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The mechanisms of strain relief in submonolayer heteroepitaxy of Cu/Ni(100) are studied using variable
temperature scanning tunneling microscopy and high resolution low energy electron diffraction. It is
demonstrated that pseudomorphic copper islands, as they grow in size, undergo a spontaneous shape
transition. Below a critical island size of about 500 atoms the islands have a compact shape, while
above this size they become ramified. The shape transition of the coherently strained islands, predicted
theoretically by Tersoff and Tromp, is driven by the size-dependent outward relaxation of the step edge
atoms due to the positive lattice mismatch. The ramified island shape, which reflects the energy
minimum of binding and strain energy, is characterized by only one parameter: the arm width of the
monolayer-high copper islands w = (22± 1) atoms.

1. Introduction

Thin film structures with smooth interfaces are criti-

cally important for studying the effects of reduced

dimensionality in electronics, optics and magnetism.

To produce thin epitaxial layers, rather sophisticated

growth techniques such as molecular beam epitaxy

(MBE) are required since most of the applications

need highly pure materials with a minimum of mor-

phological and structural defects. MBE is essentially

a nonequilibrium phenomenon governed by the com-

petition between growth kinetics and thermodynam-

ics. Control and manipulation of MBE growth re-

quires a detailed understanding of this competition.

At low substrate temperatures/high deposition rates

the dominance of kinetics can be used to tailor arti-

ficial structures.1

In heteroepitaxial growth, in addition to the ki-

netic constraints, the strain energy due to the misfit

between substrate and adlayer has to be considered.

The minimization of the associated strain energy can

result in defect structures of the adlayer which are

very stable and might even appear at submonolayer

coverages. For instance, we have recently demon-

strated by scanning tunneling microscopy (STM)

that the compressive strain of submonolayer copper

films on Ni(100) is relieved via lateral relaxation of

atoms from hollow to bridge sites.2,3

Surface-sensitive methods are essential for under-

standing the phenomena in epitaxial growth and the

underlying physics. STM is especially well suited

for studying the elementary growth processes on an

atomic scale. In particular, through the availability

of variable temperature STM, the very early stages

of epitaxial growth can be quantitatively studied

by analyzing the island density, island size distri-

bution and island shape as a function of substrate
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temperature.4–7 Thus it was, for example, possible to

verify the validity of nucleation theory on an atomic

scale5 and to understand and simulate the frac-

tal and dendritic growth on hexagonal close-packed

surfaces.8–13 Such growth has not been observed on

square surfaces, since the barrier for edge diffusion

is substantially higher on triangular than on square

lattices due to the presence of twofold-coordinated

edge sites in the close-packed directions. On square

lattices, the barrier for edge diffusion is usually even

lower than for terrace diffusion and the fabrication

of dendritic and fractal islands is inhibited. Hence,

lattices with a square symmetry are particularly suit-

able for the study of strain effects on island shapes.

Strained epitaxial islands are expected to be un-

stable against shape changes.14–16 Analyzing the

relation between strain energy and island shape in

heteroepitaxial growth, Tersoff and Tromp17 have

predicted a spontaneous shape transition during the

growth of the coherently strained islands. Shape

changes were predicted to be a major mechanism of

strain relief. But, up to now, experimental evidence

for strain-induced shape transitions has been rather

scarce. It is related to the growth of three-dimen-

sional, flat pyramids with a rectangular basis.17–19

Here, we present the first experimental verification of

such a shape transition in the growth of monolayer-

high islands. For the experiments, we have chosen a

simple metal-on-metal system, Cu/Ni(100). The two

metals are chemically very similar, their lattice mis-

match is quite small (2.6% compressive strain), and

they do not show any reconstruction. Submonolayer

growth experiments performed between 250 and

370 K reveal that small islands exhibit the expected

compact shape, whereas larger islands (exceeding a

critical size of ≈ 480 atoms) become ramified. This

island-size-dependent shape transition is quantita-

tively treated in the present paper.

2. Experimental

The growth of copper islands on Ni(100) at sub-

monolayer coverages has been studied by variable

temperature STM in situ but after deposition; the

analogous experimental setup has been described

elsewhere.20 The Ni(100) crystal was prepared by

cycles of argon ion sputtering (1 µA/cm2) at room

temperature as well as at elevated temperatures

(about 550 K) and subsequent annealing (up to

1400 K) resulting in dislocation-free terraces up to

a width of a few thousand angstroms. Copper was

deposited by thermal evaporation from a Knudsen

type MBE source at background pressures in the

10−10 mbar range. The deposition rate was varied

between 6× 10−5 and 3× 10−2 ML/s and calibrated

from STM images at monolayer coverage. The sam-

ple was heated by electron bombardment from the

back side, whereby the substrate temperature (250–

1400 K) was determined by a Ni/CrNi thermocou-

ple fixed at the sample. The thermocouple was cali-

brated using liquid nitrogen, dry ice (solid CO2), and

a water/ice mixture before and after a series of ex-

periments. The STM measurements were performed

in the constant current mode at 0.5–2.0 V positive

or negative bias and 0.5–8.0 nA tunneling current.

For the quantitative analysis of the island shapes

we have only used images, where the thermal drift

was negligible. Drift correction was therefore not

necessary. The influence of structural defects such

as substrate steps has been excluded by depicting

areas far away from such defects. We can definitely

rule out the possibility that the observed shape tran-

sition is due to coalescence, but there may be a very

few of the large islands, especially those grown at

low substrate temperatures (high island densities),

which may be affected by coalescence.

The high resolution low energy electron diffrac-

tion (SPA-LEED) experiments were performed in a

different ultrahigh vacuum chamber21 using the same

preparation procedures. For the intensity oscillation

measurements, the external gun was used operating

at an energy of 90 eV. Here, the deposition rate was

calibrated from the intensity oscillations due to the

layer-by-layer growth at low substrate temperatures

as well as from the quartz microbalance.

3. Characterization of the Island
Shape Transition

Copper forms two-dimensional islands of monolayer

height on Ni(100).22 Examples of monatomic-high

islands which clearly show an irregular shape are

shown in Fig. 1. As already pointed out in the intro-

duction, it is surprising to find ramified islands on a

square lattice. Edge diffusion at surfaces with square

symmetry was reported to be comparable to terrace

diffusion,23–25 and therefore compact islands are gen-

erally expected. It is thus reasonable to assume
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Fig. 1. Ramified island growth in submonolayer he-
teroepitaxy for Cu/Ni(100). The substrate temperature
of 350 K and the deposition rate of 1.5×10−4 ML/s indi-
cate that the islands are in equilibrium and their ramified
shape is due to strain relief.

that the ramified copper islands on Ni(100) are not of

kinetic origin. In order to confirm this assumption,

we have systematically varied the substrate temper-

ature and the deposition rate. A qualitative compar-

ison for different growth conditions is given in Figs. 2

and 3. The images on the left hand side are obtained

at high substrate temperature/low growth rate and

exhibit, therefore, a low island density, whereby the

images on the right which are obtained at low tem-

perature/high growth rate show a higher island den-

sity. The island shapes, however, depend only on the

average island size and are not affected by the growth

conditions. Small islands always have a compact

shape. As they grow in size, their shape becomes

irregular. Almost all islands larger than the criti-

cal island size of about 500 atoms are ramified and

the very large islands even exhibit a preferential arm

width of about 20 atoms. The step edges of the

island are preferentially oriented parallel and per-

pendicular to the substrate steps in the close-packed

〈110〉 directions. At substrate temperatures between

250 and 370 K the adsorbed copper atoms are very

mobile on terraces and at step edges.22 This tem-

perature range even includes a transition in critical

nucleus from i = 1 to i = 322 associated with dimer

bond breaking. Therefore, the growth kinetics do

not determine the island shape, and we can conclude

that the island shapes correspond to an equilibrium

configuration.

Analogous behavior (temperature and flux inva-

riance) has been observed for another mechanism of

strain relief of Cu/Ni(100), i.e. the internal {111}
faceting.2,3 This strain relief mechanism is already

operative at submonolayer coverages and starts as

soon as the compact part of the islands reaches a

critical size of 1200 atoms. Monatomic chains of

copper atoms are shifted laterally from the fourfold-

coordinated hollow site to the twofold-coordinated

bridge site and thereby protrude from the surface

layer (see Fig. 4). For multilayer films, with each

copper layer added, the protrusion stripes grow in

width by one atom, forming internal {111} facets.

These stripes disappear only if the sample is annealed

above 550 K. We have observed both a reduction in

stripe width as well as a reduction in stripe density,

before they finally disappear, indicating the onset of

alloying. Alloy formation has a dramatic effect not

only on the internal faceting but also on the island
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Fig. 2. The transition from compact to ramified island shapes at two different deposition rates (1.5 and 6.0 ×
10−3 ML/s) and a fixed substrate temperature of 345 K. The coverages and the mean island sizes are indicated.
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Fig. 3. The transition from compact to ramified island shapes at two different substrate temperatures (250 and 345 K)
and a fixed deposition rate (1.5× 10−3 ML/s). The coverages and the mean island sizes are indicated.
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Fig. 4. Dislocations form at copper islands on Ni(100) at higher coverages to relief compressive strain.

ramification. After deposition below the critical tem-

perature for surface alloy formation (T < 400 K) we

annealed the sample to 500 K. The images presented

in Fig. 5 demonstrate that upon intermixing of cop-

per and nickel, compact islands form again. For this

experiment, a temperature was chosen where the is-

lands are not yet dissolved but exchange processes

between Cu islands and the Ni substrate already oc-

cur. The effect of intermixing can be most easily seen

at the step edges, which are straightened and become

spotted. The rims are not well separated from the

Ni substrate step and a rather irregular interface is

formed. The islands are imaged with the same height

and exhibit a similar spotted surface, and hence con-

sist also of randomly mixed nickel and copper. Since

the incorporated Ni atoms are smaller, the strain

energy of the islands is significantly reduced26 and

consequently compact islands form.

4. Quantitative Analysis of the Island
Shape Transition

The independence of the island shape from the

growth conditions is confirmed by the quantitative
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Fig. 5. STM images of islands and step edges for a
0.3 ML copper film on Ni(100) before and after annealing
to 500 K, demonstrating the effect of surface alloying on
the islands and at the step edges. The substrate temper-
ature during growth was 300 K and the deposition rate
1.5× 10−3 ML/s.

analysis of the topography of more than 3000 is-

lands grown at very different substrate temperatures

(250–370 K) and deposition rates (6 × 10−5 − 3 ×
10−2 ML/s). Indeed, all data collapse into one curve

if one determines, for example, the island radius of

gyration vs. island size (Fig. 6) or the island perime-

ter vs. island size (Fig. 7). The evaluation of the

radius of gyration vs. island size, varied over four or-

ders of magnitude, reveals a fractal dimension close

to 2 (D = 1.9). This rather compact structure of

the islands can be qualitatively recognized in the im-

ages of Fig. 1 — even for very large islands, the

arms are separated only by narrow channels. This

substantiates the previous statement that the island

Fig. 6. Double-logarithmic plot of the islands’ radius
of gyration versus island size, demonstrating the coin-
cidence of data obtained at different growth conditions.
Each dot represents one island. The forbidden regions
are gray in color; the upper limit is given by a one-atom-
wide chain; the lower limit is an island of circular shape.

ramification cannot be understood in terms of a frac-

tal growth mode of kinetic origin.

The evaluation of the island perimeter (p) as a

function of island island size (A) is more helpful for

gaining insight into the physics behind the island

shape transition. It is displayed as a double-logarith-

mic plot in Fig. 7. Islands which contain less than

300 atoms exhibit always a compact shape. Their

perimeter scales with the square root of the island

size. For larger islands a deviation from this be-

havior is observed, and the dependence cannot be

described in simple analytical terms, until for island

sizes exceeding ≈ 3000 atoms the island perimeter

is found to be directly proportional to the island

size. This behavior can be modeled by the growth

of a linear chain with a certain arm width w. Us-

ing this model, the arm width is obtained fitting

the data for the islands which exceed the critical is-

land size to p = 2A/w + 2w. Since p(A) is given by

the the experimental data, the arm width w is the

only fit parameter. Several fits for island sizes above

the critical value were performed and give almost

identical results. Using the data of the island sizes

above 1000 atoms, one obtains w = (21.98 ± 0.25)

atoms, whereas for island sizes above 400 atoms,

w = (21.87±0.18) atoms. The arm width w = 22±1

is thus almost independent of the starting point. The

critical island size, extracted with the linear chain

model, is therefore Ac = w2 = (480± 20) atoms.
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Fig. 7. (a) Island perimeter p vs. island size A for sub-
monolayer copper islands on Ni(100) obtained for the
same data as those presented in Fig. 6. The gray shaded
areas are the forbidden regions for the ratios; the up-
per limit corresponds to that of circular islands and the
lower limit to that of a one-atom-wide chain. (b) Av-
eraged data displayed with statistical error bars. The
data are compared with the linear chain model, where
p = 2A/22 + 2 · 22 (solid line).

5. Thermodynamics of Coherently
Strained Islands

Tersoff and Tromp17 have derived an expression for

the energy of coherently strained (i.e. dislocation-

free) epitaxial islands. They have considered three-

dimensional, pyramid-shaped islands of width s,

length t and height h on a square substrate. Min-

imizing the total energy, including the excess surface

and strain energy, they have found a spontaneous

shape transition with increasing island size. Small is-

lands have a compact, symmetric shape while above

a critical island size they become elongated, which

allows better strain relaxation. While only the sim-

ple rectangular shape was studied, the basic result

should be equally applicable to the ramified shape of

the monolayer-high islands, particularly if the arm

length substantially exceeds its width. With respect

to a rectangular island width s, the branching of the

ramified islands with arm width w does not affect

the perimeter for a given island size.

The model of Tersoff and Tromp17 is based on

different assumptions:

(1) Corner effects are neglected. (Kink sites are

energetically unfavored and occur, therefore,

infrequently.)

(2) The surface energies of the substrate and of the

islands are assumed to be equal.

(3) The strain does not change perpendicularly to

substrate surface.

These assumptions are not severe limitations for

the application to the present system:

(1) We have found a preferential orientation of the

island step edges in the close-packed directions,

and consequently corner effects are small.

(2) The surface energies of substrate and adlayer are

comparable.27

(3) Perpendicular strain cannot change for mon-

atomic-high islands. Hence, the approximate for-

mula derived from Tersoff and Tromp should de-

scribe the system Cu/Ni(100). Cu/Ni(100) is a

suitable candidate for checking the predictions of

this theory in a quantitative manner.

In the model, the excess surface and strain energy

is given by [Eq. (5) in Ref. 17]

E = b(s+ t)− s ln(t)− t ln(s) . (1)

Here, E is the normalized energy accounting for the

extra surface energy and the energy change due to

elastic relaxation, b is supposed to be a constant con-

sisting of elastic constants, and s and t are the island

width and length, respectively. Since the island size

A = st, one finds that

E = b

(
s+

A

s

)
− s ln

(
A

s

)
−
(
A

s

)
ln(s) . (2)

Minimizing E with respect to s, one obtains two

identical solutions up to the critical island size Ac =

exp(2b+4) and two different solutions for the islands

larger than Ac. Above Ac the width s shrinks from

sc = exp(b + 2) to s∞ = exp(b + 1). This behavior

is shown in Fig. 8. Because we cannot directly mea-

sure the width s and the length t due to the ramified
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Fig. 8. Comparison between the model of Tersoff and
Tromp17 with b = 1.0, 1.3, 1.6, 1.9, 2.2 and the experi-
mental data. An increase of b shifts the shape transition
to higher island sizes. In Fig. (a) width s and length t

are derived from perimeter p and island size A assuming
a rectangular island shape and compared with the pre-
diction from the model. Figures (b) and (c) contain the
data shown in Fig. 6.

morphology of the islands and the existence of two

equivalent close-packed directions, we have derived

both values from the island perimeter and island size

assuming a rectangular island shape. Up to the crit-

ical island size both s and t grow with the square

root of the island size, as expected for compact is-

lands. Above Ac they show the predicted splitting,

whereas the width does not shrink but reaches a con-

stant value. This discrepancy between model and

experimental data is due to the particular, ramified

shape of the two-dimensional islands. The model, a

quasi-one-dimensional description, does not account

for the growth in two equivalent directions and for fi-

nite size effects at the ends of the arms. Although the

shrinking of the arm width is not present in the data

of Fig. 8, it is clearly visible in Figs. 1(a) and 1(b).

The island in the upper left of Fig. 1(a), for example,

shows a clover-leaf-like structure, since only the in-

ner part of the island develops the shrunk arm width.

The larger islands [cf. Fig. 1(b)] are, therefore, also

almost compact, only narrow channels are formed,

and the arms (distance between neighboring chan-

nels) are thinner at the center of the island than in

the outer part. This outer part, however, dominates

p(A) even for our largest islands, so that shrinking is

not observable in the data of Fig. 8. Hence, from the

physical point of view, the transition for Cu/Ni(100)

should be described by b = 1.1 although higher val-

ues, e.g. 2.0, fit better the data. A value of b = 1.1

leads to Ac = 500 atoms, sc = 22 atoms, and s∞
= 8 atoms. These quantities are clearly obvious in

the STM images: 500 atoms is, indeed, the critical

island size, 22 atoms the critical arm width and the

arms at the center of an island exhibit a width of

approximately 8 atoms. (The reason that we do not

find this behavior at each island in a similar manner

is the weak driving force for diffusion due to the flat

energy minimum.)

The width s in Eq. (2) can be replaced by the

perimeter, and then one obtains the dependence be-

tween p and A within this model. This result is com-

pared with the experimental data in Fig. 8. It is ob-

viously impossible to find a specific value of b which

describes the whole curve due to the discussed finite

size effects in the marginal zones of the islands. Even

if we take into consideration very large islands of 104

atoms, the rim of about 22 atoms dominates p(A).

Therefore, we have detected for such large islands an

arm width of 22 atoms corresponding to the criti-

cal arm width and not the asymptotic arm width of

8 atoms. This is understood as the reason for the

continued transition between two-dimensional and

one-dimensional growth whereas the model predicts

a sharp transition at Ac. The equilibrium theory in
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the present status does not include these important

effects and, therefore, fails in the quantitative de-

scription of our data. Nevertheless, the theory cor-

rectly predicts the spontaneous shape transition be-

tween two-dimensional and one-dimensional growth

of monolayer-high copper islands on Ni(100) due to

lattice strain, and our experiments are the first direct

verification of the theoretical predictions of Tersoff

and Tromp.

6. Relaxation of Edge Atoms at the
Island Perimeter

The driving force for the observed preferential arm

width and thus for the ramification of the copper is-

lands on Ni(100) is associated with the positive lat-

tice mismatch of the two materials. The effect of

compressive strain forces the copper atoms to shift

outwards from the island’s center. The behavior is

especially important for the step edges, since the

step edge atoms are bound only to one side and

are, therefore, free to relax outwards. They follow

their natural lattice spacing, which is larger than

that of the substrate material. On the other hand,

the lower coordination of the edge atoms favors (size-

dependent) inward relaxation28 since less coordina-

tion tends to shrink bond length. In general, these

two effects compete and it is a priori difficult to de-

termine the dominant term. For the particular case

of Cu/Ni(100) we have performed calculations us-

ing effective medium theory (EMT)24 which reveal

indeed a significant outward relaxation of the edge

atoms, confirming the dominance of strain effects.

The result for a relative small rectangular island is

shown by a hard sphere model in Fig. 9.

The observation that the ramification of the

islands involves preferential growth along the closed-

packed directions, indicates that there is high mobi-

lity along the edges and that kink sites are energeti-

cally unfavorable. Both indications are corroborated

by the EMT results. As for other square lattices, the

barrier for edge diffusion (285 meV) is found to be

lower than for terrace diffusion (469 meV) and the

barrier for corner diffusion (530 meV) is only slightly

larger. Kink sites are energetically costly since they

reduce coordination while leaving the number of edge

atoms constant. Corner sites, however, are not very

stable because these atoms are relaxed outwards with

respect to both closed-packed directions, giving rise

Fig. 9. Hard sphere model of a copper island on Ni(100)
illustrating, with an exaggeration by a factor of 30, edge
atom relaxation of compressively strained heteroepita-
xial islands. The values for the outward relaxation are
obtained from effective medium theory calculations.

to rounded corners. The formation of a constant arm

width also implies that the island growth becomes

anisotropic and atoms attaching sideways diffuse

towards a tip.

Experimental evidence for the relaxation of step

edge atoms of monatomic-high copper islands on

Ni(100) is provided by high resolution low energy

electron diffraction (SPA-LEED) data. The intensity

of the specular beam has been recorded at different

substrate temperatures and at a scattering condition

close to out-of-phase where the electrons scattered at

adjacent terraces interfere destructively so that the

experiment has maximum sensitivity for monatomic

steps.

During the initial growth at high substrate tem-

peratures (350 K), we have found the well-known be-

havior that the intensity decreases immediately after
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Fig. 10. Peak intensity of the specular beam during the
initial stages of epitaxial growth of Cu/Ni(100), illustrat-
ing the different scattering behavior of step edge and ter-
race atoms.

opening the shutter due to the formation of islands

leading to an increasing destructive interference of

the specular beam (cf. Fig. 10). At low substrate

temperature, e.g. 130 K (cf. Fig. 10), we observe a

considerable intensity overshoot which has to be ex-

pained. Up to now such phenomena have been at-

tributed to the smoothening of the substrate by the

diffusing adatoms which nucleate at residual defects.

Here, however, the temperature behavior contradicts

this explanation since we observe the increasing in-

tensity for low substrate temperature. Therefore,

we conclude that this phenomenon is due to a dif-

ference in scattering behavior between the copper

atoms at step edges (or in small islands) and on ter-

races. The island density differs for the two sub-

strate temperatures by two orders of magnitude (see

Fig. 11). That means that the only difference for the

two growth conditions during the very early stages

of growth is the relative number of step edge atoms,

which is much larger at the low growth temperature.

Hence, for the present system the step edge atoms

must have an enhanced reflectivity with respect to

the terrace atoms. (The quantitative considerations

will be a topic of a forthcoming publication.29) Be-

sides this effect one observes that the intensity min-

imum is not exactly located at a coverage of 0.5 ML

but significantly shifted to higher values. It has

been demonstrated in previous papers30,31 that this

shift can be caused by the different scattering am-

plitude of (terrace) substrate atoms and (terrace)

Fig. 11. Arrhenius plot of the measured saturation is-
land density of Cu on Ni(100) (flux 1.5 × 10−3 ML/s;
coverage 0.1 ML).

island adatoms neglecting form factor effects of the

step edge atoms. For Cu/Ni(100), however, we

have already shown in a previous study,32 deposit-

ing multilayer films at high substrate temperatures

in step flow mode, that the difference in scattering

amplitude is small. Hence, the shift of the inten-

sity minimum can only be explained by a significant

amount of step edge atoms at half-monolayer cov-

erage showing a higher reflectivity. For coverages

between 0.7 and 1 ML, the density of edge atoms is

not very different for the different growth temper-

atures due to coalescence (in the low temperature

regime) and ramified island growth (in the high tem-

perature regime), consistent with the occurrence of

the well-pronounced minimum. At monolayer cover-

age, however, the island density is again higher for

the low temperature regime and, therefore, we find

a shift of the maximum to a coverage higher than

1 ML.

The intensity oscillations during the submono-

layer growth of copper on Ni(100) can only be ex-

plained by a different scattering behavior of cop-

per atoms at terraces and step edges which may be

caused by the outward displacement of the step edge

atoms from the ideal hollow site.

The two strain relief mechanisms — island rami-

fication and stripe formation — have in common the

fact that they involve displacements of atoms from

the ideal pseudomorphic hollow site. For very small

islands the strain can be relieved at the step edges
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even if they have a compact shape. Larger islands be-

come ramified to optimize the ratio between perime-

ter and island size. Finally, the stripes appear when

the strain relief at the island edges is no longer suf-

ficient for minimizing the total energy of the cohe-

rently strained islands. While the critical arm width

is 22 atoms in the case of ramification, the typical

island width for the onset of stripe formation corre-

sponds to about 40 atoms.

The conclusion that ramification of islands is

caused by the outward edge relaxation of copper

atoms on Ni(100) due to the compressive strain is

supported by the fact that copper forms ramified

islands on Ni(100) but not on Pd(100),33 although

the two substrate materials are very similar. The

copper islands are compressively strained on Ni(100)

and exhibit tensile strain on Pd(100) due to the pos-

itive and negative misfit, respectively.

7. Determination of Strain Energy
from Island Shape

The equilibrium island shape is understood as a re-

sult of the energy balance of the atomic bond energy

within the islands and the strained energy due to the

lattice mismatch with the substrate. Therefore, one

can estimate the strain energy by the determination

of the bond energy difference between the observed

ramified islands and square islands of identical size.

On the other hand, the islands try to attain com-

pact shapes to optimize their binding energy. On the

other hand, the strain energy associated with the is-

land relaxation favors ramification. Based on bond

counting, atoms inside of an island have four near-

est neighbors in the adlayer, i.e. they are associated

with two bonds per atom, whereas edge atoms have

only three nearest neighbors in the adlayer associated

with 1.5 bonds per atom. Therefore, the binding en-

ergy of an island corresponds to (2A−p/2)Eb, where

A and p are expressed in the number of atoms form-

ing the island and its perimeter, respectively. The

binding energy per atom is therefore (2− p/2A)Eb.

For a square island, p = 4
√
A, and the bond en-

ergy per atom is given by (2 − 2/
√
A)Eb. For

the ramified islands, however, we have found that

p = 2A/22 + 2 · 22, which results in a bond energy

per atom of (2−1/22−22/A)Eb. Hence, in this sim-

ple bond counting model, for very large islands, this

energy gain of forming square-shaped with respect to

ramified islands, E∗ is 1/22 of the dimer bond energy

Eb per atom.

The dimer bond energy can be derived from the

Arrhenius behavior of the island density in the sat-

uration regime, when the size of the critical nucleus

is larger than 1 and the migration barrier is known.4

[The case of Cu/Ni(100) is discussed in Ref. 22, in

detail.] In general, the value Eb is associated with

a very large error bar, since there are usually only

a few data in a rather narrow temperature interval

(cf. Fig. 11). For the present study, we have assumed

that the attempt frequency for the i = 1 and for the

i = 3 regime is identical, in agreement with our previ-

ous study and other authors’. A combined fit using

all data of the i = 1 and i = 3 regimes including

their error bars results not only in a well-determined

value for the migration barrier but also for the dimer

bond energy. The obtained values for the migration

barrier (0.37 ± 0.03) eV, for the attempt frequency

5×10(11±1) Hz, and for Eb = (0.34±0.03) eV confirm

our previous study, but the error bar of Eb is reduced

by a factor of 6 since the intersections of the i = 1

and i = 3 curves with ordinate are well defined due

to the combined fit. Eb corresponds exactly to the

value predicted by Evans and Bartelt34 for a tran-

sition temperature of 320 K based on kinetic Monte

Carlo simulations.

Using Eb = (0.34± 0.03) eV, the energy gain E∗

corresponds to (15± 2) meV per island atom. This

value, which is comparable to strain energies calcu-

lated from bulk properties, is relatively small and

it is reasonale to assume that the difference can be

overbalanced by the energy gain associated with the

more effective strain relief at the longer edges of ram-

ified islands. On the other hand, it is high enough to

explain that the arm width is constant over the wide

temperature range of 250–370 K.

8. Conclusion

The strain relaxation at the edges of copper is-

lands on Ni(100) drives a transition from compact to

ramified islands at a critical island size of about 500

atoms. The ramified islands exhibit a preferential

arm width of (22±1) atoms, which is associated with

anisotropic strain relief. The phenomenon, predicted

theoretically by Tersoff and Tromp, is expected to

be of great importance in heteroepitaxy on square

lattices with a positive lattice misfit. The present
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experiments show that ramified island shapes can-

not only be caused by growth kinetics at low tem-

peratures but also by strain relief at rather high

temperatures.

MBE growth, which is a dynamic, nonequilibrium

phenomenon, is characterized by the competition be-

tween growth kinetics and thermodynamics. While

thermodynamics embodies the essence of the behav-

ior of the adlayer/substrate system at an equilibrium,

kinetics controls the pathway of the system towards

an equilibrium state within the thermodynamic lim-

itations. These limitations reduce drastically the va-

riety of nanostructures which can be tailored by the

choice of the growth conditions. The present study

gives an example of thermodynamic limitations: the

ramified island growth at submonolayer coverages

due to the lattice strain in heteroepitaxy cannot be

outwitted by the choice of substrate temperature and

deposition rate. On the other hand, one can employ

this phenomenon to realize particular nanostructures

even at rather high substrate temperatures. These

nanostructures, which represent an equilibrium state

of the heterosystem, should be quite stable because

they are formed within a very large range of growth

conditions.
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