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Growth of Fe on MgO„001… studied by He-atom scattering
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With He-atom scattering we studied the epitaxial growth of Fe ultrathin films deposited onin situ cleaved
MgO~001!. The measurements at various substrate temperatures (140<T<670 K! start with bare MgO~001!
and extend to film thicknesses beyond the complete coverage of the substrate. From the development of
specular intensity with Fe deposition we estimate saturation island densities, give a quantitative description of
the evolution of their size and shape, and calculate a thickness for coalescence of all islands. The observed
three-dimensional metal island growth behavior is suppressed at low temperature~140 K! where a monolayer
film almost completely covers the substrate. For increased substrate temperatures a decreased island density
and an increased interlayer mass transport from substrate level onto the islands leads to a temperature and
thickness dependent change in island shape.
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I. INTRODUCTION

There is growing interest in the preparation and the s
face properties of ultrathin metal films on metal oxide s
faces. Depending on the application field and the electro
properties of interest either the controlled formation of me
islands or the preparation of homogenous thin films is e
phasized. Metal island films on MgO are widely tested
designed catalytic properties. On the other hand the se
for magnetic properties of homogenous Fe films on Mg1

which is due to the interest in magnetic recording media,
been stimulated by the predicted high magnetic momen
the monolayer.2 Until now, uncertainties in the film morpho
logical properties have inhibited the experimental verific
tion of this prediction. Therefore, the basic aspects of me
on-oxide growth are still of current interest.

Due to its catalytic applications and its chemical, therm
and mechanical stability, MgO has widely been used a
substrate for metallic thin films.1,3–5 Ultraclean single crys-
talline MgO~001! is easily prepared by cleavage in ultrahig
vacuum~UHV!. Several attempts to prepare clean surfa
from air-cleaved crystals have been done,1,6 but both con-
taminants~from air or segregations as a result of high te
perature treatment! and structural~or stoichiometric! defects
reduce the quality of these surfaces.7 It is well known that
the quality of the substrate and of its surface are of gr
relevance for the morphology of deposited metal films.3,8,9

The evidently different surface quality of MgO sampl
cleaved in UHV and in air leads to different metal fil
growth modes, as shown by a comparative He-atom sca
ing ~HAS!-reflection and IR-transmission study.10

Due to the low lattice mismatch between bcc-Fe~001! and
MgO~001! ~lattice spacings at room temperature are 4.06
for Fe along^110& and 4.20 Å for MgO alonĝ100&) MgO
is a very good substrate candidate for an epitaxial growth
Fe on an insulator.1,6,8 From LEED observations6 and ab
initio calculations2 the Fe atoms are supposed to sit abo
the oxygen atoms. There has been some discrepancy in
PRB 610163-1829/2000/61~12!/8475~9!/$15.00
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literature concerning the growth mode of Fe on MgO~001!.
A layer-by-layer growth from the beginning of deposition6 is
in contradiction with magnetic properties, static and dynam
conductivity measurements.1,11–13 The higher surface free
energy of Fe@2.9 J/m2 ~Ref. 14!# compared to MgO~001!
@1.1 J/m2 ~Ref. 15!# favors three-dimensional island forma
tion. For an understanding of mechanic, catalytic, and e
tromagnetic properties of Fe/MgO~001!, detailed information
on, e.g., the density of growing islands and the developm
of their shape is needed.

He-atom scattering is a favorable nondestructive met
for ionic crystal surface investigations. Photons, electrons
high-energy ions may deteriorate the surface quality and
fluence the growth behavior of adsorbates. Due to its h
surface sensitivity He-atom diffraction yields structural i
formation on the outermost atomic layer. Metal island dis
butions and island shapes may be investigated.16 There are
no restrictions concerning electrical properties of the sam
surface, which is the main advantage over charged par
scattering methods or scanning tunneling microscopy~STM!.

This paper reports on elastic HAS studies of the growth
Fe on MgO~001! for substrate temperatures from 140 to 6
K. After a short description of the theoretical backgrou
~Sec. II! and the experimental setup~Sec. III! the results
from our HAS experiments are described~Sec. IV!. We dis-
cuss these results~Sec. V! with respect to details of the ob
served subsequent phases of thin-film growth. The con
sions~Sec. VI! point at a method to prepare smooth layer
films of this metal-insulator system.

II. THEORETICAL BACKGROUND

Deviations of the distribution of scattered intensity fro
the ideal diffraction patterns are related to the disorder of
sample, i.e., in atom scattering, to the lateral density,
dimensions, and the orientation of surface defects such
e.g., steps, facets, and isolated or clustered adatoms.17,18 The
attenuation of specularly reflected intensity with the grow
8475 ©2000 The American Physical Society
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8476 PRB 61G. FAHSOLD, A. PUCCI, AND K.-H. RIEDER
of adatom islands could be described easily if the isla
contribute only negligibly to the total diffraction intensity
This is well fulfilled for most molecular or rare gas adso
bates due to their thermal disorder.18 For the system unde
investigation, the Debye temperature of the metal adsor
is smaller only by a factor of about 2 than that of the ion
crystal substrate. Hence, adlayer contributions to specula
flectivity should be taken into account unless they are s
pressed, e.g., by short-range roughness or by facetting. S
both the structural properties characterize the iron island
MgO~001!, i.e., the first one at lower temperature, the seco
one at higher values, we neglect diffractional contributio
from adsorbates and islands. Then, the specularly refle
intensity I (d) decays with increasing average film thickne
d as

I ~d!

I 0
512s i~d!ni~d!2sana~d!, ~1!

where I 0 is the intensity reflected from the bare substr
surface,s i(d) is the average cross section of the growi
islands, andni(d) is the number of islands per unit area.sa
and na(d) stand for the cross section and the amount
mobile adsorbates which are present on the substrate su
during deposition. Equation~1! describes the two contribu
tions to the attenuatuion 12I /I 0 as stains produced by ad
sorbates or islands from adsorbates on the otherwise pe
surface mirror.18

As the area of uncovered substrate surface decreases
increasing number of deposited particles, the amount of
bile adsorbates per unit area should depend on the ave
film thicknessd. Concerning the cross sections defined
Eq. ~1! it is well known that for very low coverages i andsa
seen by He atoms are strongly enhanced compared to
geometric cross sections. This enhancement is typic
quantified by a surrounding scattering halo of;10 Å
width.4,18,19 s i of the smallest stable clusters andsa reach
values>102 Å2. For high coverage, the overlap of sing
island cross sections leads to a reduction of the total c
section. In this case, the reflected intensity may still be
scribed by the linear dependence on the total cross sectio
done in Eq.~1!, but the single-island cross section has to
substituted by the geometric cross section.18 The density of
scattering adsorbate islandsni(d) increases with film thick-
nessd according to the nucleation rate, which depends on
substrate surface and the substrate temperature. Neverth
for attractive high-mobility adatom systems, as most me
on-ionic-crystal systems are, a saturation densityns is often
reached at a still low substrate coverage.4,20

III. EXPERIMENT

Our He-atom scattering experiments were performed w
an apparatus consisting of an UHV chamber, a therm
energy He-atom source and a single-atom He detector.
lowing the He-atom beam, the source part consists of a t
perature stabilized closed-cycle cooled nozzle, a skimm
and two apertures. The detector part is composed of a s
differentially pumped apertures and a quadrupole mass s
trometer~Balzers!. This setup follows the basic concepts f
He-atom diffraction and is described in detail by Ko¨nig.21
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For sample preparation the UHV chamber is equipp
with a sample cleaver~VSW!, a metal vapor source
~Omicron EFM3!, and a three-axis manipulator~Thermion-
ics! holding a molybdenum plate with the mounted samp
A resistive heater and a liquid nitrogen heat exchanger al
access to sample temperatures between 140 and 1000 K
temperature at the sample plate is measured with a typK
thermocouple. The metal-vapor flux from an Fe rod~2 mm
diameter, purity.99.9%) heated by electron bombardme
is aligned perpendicularly to the sample surface to av
shadowing by substrate surface steps. This flux was c
brated by observing He-atom diffraction intensity oscill
tions during layer-by-layer growth at Fe~001! homoepitaxy.
Deposition rates of typically 1 Å /min were chosen. Film
thicknesses are given in units of an epitaxial monola
~ML ! with a thickness ofhML51.33 Å, i.e., 1.1331015 metal
atoms/cm2 on MgO~001!.

We used cylinder shaped MgO crystals22 with a ~001!
base plane of 10 mm diameter and an initial length of ab
10 mm. These crystals were mounted on the molybden
sample plate described above. At room temperature and
der UHV conditions ~residual gas pressure,2310210

mbar! slabs of about 2 mm thickness were cleaved off alo
a ^100& direction leading to substrate surfaces of reprod
ible quality as verified by HAS reflectivities.23 We observed
a weak deterioration of these surfaces in UHV with tim
~typically days!, but after heating the crystals to 670 K th
original reflectivities could be reestablished within 5%. T
remaining differences in the quality of our substrate surfa
are probably the main origin of the scatter in our data.

For our HAS experiments, a beam energy of typically
meV with a velocity spreaddv/v.0.02 was used. At this
energy perpendicular momentum transfer leads to in-ph
specular scattering from terrace levels both on the subs
and on the Fe surface with a high sensitivity for adsorbate18

Additionally, for scattering of the bare substrate surfa
along ^100&, the first order diffracted beams are well sep
rated from the specular beam but they still lie within t
accessible angular range. Under this condition, peak pro
and background structure are best resolved.

The scattering angle is fixed at 90° and the sample sur
is rotated around an axis perpendicular to the scatte
plane. Crystal alignment is done by maximizing specular a
first-order peak intensities, keeping the two first-order pe
intensities at a balance. A step motor drive allowed to rep
duce the angle of incidence~measured with respect to th
surface normal! within 0.009°. With this set-up we recorde
specular-intensity curves during Fe thin-film growth with
sampling time of typically one hundred data points per gro
ing ML. For recording angular diffraction data we inte
rupted the metal deposition for typically 5 min. As we w
demonstrate, these interruptions do not remarkably influe
the growth of thin films for substrate temperatures betwe
140 and 670 K.

IV. RESULTS

The results of our HAS specular intensity measureme
are shown in Fig. 1 for the various substrate temperatu
Prior to metal deposition the surfaces of UHV-cleav
MgO~001! show high intensities which are typicall
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PRB 61 8477GROWTH OF Fe ON MgO~001! STUDIED BY He-ATOM . . .
63105 counts/sec for our experimental setup. The diff
ences in these finite absolute intensities cannot be reason
explained by a Debye-Waller factor since the data belong
different samples. In the very beginning of metal deposit
we find a fast decay of specular intensity~see, e.g., Fig. 2
which focuses on the early growth stages!. The thickness

FIG. 1. Intensity of specularly-scattered He atoms during de
sition of Fe on MgO~001! at various substrate temperatureTs , as
indicated.

FIG. 2. Development of specular intensityI (d) during deposi-
tion of Fe on MgO~001! at 300 K. The start of deposition~initial
period! and subsequent deposition periods are indicated by a
nately full and open symbols. The initial intensityI 0 and the ex-
trapolated zero-thickness intensityI ns are indicated. The inset add
tionally shows the development of reflectivity upon opening a
closing the shutter of the evaporator. The dash-dotted line sh
the intensity corrected for mobile adsorbates, i.e., (11 f )I (d) ~see
Sec. IV!.
-
bly
to
n

range for this initial decay period decreases with decreas
temperatures from;1 ML at 670 K to;0.1 ML at 140 K
(;0.4 ML in Fig. 2!. The subsequent intensity behavior
well described by an exponential decay that is easily verifi
by the logarithmic plots in the figures. With further increa
ing film thickness the specular reflectivity deviates from th
behavior. For 500 K the intensity quickly starts to approac
constant value of about 104 counts/sec for a film thicknes
above;10 ML. In contrast to this, for 300 K the intensit
reaches a broad intensity minimum of;900 counts/sec at 6
ML, and at 140 K a sharp minimum of;400 counts/sec is
reached already at 1.2 ML. At 140 K an increase of specu
intensity follows approaching;3000 counts/sec at;5 ML.
Then the intensity slowly decays again.

Figure 2 shows the development of specular intensity
opening and closing the evaporator shutter. The inten
curves for subsequent deposition periods at 300 K are pa
in this figure to demonstrate the influence of interruptions
the deposition on the measured reflected intensity and
overall growth behavior. Such interruptions of the grow
were necessary for taking angular scans of intensity.
opening and closing the evaporator shutter~see inset of Fig.
2! the reflectivity decreases and increases again. This be
ior is due to a population of mobile adsorbates on the s
strate surface~see Sec. II!. We analyzed this mobile adsor
bate induced reduction of reflected intensity in more de
and we found that the reduction is governed by diffusion
MgO~001!, that it drops with temperature increase, and t
it is proportional ~with factor f ) to the reflected intensity
hence

sana~d!5 f
I ~d!

I 0
. ~2!

With Eq. ~1!, for the total island cross section follows:

s i~d!ni~d!512~11 f !
I ~d!

I 0
. ~3!

We determinedf to be<0.2 for the substrate temperatures
Fig. 1. Concerning the overall growth behavior, the pas
intensity curves well indicate that the interruptions of t
deposition do not result in severe distortions of the grow
behavior. The intensity curves of subsequent growth peri
appear with the same slope.

The angular distributions of scattered intensity shown
Fig. 3 help to get more insight into the film morphologie
Sharp specular and first-order diffraction peaks at 25°, 4
and 65° supply evidence for the quality of the long ran
(.200 Å! periodic corrugation of the substrate surface. F
all substrate temperatures of investigation the intensities
the first-order diffraction peaks decay simultaneously w
the decreasing specular intensity. However, while at high
temperature~670 K! the peak shapes and the diffractio
background remain essentially unchanged, new scatte
features are developed at temperatures below 670 K. At
K and for a thickness.10 ML, e.g., we find a strong and
broadly footed specular intensity contribution@with a
FWHM of ;4% of the Brillouin zone~BZ!# which is absent
for the first order diffraction peaks. At 140 K well distin
guished specular peak shoulders~separation;10% of BZ!
already arise at;0.2 ML. For further deposition, during the
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8478 PRB 61G. FAHSOLD, A. PUCCI, AND K.-H. RIEDER
intensity reincrease~for temperatures<300 K! these shoul-
ders turn into a broader specular diffraction peak~FWHM
;10% of BZ! which is accompanied by first-order diffrac
tion peaks of increasing intensity.

Additionally, we also performed ex-situ atomic force m
croscopy ~AFM! measurements of MgO~001! and in-situ
low-energy electron diffraction~LEED! measurements o
both the substrate and the films grown at various temp
tures. The AFM pictures of MgO~001! display terraces, typi-
cally a few 100 Å wide and several microns long, with te
race edges preferentially along@100# and @010#. We found
p(131) LEED patterns for the surfaces of the substr
cleaved in UHV and of the Fe films grown at various te
peratures and fully covering these substrates. On close
spection, a film of 110 Å thickness grown at 400 K exhibit
a fourfold splitting of the diffraction peaks~see Fig. 4!.

V. DISCUSSION

For all substrate temperatures under investigation th
are qualitative similarities in the experimental results for
development of specular reflectivity with Fe coverage~see
Fig. 1! which allow a distinction between different phases
thin-film growth. Following the increase of film thicknes
we term these phases nucleation~for the initial fast decay!,
island growth~for the following moderate decay!, complete
substrate coverage~at the minimum of reflectivity!, island
smoothing ~the following increase of intensity!, and ho-
moepitaxial growth~for the final decay of specular intensity!.
In the following subsections, after a short discussion of th
growth phases, we will analyze our data with respect
island densities, island shapes, and island sizes, com
substrate coverage, and their dependence on subs
temperature.

FIG. 3. Angular distribution of intensity scattered from ultrath
Fe island films on MgO~001! grown at three different substrat
temperatures~as labeled!. The various film thicknesses are given
the figure and are indicated by different line types.
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A. Phases of thin-film growth

Nucleation and growth of islands. At the beginning of
metal deposition the specular intensity, decreasing at
rapidly and then moderately, indicates the nucleation and
growth of islands. For the following reasons, this intens
~which will be used in Secs. V B and V C for the quantitativ
description of the island structure! is dominated by the scat
tering of the uncovered substrate surface. First, the ratio
diffraction peak intensities and the shapes of these pe
remain almost unchanged over a specular intensity deca
more than one order of magnitude~see first order peaks, e.g
in Fig. 3!. Both shape and relative intensity of a peak a
defined by the corrugation of the crystalline surface pot
tial, by the terrace width distribution, and by the phon
structure.18,24 For example, due to the smaller surface pote
tial corrugation of metals compared to ionic crystals,24,25 a
stronger decay of higher order diffraction intensity is e
pected if metal surface scattering contributes to the pe
Secondly, we have a chemical argument for dominantly s
strate surface scattering. It is based on our observation
exposure to oxygen affects the scattering from the MgO~001!
substrate by less than 1%, whereas for a completely Fe
ered annealed surface the intensity decreases by more th
factor of 10. For 2 ML Fe grown at room temperature w
find the specular intensity has decreased by only a facto
;0.8 after exposure to 1 L oxygen at room temperature.

Complete substrate coverage. Substrate surface scatterin
is observed until the minimum of reflectivity is reached~see
curves for 140 and 300 K in Fig. 1!. In the thickness range
around the minimum of specular reflection the surface
pears with maximum roughness. For low substrate temp
tures~140 K! where the minimum of reflectivity is equal t
the background scattering rate, this maximum roughnes
reached at a thickness just prior to coalescence of all
islands, i.e., the substrate surface is fully covered by s
diffusely scattering islands. With further deposition smoo
ing of the surface starts. For deposition at 300 K we find
HAS intensity minimum with a value that is only two time
higher than the reflectivity minimum for 140 K. Therefor
we interpret it also as an indication of complete substr
coverage. From our recent IR-spectroscopical investigati
follows that the similarly prepared films become continuo

FIG. 4. LEED pattern from 110 Å thick Fe/MgO~001! grown
at 400 K. Horizontal is along@100# of MgO~001!, the energy is
193.5 eV .
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PRB 61 8479GROWTH OF Fe ON MgO~001! STUDIED BY He-ATOM . . .
at a film thickness that agrees with this HAS minimum12

Around the thickness of this minimum~5.7 ML or 8 Å! and
for the same system and growth temperature, Liuet al.13

observe a gradual transition of the temperature depend
of the dc conductivity from abnormal~disordered 2D! to
normal~3D! behavior. Nevertheless, the large surface rou
ness and the residual holes in the metal film may complic
or perturb LEED observations, magnetic measuremen13

and STM imaging11 ~see Sec. V D!.
Island smoothing. After complete coverage is achieved,

300 K and below, the significant increase of reflectivity~see
Fig. 1! indicates the transition of surface morphology. T
growth changes from heteroepitaxial to homoepitaxial a
the long-range roughness, which is the result of the prec
ing island growth, transforms to a homoepitaxial roughne
The reasons for this transient growth are the changes of
fusion barriers and of surface free energy minimization
guments as soon as complete substrate coverage is achi
The observation that at a constant deposition r
(;1022 ML/sec! the smoothing of the surface is faster
140 K than at room temperature seems to be in contradic
with the respective adatom mobilities. Actually, growth
room temperature develops larger islands~see Secs. V B and
V C!, which need more mass to be wiped out again.

Homoepitaxial growth. On prolonged metal depositio
homoepitaxial growth kinetics should induce further chan
of surface morphology. For example, at 140 K the fina
decreasing reflectivity indicates that roughness is increa
again, well known, e.g., from Fe homoepitaxy.26 Growth at
temperatures above 300 K creates flat regions at the sur
We observed high scattering intensities for homoepita
growth of Fe on very thick films at 500 K~Ref. 23! but also
the development of facets at 400 K~see fourfold LEED spots
in Fig. 4!. Homoepitaxial facetting is known for Fe betwee
400 and 450 K ~Ref. 27! due to Ehrlich-
Schwoebel-barriers.28 For growth at, e.g., 500 K and at hig
coverage~see Fig. 1! the specular reflectivity decay deviate
from an exponential behavior, so that due to specular s
tering from the metal facets Eq.~3! is no longer valid~see
detailed discussion below!. Strong shoulders of the specul
peak indicate the respective contribution~see Fig. 3, curves
for 2.2 and 22 ML grown at 500 K!.

B. Density of growing islands

From the transition in the intensity curves from an init
decay to an exponential behavior we estimate the satura
island densityns which is reached, e.g., after deposition
about 0.4 ML at 300 K~see Fig. 2!. The densityns will be
gained by application of Eq.~3! to the island-growth phas
@whereni(d) has reached the saturation valuens and I (d)
shows an exponential behavior#. Independence from islan
size is achieved by extrapolatingI (d) ands(d) to zero film
thickness. This leads toI ns ~see Fig. 2! and to the nonvan-
ishing cross sections0. Then, Eq.~3! gives

ns5S 12~11 f !
I ns

I 0
Ds0

21 . ~4!

The island cross sections0 of a just nucleated island shoul
approximately be;500 Å2, as it was determined for th
mean cross section for vanishing metal island size from
ce
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combined HAS-TEM study of Pd/MgO~001!.4 In the case of
overestimation of the true cross section, e.g., due to an o
lap of cross sections, Eq.~4! will underestimate the true satu
ration island densities.18

With Eq. ~4! and s05500 Å2, we calculatedns for our
data. The dependence ofns on the substrate temperature
shown in Fig. 5. The high value at lowest temperature
31022 ML at 140 K! corresponds to a mean island distan
of ;33 Å. As this distance is just above the diameter of t
stable cluster cross sections0, we believe that the true islan
density is only slightly underestimated by our HAS da
analysis. This is corroborated by other experimental findin
At 140 K, e.g., we observe a nucleation period according
about ;0.03 ML ~at a rate of 1 ML per 100 sec!. If we
assume that during this nucleation period all atoms impi
ing on the substrate form stable dimers, we get an isl
density of about 231013cm22, which is only little above the
calculatedns value.

With an x-ray scattering method, for Fe/MgO~001! grown
at 630 K Lairsonet al.29 find an island spacing which wel
corresponds with our results forns ~see Fig. 5!. We also
compare our results with cluster densities~calculated from
mean grain sizes! of Fe continuous films on MgO~001! mea-
sured by STM~Refs. 11,27! ~see Fig. 5!. As local conduc-
tivity is needed for taking STM data, these films on Mg
already cover the substrate completely. However, th
granular morphologies give at least lower limit estimates
ns of the preceding island growth. While at;300 K the
cluster densities evaluated from the continuous films
close to our HAS findings for the island films, the clust
densities are far below our results at temperatures.300 K.
Probably, coagulation of islands29 or of grains in the continu-
ous films27 is the main reason for this difference in the r
sults. Very recent AFM measurements30 for 10 nm thick Fe/
MgO~001! deposited at various very high temperatures~from
700 to 1000 K! find island densities which for the highe
temperature should correspond to seperate islands
MgO~001!. This density value shows a high compatibili
with the global trend of our results~see Fig. 5!.

Although our densities underestimate the true satura

FIG. 5. Saturated island densityns for Fe/MgO~001! (d, our
data!, island density of 1 ML Fe on MgO~001! cleaved in air (n,
Ref. 29!, island densities for 10 nm thick Fe films on polishe
MgO~001! (¹, Ref. 30!, and grain densities of continuous thin film
of Fe/MgO~001! (h, Ref. 11, andL, from thinnest film in Ref.
27!. For comparison, saturated island densities for Pd on MgO~001!
~1, Ref. 4, and3, Ref. 31!.
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8480 PRB 61G. FAHSOLD, A. PUCCI, AND K.-H. RIEDER
island density, they are already far above typical valu
found in the past for island films of other metals~e.g., Pd,
Au, Ag, Cu! on various ionic substrates~MgO, NaCl, KBr!.
In Fig. 5 they are represented by data for Pd/MgO~001! from
Ref. 4. In contrast, a very recent AFM study31 of the same
system shows island densities and a temperature depend
~see Fig. 5! which both are much closer to our results forns .

Several reasons could be responsible for the high va
and the low temperature dependence of Fe island dens
on MgO~001!. Compared to noble metals and Pd, e.g.,
transition metal Fe shows a higher cohesive energy, a la
electronegativity difference of 1.9 with respect to oxyge
and, compared to alkali halides, MgO has a high dielec
constant, i.e., the image potential of an adsorbate is stron
These facts favor stable cluster formation and reduce
mobility of both adatoms and clusters. In addition, trapli
defects increase the island density and, as calculated
Pd/MgO~001!,31 suppress within certain limits its diffusio
related temperature dependence. A temperature depend
reappears with reducing the adatom mobility. In the case
Fe/MgO~001!, the monomer diffusion barrier should be n
smaller than 0.4 eV@which is calculated for Cu/MgO~001!
~Ref. 32!#. Compared to 0.2 eV for Pd/MgO~001!,31 this
higher barrier might be the reason for the weak tempera
dependence between 140 and 500 K, which should no
confused with post-nucleation or post-growth phenomena
known from many microscopy studies.20

There is strong evidence for an increased defect den
on air-cleaved MgO~001!.3,10,33 For UHV-cleaved MgO the
nature of trapping defects with a concentration>1012cm22

is not clarified. While we find regular steps at distanc
~along ^110&) of ;120 Å for all our UHV-cleaved
MgO~001! samples,23 the high trapping energy of 1.5 eV
observed for Pd/MgO~001! seems to support point defects.31

Irrespective of the nature of the defects, the resulting h
saturation island densities support a rapid substrate cove
~see Sec. V D!.

C. Evolution of size and shape of growing islands

In the thickness range of island growth where the spec
reflected intensityI (d) decays exponentially with coveraged
~in units of the epitaxial monolayer thicknesshML51.33 Å!,
a temperature-dependent lateral growth parameterg can be
considered:

g52
]

]d
ln I ~d!. ~5!

The experimental results forg are values around unity a
room temperature which decay by about two orders of
with increasing temperature~see Fig. 6!. In the following we
will explain how g as a growth parameter describes the
velopment of island size with increasing film thickness.

The intensity specularly reflected from a surface which
covered by a fixed number~saturation densityns) of growing
islands is approximated by

I ~d!

I ns
512a~d!ns . ~6!
s

nce

es
ies
e
ge
,
c
er.
e

for

nce
of

re
be
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s

h
ge

ar

n

-

s

In this formulation of Eq.~1!, we useds(d).a(d) ~a is the
average geometric cross section of an island without halo! to
account for the high substrate coverage according to
large ns values.18 For the exponential intensity decay from
Eq. ~5!, Eq. ~6! relatesa(d) to the saturation value 1/ns
according to

a~d!5~12e2gd!ns
21 . ~7!

This growth behavior is different from a power law as a
plied recently by Henry and Meunier to the growth kineti
of small coverages of metal clusters on oxide surface34

Here we have to consider high coverages of the surface
to the high values forns ~see Fig. 5! and a growth up to
almost complete coverage.

The exponential growth of island size can be understo
by looking at the increase of island area which is prop
tional to the uncovered substrate surface area:

]a

]d
5g@ns

212a~d!#. ~8!

If g equals unity all atoms impinging on the bare substr
surface contribute to the increase of island area, i.e., the
no desorption and no mass transport from the substr
surface level onto the islands. If there is such mass transp
g should be smaller than unity. On the other hand, a m
transport from a higher level down to the substrate lev
which, e.g., is necessary for layer-by-layer growth, should
indicated byg larger than one. In each case, Eq.~8! de-
scribes a multilayer-growth mode, as there is metal-va
flux on both the still uncovered and the already covered fr
tion of substrate surface area.

A diffusion of adatoms into the substrate or a desorpt
of adatoms might influence the interpretation ofg. For the
system under investigation we neglect both these possi
ties. Instead, we assume complete condensation since a
timation of the desorption rate gives a value of about ei
orders of magnitude smaller than the deposition rate. Ad
tionally, the chemical and mechanical stability of MgO do
not seem to allow appreciable metal diffusion into the su
strate.

The reason for the temperature dependence ofg ~see Fig.
6! should be the fact that island border lines may act
diffusion barriers. In the case of Fe homoepitaxy27 so-called
Ehrlich-Schwoebel barriers28 hamper the spreading of ada

FIG. 6. Lateral growth parameterg ~see text! determined from
exponential decay of reflectivity during island growth of F
MgO~001! at various temperatures.
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toms and thus cause the formation of facets. At room te
perature, where we findg.1 , adatoms from the substra
surface are hindered from increasing the height of a m
island by jumping onto this island. Instead, adatoms pres
ably are trapped at the island border, which increases
lateral dimension of the island. The larger number of nei
boring metal atoms on top of an existing island should en
getically favor the more three-dimensional configuration o
Fe cluster, but the effort to break the adsorbate-subst
bond inhibits the minimization of surface-free energy. A
cordingly, the islands grow in a multilayer mode out of the
mal equilibrium.

At temperatures above room temperature the smaller
ues forg indicate a mass transport from the substrate onto
islands, i.e., Fe adatoms more easily overcome the subst
island diffusion barrier. With increasing substrate tempe
ture the growth of islands approaches strong 3D gro
which corresponds to thermal equilibrium of metals on p
fect ionic crystal surfaces.

At temperatures below 300 K, the experimental values
g suggest a mass transport down from the metal islan
which really means a tendency towards 2D growth. Ho
ever, it has to be considered that these Fe islands do
exceed atomic dimensions. As the adatom mobility is nea
frozen at 140 K the growth regime is more statistical.20 In
terms of our model, the very small cluster size is respons
for the increased lateral growth. A similar growth pheno
enon is known, e.g., from Pt homoepitaxy, leading to a
entrant layer-by-layer growth.35

We now turn to the consequences of the observed gro
behavior on the development of island shape. According
Eq. ~7! the areaa(d) of a metal island exponentially ap
proaches the complete-coverage valuens

21 . The single is-
land volumev has to increase proportional to the amount
deposited metal, i.e.,

v~d!5dhMLns
21 ~9!

~changes of mass density are not considered!. Since
v(d)/a(d) and a(d)1/2 are different functions ofd, the
height-to-diameter ratio~aspect ratio!, i.e., the island shape
changes during growth. A dependence of island shape
both growth temperature and film thickness is often igno
in literature.

Above room temperature, due to the small lateral grow
rates and the small island densities, the islands grow wi
large aspect ratio compared to the lower temperatures
contain the total deposited mass this ratio should be of
order of unity for an island. As$011% surfaces show the
smallest free surface energy for Fe, we assume~001! and
$011% planes as possible island facets. This correspond
the LEED results of Fig. 4. Consequently the islands sho
form truncated or stepped regular pyramids.

At 670 K, due to the high adatom mobility, these pyr
midlike islands presumably grow layer-by-layer-like starti
from the island boarder line in a step flow growth mode. W
expect the~001! facet to be of minor weight, which is due t
the largest height-to-diameter ratio~compared to the lowe
temperatures! and due to the absence of HAS diffractio
structure in our angular scans along^110&. At 500 K, the
lateral growth increases faster than the island density,
-
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means a reduction of aspect ratio. The~001! facets, which
are larger with respect to 670 K, offer smooth surface a
for HAS reflection as observed in the reflectivity and in t
angular scans. With further reduction of temperature the
lands should spread laterally and the fraction of~001! area
should further increase. But the concurrent reduction of a
tom mobility hinders the development of regular shapes
smooth surfaces, which is indicated by the small reflectivit
at room temperature and below. At 140 K, the fast cover
of the surface does not allow conclusions on island shap
the low coverage regime within the above mentioned
proach.

D. Complete coverage

For metal films the minimum thicknessdc ~in units of the
epitaxial monolayer thicknesshML51.33 Å!, which is nec-
essary for a complete coverage of the substrate surface
islands, is of particular relevance for an understanding
electronic,13 magnetic,13 IR optical,12 and adsorbate
spectroscopical36 properties. A still open question is the co
relation of percolation thresholds for structural and transp
properties. Our HAS data allow an estimate ofdc over a
wide range of temperatures. We consider that the ratio
the reduction of intensity due to complete coverage of
MgO substrate with Fe islands~as observed at 140 K! is
1023 and that the intensity behavior is related to the late
growth mode for the various temperatures. Solving Eqs.~6!
and~7! for d5dc and settingI (dc) equal to the background
scattering rateI min51023I ns , we find

dc5g21 ln~ I ns /I min!. ~10!

The results for the whole temperature range are shown in
logarithmic plot of Fig. 7, where the symbol size is chosen
cover the error bars. From a lot of other experiments~see
Fig. 7! there is some evidence for the usefulness of our e
mation as a lower limit for the onset of transport propert
of continuous films. Magnetic measurements, e.g., find
minimum thickness of 7 and 150 Å for remanently magn

FIG. 7. Thickness for completion of substrate coverage at v
ous substrate temperatures as derived from HAS (d). The size of
the symbols is chosen to cover the error bars and the dotted lin
a least-square-fit to the data. For comparison: thickness value
the onset of remanent magnetization (s, from Refs. 13,37!, of dc
conductivity (¹, from Ref. 30!, and of Drude-like IR absorption
(n, from Refs. 38,12!; thicknesses close to the minimum values f
local conductivity (h, from Ref. 11!; the thickness where the
dimensional crossover in the dc conductivity occurs (L, from
Ref. 13!.
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tizable films grown at 100 K~Ref. 13! and at 630 K,37 re-
spectively. An onset of dc conductivity is found beween 6
and 743 K growth temperature for 10 nm thick films.30 Films
grown at;300 K show a dimensional crossover in their
conductivity at a thickness of 8 Å.13 A STM study on Fe
ultrathin-film growth on MgO was done on 20 and 30
thick films grown at 380 and 430 K, respectively11 ~the lack
of local conductivity makes it impossible to do STM inve
tigations on much thinner films!. Very recent IR-
spectroscopic measurements of Fe films grown on MgO~001!
at temperatures from 14 to 430 K~Refs. 12,38! show a
strong onset of Drude-like IR-absorption at the thicknes
indicated in Fig. 7.

For air-cleaved MgO, IR-absorption measuremen10

clearly reval a shift ofdc to lower values due to the highe
defect density compared to UHV-cleaved substrates. At
substrate temperatures, thedc values from HAS are smalle
than those for the onset of bulklike transport from IR-optic
conductivity or magnetic measurements. The differences
found for films of rather 2D islands with rough boundarie
Coalescence of such objects means the formation of de
rich regions. Both, the defect rich regions and the 2D ch
acter of the ordered regions should be origins of the obse
differences. Abovedc , remanent magnetizability and dy
namic conductivity starts as soon as the HAS intensity
regained a higher value~see plateau for 140 K!.

VI. CONCLUSIONS AND SUMMARY

With HAS in situ measurements we investigated t
growth of a metal on an insulating substrate. The meas
ments during metal deposition extended over well dis
guishable growth phases: island nucleation, island grow
achievement of complete substrate coverage and island
lescence, island smoothing, and homoepitaxial growth.
deposition at various substrate temperatures, the island
t

c
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s
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tu-

ration density and the development of island size and isl
shape could be quantified.

For the island growth of Fe on UHV-cleaved MgO~001!,
we show that at a low temperature~140 K! weak substrate-
island mass transport enables a fast substrate coverag
the surface is rough on atomic scale. At higher tempera
almost 3D growth allows complete substrate coverage o
at a higher film thickness by the coalescence of larger
lands. The islands change their size and shape during gro
From a lateral growth parameter that corresponds to the
served experimental intensity decay we could determine
thickness for coalescence for a wide temperature range.
development of higher crystalline quality and smooth fi
surfaces is favored at higher temperatures, but the deve
ment of crystalline facets prevents the growth of a hom
enous film. From these findings we propose a control
growth procedure to gain ultrathin but smooth and hom
enous films.39 To reach fast substrate coverage, about 1 M
of Fe should be deposited at a low temperature~e.g., 140 K!,
whereas further growth should be at a temperature ab
room temperature to smooth out the granular morphology
summary, the investigated system still appears as a g
candidate~compared to other metal insulator combination!
for a conducting and magnetic ultrathin metal-on-insula
system. The variety of island shapes and high island de
ties might be advantageous for the investigation of sh
specific catalytic and optical investigations.
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