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Temperature- and rate-dependent RHEED oscillation studies of epitaxial Fe„001… on Cr„001…
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Reflection high-energy electron diffraction~RHEED! intensity studies were performed during the growth of
thin Fe layers on vicinal Cr~001!/Nb~001!/Al 2O3~1102! substrates. The results are compared with those of
recent molecular-beam epitaxy~MBE! growth models. General agreement is found as concerns the linear
relationship between the logarithm of the number of RHEED oscillations and the inverse growth temperature.
In agreement with theory the RHEED oscillation damping time is found to depend algebraically on the growth
rate. However, contrary to expectations, the RHEED oscillations vanish faster at higher growth temperatures
and lower growth rates. This behavior can be explained by a change in the growth mode from layer-by-layer
to step flow. Numerical simulations in which step bunch melting during the Fe growth on the Cr buffer is
assumed reproduce well the present experimental results.@S0163-1829~98!02708-8#
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I. INTRODUCTION

In this paper we report the growth behavior of thin
layers on Cr~001!/Nb~001!/Al 2O3~1102! substrates as moni
tored by in situ reflection high-energy electron diffractio
~RHEED! oscillations. The work was stimulated by the di
cussion about the effect of interlayer roughness on the m
netic coupling behavior in Fe/Cr~001! sandwich structures
and superlattices. There is a clear need for a detailed kn
edge about the growth behavior and its effect on interf
morphology. The Fe/Cr~001! system is one of the most fre
quently investigated transition-metal systems as concerns
magnetic properties. As a function of the Cr layer thickne
it exhibits a long-range magnetic oscillatory exchan
coupling,1–3 superposed by a 2-ML oscillation couplin
period.4,5 Additionally, giant magnetoresistance~GMR! was
discovered first in this system.6,7

The exchange coupling in all magnetic superlattices
strongly affected by interface roughness, which has also b
confirmed theoretically.8 In Fe/Cr this effect is particularly
severe, because of the intrinsic antiferromagnetic structur
the Cr spacer layer. Thus, the short 2-ML oscillation per
can only be observed in samples with reduced interf
roughness, prepared, for instance, on Fe whiskers at elev
growth temperatures.4,9,10 For nonperfect interfaces, th
roughness leads to a noncollinear alignment of the magn
zation vectors in adjacent Fe layers, first reported by Ru¨hrig
et al.11 These noncollinear magnetic structures are due
spin frustrations at steps on the Fe/Cr interface whenever
and even numbers of Cr monolayers are encountered. Di
ent models describing the effect of roughness on the
change coupling were discussed by Slonczewski12 and Ful-
lerton et al.,13 while calculations by Stoeffler an
co-workers14 indicate a strong suppression of the Cr m
ments at the interface, thus reducing the coupling stren
and behavior. Experimental confirmation for the connect
between interfacial roughness in Fe/Cr superlattices and
570163-1829/98/57~8!/4747~9!/$15.00
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collinear exchange coupling was recently derived from p
larized neutron scattering studies.15

The standardin situ technique for studying epitaxia
growth is reflection high-energy electron diffraction.16 In this
technique the sample surface is illuminated at grazing in
dence by a high-energy electron beam~typically 10–50
keV!. Due to the scattering geometry this method is sensi
to both surface structure and morphology. An oscillation
the RHEED specularly diffracted intensity was first observ
during the molecular beam epitaxial~MBE! growth of GaAs
~Refs. 17 and 18! and was later also seen in met
epitaxy.19–21 RHEED oscillations from a periodically vary
ing surface step density are generally considered to be a
nature of layer-by-layer growth. The period of these oscil
tions is often found to correspond to the time needed for
deposition of 1 ML. Dynamic calculations of RHEED fo
GaAs growth imply a rapid decrease of the oscillation a
plitude with increasing surface roughness.22 Therefore,
strongly damped or absent RHEED oscillations are c
nected to island or three-dimensional~3D! growth behavior
and therefore imply higher surface roughness. However,
a step-flow growth mode in which growth starts at st
edges, a lack of RHEED oscillations is explained by a sta
and constant surface roughness.

RHEED intensity oscillations have also been used to c
firm the surface quality of Fe/Cr~001!. Very high surface
quality of the growing film was reported by RHEED on C
Fe/Cr~001! trilayers grown on Fe whiskers9 at a substrate
temperature of 300 °C. The RHEED oscillations mainta
almost the same intensity amplitude during the growth
several monolayers Cr~001! on the Fe whisker substrate, thu
demonstrating extremely perfect layer-by-layer growth.
correlation between elevated substrate temperature and
duced surface roughness as obtained in Fe/Cr~001! was also
shown in growth studies of Fe on Fe whiskers.23 As in the
case of Fe/Cr on Fe whiskers, nearly perfect layer-by-la
growth is reached for growth at 250 °C. For Fe growth
Cu~001! Schatzet al.24 found a similar temperature behavio
4747 © 1998 The American Physical Society
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4748 57K. THEIS-BRÖHL et al.
Strong RHEED oscillations accompanying predominan
layer-by-layer growth behavior were found at slightly high
temperatures between 60 and 100 °C, compared to
growth for temperatures below room temperature.

II. SAMPLE PREPARATION

For growing Fe~001! epitaxially on Cr~001! a 3 in.
RIBER metal MBE system~equipped with two electron
beam hearths and three ports for effusion cells! was used; the
MBE machine is described elsewhere.25 One of the electron
beam evaporators contains four rotable crucibles so th
total of 8 different materials can be evaporated from t
system.

The substrates were Al2O3~1102! crystals with surfaces
of epitaxial grade finish. These were degreased by sonica
in the standard fashion and annealed in UHV at 1000 °C
1 h prior to growth. A buffer layer of 250 Å Nb~001! was
first deposited with a substrate temperature of 900 °C.
was evaporated from one of the 14 cm3 crucibles for
e2-beam evaporation. Subsequently, the sample was
nealed for 30 min at 950 °C to smooth the Nb surface. T
growth behavior of Nb on different sapphire orientations
well documented.26–30 Nb nucleates with respect to the sa
phire in a so-calledthree-dimensional epitaxial relationshi
~3D-ER!. This relationship explains a distinct geometric
arrangement of the bcc Nb unit cell to the hexagonal s
phire unit cell. According to the arrangement of both u
cells, a suitable sapphire substrate orientation can be fo
for growing a Nb layer in a distinct orientation. Both orie
tations are parallel or nearly parallel in the 3D-ER. It w
found that Nb~110! grows epitaxially on Al2O3~112̄0!,
Nb~111! on Al 2O3~0001!, Nb~001! on Al 2O3~11̄02!, and
Nb~211! on Al 2O3~11̄00!. Furthermore, relations betwee
the individual crystal axes can be derived. In the case
Nb~110! and Nb~111! the distinct crystal planes of both ma
terials are exactly parallel in the 3D-ER and epitaxial grow
with a very high quality can be achieved.26–28 However,
Nb~001! is not exactly parallel to any of the low-index cry
tal sapphire planes in the 3D-ER. Instead, it is tilted by 2
towards the Al2O3~11̄02! crystal plane. Nevertheless, ep
taxial growth has also been found for this case in spite of
tilt. This was confirmed experimentally by Knowleset al.31

and Di Nunzio, Theis-Bro¨hl, and Zabel.30 According to the
3D-ER, Nb is tilted compared to the sapphire surface
forming a coherent step pattern. The tilt of the Nb is alo
one of its@110# axis which is parallel to the@11̄01# sapphire
axis. Assuming no sapphire miscut and monoatomic st
the width of the Nb terraces can be calculated from this til
be about 34 Å. In the case that the sapphire substrate h
certain miscut, the tilt of Nb compared to the physical s
face ~total tilt! does not agree with the relative tilt betwee
both materials. Instead, the total Nb tilt is determined by
sum of the sapphire miscut and the relative Nb tilt, whi
may furthermore vary with the in-plane angle. In Fig. 1 w
show the situation for the different tilt angles of a samp
consisting of an Fe/Cr superlattice, which was deposited
Cr~001!/Nb~001!/Al 2O3(11̄02). The angular dependencie
of the sapphire miscut and the total tilts of Nb and Fe
were determined from the comparison of the orientations
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the x-ray low-angle specular beam to the maxima of
rocking curves in high-angle x-ray diffraction. Subtractin
the angular dependence of the sapphire miscut from the
Nb tilt gives the relative Nb tilt. This curve shows a max
mum of 2.9° at the Nb@110# orientation, which nicely agree
with the expected behavior from the 3D-ER. However, d
to the sapphire miscut angle the total tilt of Nb is rotat
away from Nb@110# by about 20°. Due to the epitaxy o
Fe/Cr on Nb~001! ~see below!, Fe and Cr show the same ti
orientations as Nb.

On top of the Nb~001! buffer film a second buffer layer
Cr~001!, was grown via effusion cell evaporation with a su
strate temperature of 450 °C. For a crucible material we u
pyrolytic graphite. To improve the crystal quality and
smooth the surface we subsequently annealed the Cr b
layer at 750 °C. The crystal lattices of Nb and Cr do n
match very well. The lattice parameter misfit between b
materials is approximately 14%. Nevertheless, Cr~001!
grows epitaxially on Nb~001!. As a result of the high lattice
misfit the crystal quality of the first monolayers is not ve
high, but improves with increasing film thickness. We det
mined that a minimal thickness of the Cr buffer layer of 2
Å is necessary for a sufficiently high film quality. Because
the high crucible volume~39 cm3! the deposition rate is very
stable and reaches a typical value of 0.16 Å/s at 1365 °C
the sample position. The in-plane epitaxial relationship
tween Cr~001!, Nb~001!, and Al2O3~11̄02! has been deter
mined by means of grazing incidence x-ray scattering~see
Fig. 2!. Cr~001! grows nearly parallel to Nb~001!. The tilt
between Cr~001! and Al2O3~11̄02! is slightly higher as for
Nb~001! and Al2O3~11̄02! ~see Fig. 1!. A similar result was
reported earlier by Di Nunzio, Theis-Bro¨hl, and Zabel.30

From the tilt of Cr to the sapphire surface an averaged
race width of about 25 Å can be calculated assuming mo
atomic steps.

However, the existence of larger Cr terraces can be
sumed for our films. This assumption is supported byex situ

FIG. 1. Measurements of the sapphire miscut and the Nb
Fe/Cr tilts. The measurements have been performed on a sup
tice with 200 periods of@~20 Å Fe!/~40 Å Cr!# by low- and high-
angle x-ray scattering. The buffers are 120 Å Cr and 500 Å N
From the Nb tilt and the sapphire miscut, the relative tilt betwe
both materials was determined.
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57 4749TEMPERATURE- AND RATE-DEPENDENT RHEED . . .
STM measurements~see STM picture in Fig. 3!. The STM
measurements were performed on a 250-Å-thick Cr fi
From a line scan~also shown in Fig. 3! terrace widths of
'200 Å and step heights of'10–20 Å were observed.

Finally, Fe was deposited by electron-beam evapora
using deposition rates between 0.07 and 1.2 Å/s. Both m
rials, Fe and Cr, are very well lattice matched~the lattice
mismatch is 0.3%! and a sufficiently high film quality was
found for substrate temperatures above 100 °C. Becaus
the anticipated alloying at the Fe/Cr interface for high te
peratures the temperature range was limited to 300 °C.
ex situsurface protection against oxidation, finally most
the samples were capped with a thin Cr layer.32

FIG. 2. Epitaxial relations between the sapphire~11̄02! plane,
Nb~001!, and Fe/Cr~001!. The measurements were performed v
grazing incidence x-ray scattering.

FIG. 3. STM measurement on a sample with 250 Å Cr on 250
Nb/Al 2O3~11̄02!. The Cr layer was covered with 1–2 ML of Pd t
protect it from oxidation. Then, the sample was transferred thro
air and introduced to an STM. Top: a STM picture in the ran
2000 Å32000 Å is shown. Bottom: a line scan across the terrace
presented.
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Subsequent to thein situ growth studies via RHEED, we
measured the thickness and the film qualityex situby high-
resolution x-ray scattering. Figure 4 shows a typical sm
angle x-ray scan for a sample with an Fe thickness of 100
which was evaporated using a growth rate of 0.07 Å/s an
substrate temperature of 300 °C. The individual film thic
nesses and the interface roughnesses were calculated b
ting the x-ray data via the Parratt formalism.33 The result of
the fit is illustrated as the solid line in Fig. 4. The inset
Fig. 4 shows the electron density profile along the sam
film normal, which is derived from the fit. The results for th
interface roughnesses are listed in Table I.

III. IN SITU RHEED MEASUREMENTS

We measured RHEED intensity oscillations during the
film growth using a 50-kV RHEED gun~data were collected
at 30 kV!. In our experimental setup the angle of the incide
electron beam can be varied in the range from about 1 to
For measuring RHEED intensity oscillations we used
lowest possible angle of incidence, which was determined
be slightly below 1°. With a charge-coupled-device~CCD!
camera we monitored the intensity of the complete~00!
streak during the Fe film growth. Subsequently, we analy
the integrated streak intensity within a small window as
function of the growth timet. The lateral window width was
chosen such that the specular reflected beam exactly fits
it. In the longitudinal direction we arranged up to 10 wi
dows covering the~00! streak.

For analyzing the RHEED intensity oscillations we d
rected thee2 beam of the RHEED gun along the Fe@100#

h

is

FIG. 4. Small angle x-ray scan for a sample with an Fe thickn
of 100 Å, which was evaporated at a growth rate of 0.07 Å/s an
substrate temperature ofT5300 °C. Inset: Profile of the electron
density over the sample that is a result of the fit.

TABLE I. Results of the fits of the x-ray data of an Fe film
grown at 300 °C with a rate of 0.07 Å/s.

Material Thickness Roughness

Sapphire substrate 3 Å
Nb buffer 289 Å 6 Å
Cr buffer 301 Å 5 Å
Fe film 100 Å 5 Å
Fe-Oxid 24 Å 7 Å



m
e
a
lly
u
g
ta
u
pl

ur
s
D
a
r

s
er

is
o
t

on
he

ed
w
s-
r
e
s
c
e
om
f
te

iv
rs
r
e

bi
e

nd
, the
rent
n of

by
.
ted

r-
trate

of

ow-

s
m-
b-
lm

te

s a
owth

th

4750 57K. THEIS-BRÖHL et al.
azimuth. In order to eliminate any magnetic influence fro
the electron-beam evaporator on the RHEED measurem
we used high sweeping frequencies of the electron be
consequently we obtained larger streak widths. Additiona
the noise of the measured intensity increased. Subseq
filtering of the data with a Sawitzky-Golay smoothin
algorithm34 clearly reduced the undesirable noise of the da
By using this algorithm the high frequencies in the meas
ing signal become damped out without disturbing the am
tudes of the low-frequency parts.

We measured the RHEED intensity in a temperat
range betweenT5100 °C and 300 °C and at growth rate
betweena50.07 and 1.2 Å/s. At room temperature, RHEE
intensity oscillations could not be found. This indicates th
no layer-by-layer growth, but rather 3D island growth occu
at this temperature. Therefore we performed our studie
substrate temperatures of 100 °C and higher. At a temp
ture of 100 °C and a growth rate ofa50.35 Å/s we could
identify the maximum of 40 oscillations. Comparing th
number of RHEED oscillations with the number of Fe mon
layers determined by our x-ray reflectivity measuremen
agreement within 1% was obtained, suggesting that
RHEED intensity oscillation period corresponds to t
growth of one Fe monolayer.

In Fig. 5 we show RHEED intensity oscillations measur
at three different temperatures and with a constant gro
rate ofa50.15 Å/s. Surprisingly, the largest number of o
cillations was observed at the lowest growth temperatu
During the early growth stage of the first 2–5 ML of the F
film growth we could not detect clear RHEED oscillation
This effect is strongly temperature dependent. RHEED os
lations can already be observed at an earlier growth stag
higher temperatures. The reason for this behavior is not c
pletely understood. Alloying may be excluded as a reason
the loss of oscillations, because interface alloying is expec
to be small for Fe on Cr as result of the small cohes
energy.35 Possibly, the growth mode for Fe on Cr diffe
from the growth mode for Fe on Fe. In contrast to the pe
odic RHEED intensity oscillations for the early growth, th
long term behavior of the RHEED intensity does not exhi
a systematic behavior~see Fig. 5!. Sometimes the averag

FIG. 5. RHEED intensity oscillations for different substra
temperatures at a growth rate of 0.15 Å/s.
nts
m;
,

ent

.
r-
i-

e

t
s
at
a-

-
s,
e

th

e.

.
il-
at
-

or
d

e

i-

t

intensity drastically drops after starting the Fe growth a
increases again for higher Fe thicknesses. In other cases
average intensity increases first and later drops. The diffe
behavior may be connected to the relative sample positio
the growing film with respect to thee2 beam of the RHEED
gun.

We analyzed the RHEED intensity measurements
counting the numbern of the observed RHEED oscillations
The results for a constant growth rate of 0.15 Å/s are plot
as a function of the inverse substrate temperatureT in an
Arrhenius-like plot@see Fig. 6~a!#. The solid line shows a fit
to the data points via the expression

ln~n!52
A

T
, ~1!

whereA529706250 K. We will discuss these results fu
ther below. For the measurements at a constant subs
temperature we analyzed the timetc for the RHEED oscil-
lation to be fully damped and plotted this time as function
the growth ratea in a log-log plot@see Fig. 6~b!#. Again we
fitted the data by a linear regression and obtained the foll
ing relation:

ln~ tc!52B ln a, ~2!

with B520.1460.11 Å/s. The relatively large error bar
arise from the uncertainty in determining the maximum nu
ber of oscillations and the time until oscillations can be o
served due to a small signal-to-noise ratio for higher fi
thicknesses.

FIG. 6. Arrhenius plot of the observed RHEED oscillations a
function of substrate temperature measured at a constant gr
rate of 0.15 Å/s.~a! Double logarithmic plot of the time until
RHEED oscillations are fully damped as a function of the grow
rate measured at a constant growth temperature of 100 °C~b!.
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57 4751TEMPERATURE- AND RATE-DEPENDENT RHEED . . .
Both experiments show that the characteristic damp
time t of the RHEED oscillations~which is equivalent to the
number of observed RHEED oscillations,n, in constant rate
mode! increases with increasing growth ratea or with de-
creasing substrate temperatureT.

IV. GROWTH MODES

Depending on the growth mode, continuum equations
be used to relate the persistence of the oscillations to
growth parameters. In the case of growth on a perfectly
surface without Ehrlich-Schwoebel barriers,36 where the ki-
netic roughening of the surface37 limits the oscillations, a
power law for the damping timetc of the following form is
predicted:38

tc

t
;S Da'

aa2 D d

. ~3!

Heret is the layer completion time~and thustc /t equals the
number of visible oscillationsn) with t5a' /a, a' and a
being the vertical and lateral lattice constant, respectiv
For the surface diffusion constantD an Arrhenius-type be-
havior,

D5a2k0 expS 2
Ea

kBTD , ~4!

is assumed, wherek0 is the attempt frequency~typically of
the order of 1013 s21) and Ea is the energy barrier for a
diffusion step. Using this expression the dependence of
damping time on the substrate temperature and growth
can be expressed by

ln~n!5 lnS tc

t D52d X Ea

kBT
1 lnS a

k0a'
D C1const. ~5!

From this, straight lines should be found in an Arrhenius p
of ln(tc) versus 1/T for a constant growth ratea, and of ln(tc)
versus ln(a) for a constant growth temperatureT. From the
slope of the lines a conclusion about the growth behav
should be possible. As mentioned above, in the absenc
Ehrlich-Schwoebel barriers a positive exponentd is pre-
dicted, and was confirmed by computer simulations.38 This
means that an improvement of the layer-by-layer growth
expected with increasing substrate temperature or decrea
growth rate.

Analyzing the Arrhenius plots of our experiments a line
dependence of ln(n) on 1/T ~in the case of a constant growt
ratea! as well as a linear dependence of ln(tc) on ln(a) ~in
the case of a constant substrate temperatureT) was found
@see Figs. 6~a! and 6~b!#. These functional dependencie
agree with the results of the theory.38 However, we observe a
negatived, instead of the expected positive exponent. In
case of Ehrlich-Schwoebel barriers we expect 3D isla
growth, which leads to an increase of surface roughness
increasing substrate temperature. Numerical simulati
were carried out by Siegert and Plischke39 who find pyramid-
like structures on surfaces with Ehrlich-Schwoebel barrie

In our case@Fe on vicinal Cr~001!#, the structural infor-
mation from RHEED~see Fig. 7! and x-ray diffraction ex-
periments do not indicate stronger surface roughness
g
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increasing substrate temperature. On the contrary, we cle
observe a higher crystal quality and less surface roughne
higher growth temperatures and lower growth rates. T
rules out the presence of 3D island growth and anot
damping mechanism has to be considered.

Clearly, a vicinal surface with step widths smaller th
the typical island distance~on a flat surface! would not lead
to any RHEED oscillations. In this case the step density
mains essentially constant. This is because almost any a
that lands on the surface is able to diffuse to the step e

FIG. 7. RHEED patterns of 20-Å-thick Fe~001! films grown on
~250 Å Cr!/~500 Å Nb!/Al 2O3~11̄02! and taken at three differen
temperatures@100 °C~a!, 200 °C~b!, and 300 °C~c!#. Thee2 beam
was aligned with its azimuth along Fe@100#.
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4752 57K. THEIS-BRÖHL et al.
before it can create an island nucleus by encountering
other adatom. Thus, the growth mode is not layer-by-la
growth, but step flow, which is stabililized in the presence
Ehrlich-Schwoebel barriers.

This scenario could be present in our system if we h
monoatomic steps in the Cr buffer and an average step w
of '25 Å ~estimated, using information about the Cr ti
discussed above!. However, the fact that RHEED oscillation
are visible at all growth temperatures between 100 and 3
°C contradicts the assumption of a step-flow growth proce

Furthermore, from STM measurements we found terra
of the Cr buffer with step heights larger than 1 ML an
widths greater than 25 Å. In such a case, having the s
global tilt and having steps that are much higher than
lattice constant or if there are many adjacent steps~step
bunch! the situation can be different from that with mon
atomic steps. For instance, wide steps allow the nucleatio
islands and hence layer-by-layer growth can take place~3D
island growth behavior was excluded for our case!. Further-
more, in the presence of Ehrlich-Schwoebel barriers the
bunch would not be stable but would dissolve into an ess
tially regular step train. Recent scaling theory40 predicts a
negative exponentd for such a scenario.

V. NUMERICAL GROWTH MODEL

We performed computer simulations in which the po
sible change of growth mode from layer-by-layer growth
step flow during the Fe film growth is mimicked by the di
solution of one high step~several lattice constants!. The
growth on a tilted surface with initial step bunching is mo
eled using Monte Carlo simulations based on a w
established solid-on-solid model, in which neither vacanc
nor overhangs are allowed.41

The crystalline film is treated as a simple cubic lattic
Two processes take place on the surface during growth. F
deposition of atoms occurs, due to a particle fluxF. A sur-
face site, on which the particle lands, is chosen random
Second, surface diffusion is initiated by lattice vibrations a
substrate temperatureT. The diffusion events are modeled a
nearest-neighbor hopping processes. The hopping rate i
sumed to be

k~E,T!5k0 expS 2
Ea

kBTD , ~6!

with the attempt frequencyk0 for hopping processes. Th
diffusion barrierEa is comprised of a substrate termEs , a
nearest-neighbor contributionmEn , m being the number of
in-plane nearest neighbors, and an additional contributionEb
due to the Ehrlich-Schwoebel barrier.36 The latter is realized
by assigning to a site a energy penalty proportional to
number of missing out-of-plane next-nearest neighbo
Technically this is done by counting the number of ne
nearest neighbors in the planes beneath and above the
ping atom before (mi) and after (mf) a hop. The barrier has
a nonzero value~mi2mf)Eb only if mf,mi . Note that with
this method, an adatom is not directly hindered from hopp
down the step but already from approaching it~cf. Ref. 42!.

Then the total energy barrier can be written as

Ea5Es1mEn1~mf2mi !EbQ~mi2mf !, ~7!
n-
r
f

d
th

0
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s
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with the theta functionQ(x) having the value one for posi
tive arguments and zero otherwise.

Simulations were carried out on 100350 lattices. A tilted
surface can be easily implemented by periodic bound
conditions. In our simulations the tilt was chosen to be 4%
the direction of thex axis. The surface was initially flat
except for a step bunch comprising four steps. The fluxF of
the incoming beam adjusted to one particle per second
lattice site, and the energies we used wereEs5 En50.7 eV
andEb50.07 eV. The temperatureT varied between 520 and
600 K.

During the growth of 50 ML the surface step densit
which is thought to be proportional to the amount of diffu
reflected RHEED intensity,43 was monitored continuously
The data~see Fig. 8! clearly show that the growth oscilla
tions persist longer at lower temperatures.

We explain this by the argument already given in the l
section: the existence of Ehrlich-Schwoebel barriers sta
lizes step flow. So we expect the initial step bunch to d
solve into four separate steps during growth, which
slower the ‘‘colder’’ the substrate is. This result of our n
merical simulations is illustrated Fig. 9. Snap shots after d
ferent growth stages and for two different substrate temp
tures show that the dissolution of the step bunch is stron
temperature dependent and happens much faster at the h
temperature. After the dissolution of the step bunch the
races grow by propagation of steps. This directly transla
into a vanishing of oscillations of the step density and
RHEED-reflection intensity~see Fig. 8!.

Another effect~though small! can be seen in Fig. 8: the
frequency of the oscillations decreases with increasing t
perature. For example, its change fromT5520 K toT5620
K amounts to roughly25%. This is illustrated in Fig. 8 by
a decreasing number of periods with increasing tempera
during a certain damping time~from 10 periods at 520 K to
9 periods at 600 K!. This effect is known in the context o
step-flow growth as ‘‘first maximum delay’’44,45 and has its
origin in the property of the steps to act as permanent sin
due to incorporation, adatoms give rise to the step’s mo
ment instead of taking part in the nucleation phase. T

FIG. 8. Results of numerical simulations for the expected
pendence of the damping time of RHEED intensity oscillations
the substrate temperature.
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affects mainly the islands close to the step and hence h
stronger effect for larger island distances, which are obtai
for higher temperatures.46–48 In our case, the effect is rathe
weak, since only the lowest step of the bunch ‘‘compete
with a large terrace.

In the experiments~cf. Fig. 5!, the same weak effect ca
be observed when comparing the curves forT5100 °C ~10
periods during 92 s! andT5200 °C~9.5 periods during 92 s!
~for T5300 °C the growth conditions seem to be sligh
different!.

VI. DISCUSSION

The numerical simulations verify our assumption abo
the Fe growth mode changing from layer-to-layer growth
step flow with increasing temperature. In the present stu
the heteroepitaxial Fe growth starts from a vicinal Cr~001!

FIG. 9. Illustration of the results of the numerical modulation
the dissolution of a step bunch during the Fe film growth. T
picture shows different snapshots~after 0, 10, 20, and 30 ML of Fe
growth! for the time dependence of the dissolution of the s
bunch at two different substrate temperatures.
a
d

’’

t

es

surface having a tilt to the physical surface of'3°. The
origin of the tilt is the special growth behavior of the pa
ticular buffer/substrate system Nb~001!/Al 2O3, which was
used for the present experiments~see Sec. II!. Following the
ex situSTM measurements on 250-Å-thick Cr buffers th
tilt results in '200-Å-wide terraces at the Cr surface. Th
step heights are in the range of'7–14 monoatomic step
~see Fig. 3!. The precise numbers for the step widths a
heights may change for different samples and also for o
Nb and Cr buffer thicknesses than the used ones. Howe
the principal surface morphology of the Cr~001! surface with
wide terraces and with steps significantly higher than o
monoatomic step will be kept.

For the numerical simulations we assumed a step bu
height of 4 monoatomic steps. This number is smaller th
the experimentally observed step height; however, it sho
be high enough for demonstrating the principal growth b
havior. The energy barriersEs ~substrate term! and En
~nearest-neighbor term! and the additional contributionEb
due to the Ehrlich-Schwoebel barrier were chosen to be c
to previous results.49

Previous numerical simulations by Siegert and Plischk39

assuming the existence of Ehrlich-Schwoebel barriers bu
vicinal surface result in pyramidlike structures for the gro
ing film. The growth mode changes from layer-by-layer
3D island growth in this case, which leads to an increase
surface roughness with increasing substrate temperature.
situation changes for the growth on a vicinal surface. In t
case, Ehrlich-Schwoebel barriers result in step-flow grow

In the present case~wide terraces and steps higher th
one monoatomic step! the terrace width is too wide for a
perfect step-flow behavior. In the beginning of the Fe grow
only a few atoms are able to diffuse to the step edges. Ato
that land at large distances from the step edges are not ab
reach them before encountering other adatoms and crea
an island. Therefore, predominantly layer-by-layer growth
observed in the beginning of the Fe growth. The numeri
simulations show that the previous step bunches are
stable but dissolve into a regular step train during the
growth. This leads to a decreasing terrace width with incre
ing Fe film thickness and the step-flow growth mode mo
and more dominates the growth behavior. This proces
temperature dependent. The higher diffusivity of the Fe p
ticles at higher temperatures increases the chance to r
the step edge instead of creating an island with another
tom. This results in a higher velocity of the steps and he
in a faster dissolution of the step bunch. Therefore,
RHEED oscillations are damped out faster~at fixed growth
rate!. In the case of a fixed temperature the chance of isl
nucleation is lowered with decreasing growth rate, result
again in a faster~in relation to the growing velocity! move-
ment of the steps.

The dissolution of the steps during the Fe film growth c
be considered as a melting process. To verify this behavioin
situ STM studies during the Fe film growth should be pe
formed. The preliminaryex situSTM measurements on a C
buffer ~Fig. 3! verify the existence of step bunches in th
beginning of the Fe growth.

We now discuss our results with respect to the magn
properties of the Fe/Cr system. In the Introduction w
pointed out the interrelationship between interface morph

p
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ogy and magnetic properties in the Fe/Cr system. The s
at the Fe/Cr interfaces will influence the magnetic proper
and will cause spin frustration effects in the Cr spacers. T
magnetic structure of the Cr spacer layers in Fe/Cr supe
tices on Cr/Nb/Al2O3 was studied recently by Schreye
et al.15 The results of this study qualitatively agree with th
oretical predictions for fluctuating Cr thicknesses12 origi-
nated by steps at the Fe/Cr interface. A quantitative rela
between the step density and the step height has yet t
made. For other systems@such as the growth of Fe/Cr on A
buffer using Fe-covered GaAs as substrate,10 and for the
growth of Fe/Cr on MgO~Refs. 13 and 50!# other morpholo-
gies of the Cr/Fe interfaces may be expected and there
different step densities and step heights will be present.
compare results for the coupling behavior across the
spacer and the spin state of Cr, surface morphology stu
of the interface between Fe and Cr are necessary. This
been done in a few cases, for instance, by the means of S
studies for the system Fe/Cr on Ag~using GaAs as substrate!
~Ref. 51! and on Fe whiskers.52

VII. SUMMARY

We have studied RHEED intensity oscillations during t
Fe~001! growth on vicinal Cr/Nb/Al2O3 at different growth
w

K.
ru

.
la

ev

D

-
-

s.
ps
s
e
t-

n
be

re
o
r

es
as
M

temperatures and growth rates. The logarithm of the num
of RHEED oscillations shows a linear dependence on
inverse growth temperature. Similarly, a straight line w
found in a double logarithmic plot for damping time vers
growth rate. This result seems to agree with the theory
scribing growth without Ehrlich-Schwoebel barriers. How
ever, in our case the slope of the straight lines has a nega
sign in contrast to a positive one predicted by the theory.
explain the Fe growth behavior by melting of previous
existing step bunches~in the Cr buffer layer!. This assump-
tion was verified by numerical simulations. For the Cr-buff
terraces up to 200 Å wide and having steps several mo
layers high can be inferred fromex situSTM measurements
This result supports our interpretation for the Fe growth
havior because it verifies the existence of step bunches in
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