraeindicates cations, Naand K", andO indicates the Cl ions. The magnitude of these
signatures indicate the vertical displacements, such that the largest correspond to the maximum shown at the top in A and the smallest the
minimum, also shown at the top. We notice an almost regular “rumple” pattern of period 9:10 penetrates through all layers, weakening at
the top layer. Also notice strong horizontal modulation of the top subst@atand first film (1) layers.

tage over lattice gas models in treating the strains set up bshown in Fig. 3 for the different number of added mono

the lattice mismatch exactly. The advantage of Monte Carldayers. Notice the large deformation of the top substrate

methods, and in particular the lattice gas models, is that thelayer.

are very efficient on a computer, thus allowing principally =~ For one ML the simulated structure agrees with that ex-

interestingstatisticalphenomena to be studied. perimentally found. We return to the situation for higher
Because KCl| and NaCl nearest-neighbor distances fitoverages below. Since the KCI/NaCl and the KBr/NaCl are

nearly in a ratio of 9:10, simulations are performed with KCl very similar physically it is apparently not surprising that the

films of 9nxX9n on top of NaCl substrates that are behavior is quite similar, and that we in both cases obtain the

10nx 10n atoms, where is an even integer—because of the “floating” deformation mode.

difference in the ionic charges. Excess strain caused by the

inexactness of a fit to the 9:10 ratio is first minimized by B. Pressure effects

using largen, and then altogether eliminated by periodic

" o= . However, an effect was observed in our simulation for, in
poundary con_d|t|ons af‘d adjusting the KCI optimum _pOten'particular, the 1-ML coverage case. When using the potential
tial so as to yield a lattice constant of 3.125 A, for which 36

X TR . o ) (2), which gives the correct lattice spacing for bulk KCI we
KCI pairs exactly fit with 40 NaCl pairs, thus giving rise 10 t4nq that a few rows of KCl are pushed slightly out of the
no pressure, as discussed below. 1-ML film, as shown in Fig. 4, leftlarger symbols indicate
largerz coordinates The reason for this is that 36 KCI lat-
tice spacings= 113.3 A is~1% larger than 40 NacCl lattice
lll. RESULTS FOR INTEGER MONOLAYER COVERAGES spacings= 112.5 A to which the simulation box is matched.
A. Full coverage Accordingly, even with the rather large cell used, there is an
effective pressure acting on the KCI film. This pressure is

Since the lattice constants of KCI/NaCl relate as approXi-ajieved by the outward relaxation of the rows of KCI. We

rr;]ately 9:t1h0, and ”thetre att)ret C?t'ons" ang_ a;nlons t?f Oppgsr']tﬁotice that it occurs as rows of KCI electrical dipoles lined
goirggs’ bet S;“"’? es ;u strate ce (;N ItC can be us%(]::- ‘ BB in the(100) directions, and preferentially on top of the
substrate 1ons. HOwever, In order 1o minimize etiec Shighest regions in the rumpled structures. To test the pres-

from the periodic boundaries we have chosen to use the relzg- ; ; ; :
. X ; . ure hypothesis, we made simulations using a pote(8jal
tively large cell with 40<40 Na" and CI" ions. This can yp g a pote(@a

ideally be covered by layers of 3636 K* and CI” ions. We 8 — T

T T
=1 ML

start from a perfect substrate crystal covered by various num-
bers of perfect KCI monolayef$IL ). The ions in the six top 8l Zg mt_

layers of the substrate and all ion positions in the films are
allowed to relax in the Monte Carlo simulation. We find for
all numberg1, 2, 3, 4, and bof the added perfect KCl layers
that the resulting structure is a rumpled one with an approxi-
mate periodicity 9:1Qmore strictly the periodicity is 18:20
because of the two different kinds of ions with opposite
charges This is the expected structure in analogy with the
structure found for KBr on NaCl experimentailgnd in our
previous Monte Carlo simulatiorisThe typical structure is
shown in Fig. 2 for three film layers and the top substrate
layer. Exactly similar rumples are found for the coverages FIG. 3. The fitted rumple amplitudes for one to five added mono
with one and two layers only. The rumple amplitudes areayers. The zero indicates the top substrate layer.

<4 ML

Rumple Amplitude (A)
»

o / 1 1 1 | 1 1 1 |
"6 -5-4-3-2-10 12 3 465
Depth (Monolayers)
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FIG. 4. Right, the first add-layer calculated using a poter(8gl FIG. 5. Structures for 2.5-ML coverage. Right, top layer of re-

having a 2.5% too small KClI lattice constant, yielding a “negative laxed, random 0.5-ML coverage over a 2-ML rumpled structure.
pressure” in the film, and giving rise to ripples in the film oriented Left, structure with regular dislocation lines along @100 direc-
almost alternatively in thg100] and[010] directions. Left, similar  tions and spacing-10 NaCl lattice spacings. They spontaneously
for a potential(2) having a 1% too large lattice constant, and henceall form with an additional add-layer in the same direction, corre-
a positive pressure. Rows of dipoles are then protruded in the highponding to the onset of a growth of a uniformly miscut crystal in
density regions alon§100] and[010] directions. The rumple am- the[1,1,0] direction.
plitude is in both cases about the same.
irregular voids and islands, which are often connected by
which is constructed to give a 2.5% smaller lattice constanktrings of dipoles, preferentially in th@ 00 directions, Fig.
and hence a negative pressure. Then, instead, narrow voids right. No major rearrangement of the 2-ML structure can,
are formed in the rumple structure, again in {1€0) direc-  however, be expected to arise spontaneously from such a
tions, and in the regions where the misfit is largest, Fig. 4configuration. Instead it may be instructive to test with one
right. To avoid the effect of pressure one either has to choosgair of KCI ions where the optimum position of a single pair
unmanageable large simulation cells-4000<4000) or s on a rumpled 2-ML film. We have found that to be in a
slightly adjust the KClI lattice constant by a reduction by 1%.checker board pattern favoring islands of 8 ions centered
We have chosen the latter solution, and have performed mogh top of the maxima in the rumpled KCI 2-ML filrfori-
of the simulations using potentiél), which has no pressure ented with the side along tha00) directions.
mismatch with the 4840 NaCl cell. In a real crystal the As a first start structuréa) we have then chosen to fit
Sllght additional 1% misfit is presumably relieved by insert-3200 ions, Corresponding to a coverage of 2.47 ML in the
ing defects or dislocation lines at a larger mesoscopic scalgéorm of 2 rumpled ML decorated with 512 ions in the square
pattern described and in addition 96 ions uniformly sur-
IV. FRACTIONAL COVERAGE rounding these patterns, in all 608 additional ions. The re-
sulting relaxed structure is a regular pattern of islands. It is
found to be at least meta stable at a temperature of 300 K,
Henzlef pointed out that new surprising structures however, the periodicity remains of course that of the
seemed to appear in the KCI/NaCl system at a nominal coveumpled structure 9:10. As an other choid®, inspired by
erage of about 2.5 ML, characterized by having an approxiHenzlers suggestion of a structure with regular close rows of
mate 3:4 periodicity. Hence, we have made extensive simufl11-type stacking faults, we used as start configuration a
lations for this coverage. Contrary to the case of physisorbedoverage of two high density mono layers of440, having
rare gases on graphite studied earittwhere the added again 3200 ions. Stacking-fault-like vertical relaxation was
particles were able to diffuse over large distances on thétroduced by elevating by 1/3 lattice constant stripes of ions
surface, we find in the present case of chemisorbed KCI pair a regular pattern along tRé10) directions and with sepa-
that these are not able to diffuse further than a few latticesation of 4 NaCl spacings, which was the modulation ob-
constants in the available computer time. The reason is thgerved by Henzler. This structure was not stable, but instead
presence of deep local minima in the energy landscape. Thdeformed into a disordered structure where wedges of ions
present simulation is designed primarily to study the build upvere protruded in thé100) directions having a spacing of
of strain in the substrate and the relaxation of the positions ofibout 10 NaCl lattice constants. The same happened if the
the ions in the added film. The stability of these structuresseparation at the outset was another than 4 NaCl spacings.
against relative small movements of the ions can be assessékhe effect is similar to that found for the pressurized film.
but a search for the global energy minimum must be done by Guided by this observation we tested a structure in which
trial and error, as it is usually the case in structure determithe two films were instead distorted by a regular pattern of
nation. elevated wedges in thé100) directions separated by 10
Hence, we shall test a number of likely relaxed structuresNaCl lattice distances. This structure relaxed into one that
At first, the obvious choice for studying fractional coveragewas at least meta stable at 300 K and is shown on Fig. 5, left.
at 300 K is to randomly distribute the needed additional pairgAgain the periodicity is 9:10 as for the rumpled structure, but
of KCI on top of the closest fully covered and relaxed film, the misfit is in this case relieved by discrete dislocation lines
for example the 2 ML rumpled film. This configuration very in the (100 directions. Consequently, the modulated “dis-
easily falls into local minima in which the added ions form crete” pattern is rotated 45° form that of the “floating”

A. High density structures
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peaks indicating an unexpected 3:4 modulation. He sug-
gested a corresponding real space picture consisting of regu-
larly spacedrows of stacking faults, but without being very
concerned with how to retain the two-dimensio(@D) sym-
metry. In an attempt to find and simulate this kind of struc-
ture, we used as a start configuration a choice of less dense
overlayers: e.g., by covering the substrate with KCI mono-
layers having a uniform distribution of 3030 ions. For cov-
erages of 2 and 3 of these layers the simulation finds a struc-
ture that is at least meta stable at 300 K. This relaxed
structure has indeed the 3:4 periodicity. It should be noticed
that we have also tried to use other low-density coverages,
for example using 38 32 ions. In all these cases, one finds
rather disordered structures which appear not to be even
meta stable, having small remaining, but fading, signs of the
) o start periodicity, in case of the example 4:5. Among these,
FIG. 6. (a) A vertical cut along g010] direction through the o gimple 3:4 structure is found to be particularly stable and
regular{100 dislocation structure, Fig. 5, left. It shows that the regular. This structure appears to be stabilized by defects, not

[100] dislocation line may originate in either layer 1, left, layer 0, - - .
middle, or the 2 layer, right. Clearly, a regularly stepped surface isOnly by regular stacking faults, but also by point vacancies

the resulting structuréb) A cut along thg110] direction along the f”md n particular by the rumple of the substljate. When st_art-
diagonal. ing with three of the 3& 30 layers, the resulting structure is

depicted in Fig. 7 showing to the left the top substrate layer

rumpled structure. Figure(® shows the ionic arrangement @nd then the three additional KCI layeffor clarity for a
in this structure for cuts in théd10) direction in the middle Small part only, corresponding to a>@ NaCl cell is
of the square pattern, Fig. 5, left. THO10) cross section shown). The resulting structure can be understood as three

clearly shows that the induced wedge deformation has tran§1€W, somewhat vertically distorted layelisdicated by the
formed into a singlg100) dislocation line, and a rumpled signature size for the ionsThe first layer gives a coverage

layer of KCI on NaCl in between the dislocations. Figure©f 0-77 ML. Including the next layer gives a coverage of
6(b) shows a cut along the diagonal. 1.38 ML and including the third layer yields a coverage of

So although it is possible to find an at least meta stablé-98 ML. At very low temperatures it is possible to add an
structure at- 2.5 coverage where the addions in addition to2dditional fourth layer, increasing the total coverage to 2.47
the 2 ML are placed as a regular pattern of dislocations, the L. However, this destabilizes the complete structure at 300

are very different from those proposed by Henzler in two' which reorganizv_as into rows of electric dipoles. In terms
respects(i) They are not fcc stacking faults, but dislocation ©f number of ions in the 4040 cell these layers have the
lines running in the(100) directions andii) the spacing is SIMPle number of jons: 1000, 800, 900 and 500 yielding a
10 NaCl lattice constants. This pattern provides steps on thit@l of 3200 ions.

surface at which further growth possibly could be highly

It is thus indeed possible to find an at least meta stable
favorable. After further growth a-4.5° skew or miscut, KCl structure at fractional coverages between 2 and 3 ML, which
crystal in the[110] direction will be formed.

shows the surprising 3:4 periodicity, as observed by
Henzler! It has an expected 2D symmetry and shows a regu-
lar square pattern of discrete dislocation lines running in the
(110 directions. Twice the unit cell is indicated by the
The low-energy electron defractigh EED) pattern ob- drawn square in Fig. 7. In Fig(& we show a vertical cut in
served by Henzler at nominally 2.5-ML coverage showed the (100 direction along a diagonal of the square pattern.

z/rNaCI [001]

B. The 3:4 modulated structure
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FIG. 7. The “discrete” structure for three low-density laygrominal coverage 2.08 Ml.showing top substrate layer to the left and
consecutive add-layers to the right. The square shows twice the unit cell; the period is 3:4. Symbols are as in Fig. 2. The structure consists
of a sequence with the indicated square as base, in between are some rather disordered ions, not forming a nice wedge.
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(a) favorable. We believe the small scale rumple of the NaCl
surface is playing an important role in stabilizing a 3:4
modulation. Henzler did not discuss how the stacking faults
running in the(110) directions were to cross those running in
the (1,—1,0) directions. Such are expected by the 2D sym-
metry, and also on the basis of the measured LEED pattern.
We have found that the 2D symmetry is locally retained. In
this situation the effect of the small energy ofld 1} glide,
which was proposed by Henzler to be the stabilizing mecha-
nism, does not have a chance to play a significant role, since
the extent of the stacking fault on the side of the pyramid is
very small. For smaller misfits, where the sepation between
the wedges is larger, the 6211} stacking fault mechanism

(b) is expected and often fourld.

' ' : ' ' ' ' ' In the present simulation we find that the crossing is quite
nontrivial, see the topview, Fig. 7. It gives rise to asymmetry
in particular in the second layer for coverage with two layers.
Here, around the central’Kion (@) in the pattern inside the
indicated square a single apparently unpairéddppears in
place of one of the four pairs@®). This “odd” ion is
surprisingly needed to maintain charge neutrality, as dis-
cussed below. At 3D K a structure with this “odd” ion
placed in a periodic pattern is stable, however also a pattern
where it is randomly placed in the four symmetric positions
in the neighboring square cells is stable in the simulations.
. ) N . We do not show this patters since it can be imagined from
FIG. 8. (a) Vertical cut in the[100] direction along the diagonal the similar second layer of the structure, shown on Fig. 7,

of the square, Fig. 7. Recorded are ions in a strip withihr ¢ L. . .
Shown are the top three substrate layers and above the highly stru\él-hICh is spontaneously found when starting with the three

tured film. Circles indicate Cl ions (these are in this figure made perfect, unn‘ormly stretched 3030 'a,yefs- Although, the
very large in order to facilitate comparison with the Henzler pic- S€cond layer is here more symmetric. For only two layer
ture), largest symbols are closest to the observer. Diagonal cut§overage one of the pairs is randomly replaced by a single
through perfect pyramids at 4 and 12 can be noti¢edshows the ~ “0dd” K * ijon, whereas the remaining structure of both first
similar vertical cut along th110] diagonal of the discrete struc- and second layer is almost as in Fig. 7.
ture, Fig. 7, in the middle of the square. The structure consists of It is interesting to study how it is possible to form small
small dense pyramids which are centered around 0, 6, and 12. Orglite perfect pyramids of Clions and K ions having dif-
might alternatively view the structure as consisting of disorderedfierent charge and ionic radiiRg-=1.81 A and Ry+
“wedge pieces” depressed into the substrate at 3, 9, and 14. lons-1.33 A. The CI ions form a perfect hard sphere pyramid
within the strip= 2.5 y,¢ from the[110] diagonal are recorded and with the number of ions per layerdottom, middle, top
plotted. equal to(9,4,). Inside, it is only partially charge compen-
sated by a smaller K pyramid with(4,1,0 ions. These pyra-
And Fig. 8b) shows the vertical cut of the structure in the mids are stabilized by the loosely packed “wedges” having
(110 direction in the middle of the square. This cut is iden-(1,4,9 ClI- and(6,8,9 K* ions. By adding the numbers one
tical to the cut depicted by Henzler, in the paper proposingotices that there is total charge neutrality inside each square
the structure stabilized by stacking faults. Hence, we havevith 27+ and 27 ions. However layer two has a surplus of
plotted the CT ions similarly as large circles to ease the one +charge, whereas layer three has a surplus of one
comparison(largest indicates closest to the obsejvave  —charge, located at the top of the pyramid@his explains
have in addition indicated the positions of the positive ionsthe need for the “odd” K if the third layer is removed.
(@), which Henzler did not. Figure(B) shows all ions in a The surface of the 3:4 structure is therefore polar with a large
strip almost as wide as the indicated square. This and Henepeat distance.
zlers picture are indeed quite similar. However, there are also Typically, the structures created in the above described
significant differences. In the structure proposed by Henzlerstart condition show on a larger scale in addition more dis-
regular wedges of ion§ormed by a pair o111} and{1-11}  order in which crystallites of almost perfect KCI crystals
glides are protrudedin the (110) directions. In the simu- appear at random positions. An interesting observation is that
lated structure, the “wedges” are not the dominant featureclose to these, occasionally an ion is pulled out of the sub-
on the contrary rather open vallepgnetrateinto the sub- strate to participate in the film, thus creating a strain produc-
strate between small pyramidal formations. Further, the subing vacancy in the substrate. This is a well known effect in
strate is strongly corrugated with a periodicity of 4 NaCl which an add layer creates defects in the substrate to accom-
lattice spacings. Clearly the locally strongly curved NaClmodate the misfit.
surface allows a better fit to the attached, slightly larger KCI  The conclusion is that a structure with a 3:4 periodicity
pyramidal crystallites. For larger spacings it may be difficultcan indeed be found at low-density coverages for KCI on
to obtain a sufficient curvature for this to be energeticallyNaCl, with properties compatible with the LEED observa-

0 2 4 6 8 10 12 14 18
x/rNelCI [110]
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FIG. 9. The calculated energy difference for different structures FIG. 10. Cross sections in reciprocal space for the full 2-ML
having the same coverage. This shows that the “discrete” structuréumpled case, showing the calculated x-ray intensity along the
is favorable thermodynamically for coverages 0.77 and 2.08 ML{100 and (110 directions. The major NaCl peaks are[200],
whereas for all other tested coverages and structures the fullj220] and[110], similarly those for KCI at% of these. Notice the
covered rumpled structure with averagely filled fractional coverageadditional satellites at the half spacings.
is superior. At coverage 2.47 ML the “discrete” 9:1QL00)-
dislocation structure is furthermore the most stable structure VI. RECIPROCAL SPACE
found.
ound One of the big advantages of Monte Carlo simulation of
&tructures is that it is possible to study both the real space
and the reciprocal space. The reciprocal space measurements
provided by x-ray scattering and He-scattering yield infor-
mation on different aspects of tlaverage structure of the
outermost layers in the heteroepitaxial films and the sub-
strate. More local information is provided by the LEED

V. STABILITY ANALYSES method and by real space methods as scanning tunneling
o . ] microscopy.

The next question is which of the found, possibly only | this section we shall present the reciprocal space sig-
meta stable structures have the lowest energy, and henggtyres for the previously discussed relaxed structures. Fig-
should be thermodynamically stable at low temperatures. T@re 10 shows the predicted intensity along principal cuts
study this we have on Fig. 9 compared the energy differencegrough the horizontai-space plane for the rumple structure
of structures having pairwise the.same coverage. In th|§ Way b o ML. Characteristic are the film Bragg peaks;@'@,
we avoid the problem of comparing the absolute energies o - 2 4 4
structures having different number of ions. To obtain the=[1-8,1.8,0=[2,2,01—26, where 6=[1;,1;,0] represents
needed coverages in addition to the closest number of perfeme misfit vector, andathe associated additional satellite peaks
layers of the floatingf) or the discretdd) structures we add in particular at=NX é both around1.8,1.8,0 and(1.8,0,0
the missing ions pairwise and randomly on the relaxed clospeaks and equivalent peaks, whérés a small integer. Fig-
est perfect layés) and equilibrate. Based on the structuresure 11 shows the predictegispace intensities for the “dis-
obtained by the Monte Carlo simulations we evaluate theerete” 3:4 structure at 2.08-ML coverage. The characteristic
energies using the exact Ewald method. We find that thgeak is at(1.5,1.5,0 and satellites as indicated. Henzler did
discrete structure is indeed most stable for the coverage dind the main peaks in his LEED experiment, how-
2.08 ML corresponding to the 3 right layers in Fig. 7. At
coverage of 2.47 ML we find, however, that the mentioned 2 8
ML + islands and any of the two structures, shown on Fig. <100> | <110>
5, are more stable. Of these three possibilities we find that
the structure with the regularly spaced 9{1@0) dislocation
lines is the most stable, Fig. 5, left and Fig. 6. As a result, we
find that for less than full coverages, namely at the coverage
of 0.77 ML a discrete, defect stabilized structure should be
possible. It is essentially the same as that depicted as the first
film layer in Fig. 7. This would indeed be very similar to
such structures found in the simulations of mono layers of 2
rare gases on graphité® There it was found that such struc-
tures behaved quite distinct from the elastically deformed 3252151050 05 1 15 2 25 3
“floating” type structures, and in particular had a different Reduced Wave Vector
epitaxial rotation. Summarizing, only for a coverage-a2.1 FIG. 11. Same as Fig. 10. for the “discrete” 3:4 structure with
and~0.8 ML we have found that a structure with periodic- three effective layers, corresponding to a coverage of 2.08 full ML.

ity 3:4 is stable. It is only found when starting from a low- Notice the dominant KCI peaks t.5,0,d and[1.5, 1.5, § and the
density distribution of the film layers. corresponding satellites.

tions made by Henzler. Since it is not exactly that propose
by Henzler we shall call it a “discrete” dislocation structure
in order to distinguish it from to the “floating” rumple struc-
tures.
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10* , . : : : AEg) the minimum repeat units. In a previous pdpem KBr/NaCl

(misfit ~17%) the experimentally observed rumpling behav-
ior was simulated for coverages with a complete nhumber of
(unstrainegl monolayers. Here, we have studied the influence
of small remaining pressures in the films. A resulting mis-
match between large repeating cells of just% may lead
to noticeable structural defects. For positive pressure within
the surface layer rows of KBr pairs are protruded in[th@Q]
directions at the top of the rumple pattern, as sharp wedges
with intervals at about 10 NaCl spacings. At negative pres-
sures on the other hand rifts in similar directions at the
minima of the rumples are found. With uniformly covering
I (r.lu) films it was found that quite different relaxed structures
o ) ) could be found when starting from highly dense, zero pres-
FIG. 12. Theqg, variation of the calculated x-ray intensity of the sure and low-density films on an uncorrugated NaCl surface.
[1.8, 1.8, @ Bragg rod for the rumpled structure for coverages 1, 2, g¢ating with highly pressurized films perturbed by a variety
and 3 ML, heavy full, full and dashed lines, respectively. of wedge protrusions, it was invariably found that the pre-
) . ferred structure was one with line dislocations in an approxi-
ever no satellites are reported found, so a precisgnaie square 2010 pattern in thg100] directions, which
confirmation of the simulated structure awaits further experiyyouid make a start for further growth of KCI in the from of
ments at this coverage. Henzler did measure the tworice crystals with the(001) axis tilted by~5°. Starting
dimensional Bragg rods at a certain angle to the horizontadyr, zero pressure add-layers we find for KCI/NaCl the
plane, therefore we have_ cglculated t.he intensity profile§ump|ed structure with valleys in tH&10] directions as in
along the most characteristic rods. Figure 12 shows thg e KBr/NaCl case. Starting from low-density films it was on
Bragg-rod intensity for the rumple structure at (1.84,B, the other hand possible to find a quite unexpected structure
for various number of coverages. S_lmllarly, Fig. 13. showsiih periodicity 3:4, signatures of which Henzlérad found
the Bragg-rods for the 3:4 “discrete” structure atj, KCl/NaCl at fractional coverages. We are here able to
(1.5,1.59,). Measurement of these features would give in-hrovide a realistic real space picture. Although the structure
formation on the outward relaxation of the film layers, asjs somewhat similar, it deviates considerably from the inter-
well as the formation of the intermediate layers formed in thepretation given by Henzler in particular by the having local

Calculated Intensity (arb)

“discrete” structures. 2D symmetry. We have studied a number of fractional cov-
erages, between 0-1, 1-2, and 2—3 ML. The Hentzler-like
VIl. CONCLUSION structure was found to be energetically stable at 2.08 ML,

which is somewhat lower than the nominal coverage 2.5 ML

We have studied a model system of the problems arisingh Henzlers experiment.
at the (001) interface between mismatched cubic crystals. Because of our relatively large simulation cell we were
For the KCI/NaCl case the misfit is 10% which makes it able to find, that at low coverages it was often observed that
ideal for computer simulation, because it allows study ofthe system had a tendency to develop nonuniform density
(periodig samples much larger than the repeat distancesand create regions in which rather unstrained, normal density
This is very important in order to realistically deal with sta- KCI crystallites could be formed at random distances, leav-
tistical properties of and spontaneous defects at such intefag of course the remaining at even lower density than that at
faces, where it is not sufficient to consider the energetics ofhe start. This might be an explanation for the apparent dis-

crepancy between the coverages in the experiment and in our
10° , : , . _ : , simulation. The large cell also allowed us to observe cases of
. (15°15) known defects at such interfaces: For example that aina
can be pulled out of the perfect NaCl crystal and put into the
surface layers, leaving a vacancy defect, the relaxation
around which may help to relieve the interface strain.

The reason for why we find different structures depending
on the start condition is that, by the method we use the sys-
tem is not able to search for the absolute minimum in the
energy landscape, but is bound to find only the optimum
relaxation in a local minimum. The local minima are sepa-
rated by large energy barriers. It is in fact likely that the
same situation occurs in the experimental situation so that
different structures may arise during differénbnequilibri-
um) growth conditions. Unfortunately, we can not directly

FIG. 13. Same as Fig. 12 for the “discrete” structure at the relate the growth mode to our various surface layer struc-
[1.5,1.5,0 Bragg rod for various effective number of layers corre- tures, except to suggest that the effective density may play a
sponding to the coverages, 0.77, 1.38 and 2.08 ML, heavy full, fulivery important role. In the simulations we can test the rela-
and dashed lines, respectively. tive energies of the found local minima and thus point at the

Calculated Intensity {arb)
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structures, which are thermodynamically stalf#though and found that with respect to energy differences both meth-

only among the tested and found structiires ods are very accurate and much faster compared to an exact
The alkali-halide case constitutes on the technical side &wald summation.

challenging problem in finding an efficient and accurate

method of dealing with the long-ranged Coulomb forces. In ACKNOWLEDGEMENTS
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