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Temperature- and rate-dependent RHEED oscillation studies of epitaxial F®01) on Cr(00J)
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Reflection high-energy electron diffractiéRHEED) intensity studies were performed during the growth of
thin Fe layers on vicinal @001)/Nb(001)/Al ,04(1102 substrates. The results are compared with those of
recent molecular-beam epitaXBE) 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 ref8l14.63-18208)02708-9

[. INTRODUCTION collinear exchange coupling was recently derived from po-
larized neutron scattering studis.

In this paper we report the growth behavior of thin Fe  The standardin situ technique for studying epitaxial
layers on Cf001)/Nb(001)/Al ,04(1102) substrates as moni- growth is reflection high-energy electron diffractihin this
tored byin situ reflection high-energy electron diffraction technique the sample surface is illuminated at grazing inci-
(RHEED) oscillations. The work was stimulated by the dis- dence by a high-energy electron bedigpically 10-50
cussion about the effect of interlayer roughness on the madc€V)- Due to the scattering geometry this method is sensitive
netic coupling behavior in Fe/@01) sandwich structures to both surface structure_ and mqrpholqu. An pscnlanon of
and superlattices. There is a clear need for a detailed know’® RHEED specularly diffracted intensity was first observed
edge about the growth behavior and its effect on interfac&uring the molecular beam epitaxiiBE) growth of GaAs

morphology. The Fe/@®01) system is one of the most fre- Refs. 17 and 1Band was later also seen in metal

; 19-21 At P _
guently investigated transition-metal systems as concerns theéj'taxy' RHEED c_)scnlat|ons from a perlod|cally vary-

. . . . Ing surface step density are generally considered to be a sig-
magnetic properties. As a function of the Cr layer thickness

it exhibits a lona-rande maanetic oscillatory exchan ehature of layer-by-layer growth. The period of these oscilla-
4l g-rang 9 jatory N9Cons is often found to correspond to the time needed for the
coupling; ™ superposed by a 2-ML oscillation coupling

Y " ) : deposition of 1 ML. Dynamic calculations of RHEED for
period.™ Additionally, giant magnetoresistané@MR) was  Gaas growth imply a rapid decrease of the oscillation am-
discovered first in this syste_Pr?. _ ~_plitude with increasing surface roughnéésTherefore,

The exchange coupling in all magnetic superlattices istrongly damped or absent RHEED oscillations are con-
strongly affected by interface roughness, which has also begfected to island or three-dimensior@D) growth behavior
confirmed theoreticall§.In Fe/Cr this effect is particularly and therefore imply higher surface roughness. However, for
severe, because of the intrinsic antiferromagnetic structure &f step-flow growth mode in which growth starts at step
the Cr spacer layer. Thus, the short 2-ML oscillation periodedges, a lack of RHEED oscillations is explained by a stable
can only be observed in samples with reduced interfacand constant surface roughness.
roughness, prepared, for instance, on Fe whiskers at elevated RHEED intensity oscillations have also been used to con-
growth temperature®® For nonperfect interfaces, the firm the surface quality of Fe/@@01). Very high surface
roughness leads to a noncollinear alignment of the magnetijuality of the growing film was reported by RHEED on Cr/
zation vectors in adjacent Fe layers, first reported biarigu ~ Fe/CX002) trilayers grown on Fe whisketsat a substrate
et al!* These noncollinear magnetic structures are due téemperature of 300 °C. The RHEED oscillations maintain
spin frustrations at steps on the Fe/Cr interface whenever odalmost the same intensity amplitude during the growth of
and even numbers of Cr monolayers are encountered. Diffeseveral monolayers (01 on the Fe whisker substrate, thus
ent models describing the effect of roughness on the exdemonstrating extremely perfect layer-by-layer growth. A
change coupling were discussed by Slonczetéskid Ful-  correlation between elevated substrate temperature and a re-
lerton etal,”®* while calculations by Stoeffler and duced surface roughness as obtained in ROy was also
co-workers? indicate a strong suppression of the Cr mo-shown in growth studies of Fe on Fe whiskétsAs in the
ments at the interface, thus reducing the coupling strengthase of Fe/Cr on Fe whiskers, nearly perfect layer-by-layer
and behavior. Experimental confirmation for the connectiorgrowth is reached for growth at 250 °C. For Fe growth on
between interfacial roughness in Fe/Cr superlattices and noGu(001) Schatzet al?* found a similar temperature behavior.
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Strong RHEED oscillations_ accompanying predomir_nantly 4 [110] = 90° )
layer-by-layer growth behavior were found at slightly higher } p [010] =45

temperatures between 60 and 100 °C, compared to 3C 34
growth for temperatures below room temperature. 2_‘ Tiop= 0
RN
Il. SAMPLE PREPARATION _g . 7
- 0
For growing F€001) epitaxially on Cf001) a 3 in. = | Maximaltilts
RIBER metal MBE system(equipped with two electron = -17tephysical surface:

beam hearths and three ports for effusion ¢ellas used; the 9 ] AR5 "05: atg= ‘6?° (miscut)
MBE machine is described elsewhéredne of the electron {Nb 278 atg =70 5 ALO,
beam evaporators contains four rotable crucibles so that ¢ '3‘_ FeCr: 3.04"at ¢ = 68° : ]Ijb/C
total of 8 different materials can be evaporated from this 4| Nbto ALO:2.91%at ¢=90° N‘; N
- 1203
system. — T
0 90 180 270 360

The substrates were ,9033(1102) crystals with surfaces d
of epitaxial grade finish. These were degreased by sonicatior. ¢ (deg)
in the standard fashion and annealed in UHV at 1000 °C for

1_ h prior tc_’ growth. A buffer layer of 250 A NDOD) was Fe/Cr tilts. The measurements have been performed on a superlat-
first deposited with a substrate temperature of 900 °C. NBie with 200 periods of(20 A Fe/(40 A Cn] by low- and high-
was evaporated from one of the 14 trorucibles for angle x-ray scattering. The buffers are 120 A Cr and 500 A Nb.
e -beam evaporation. Subsequently, the sample was amrom the Nb tilt and the sapphire miscut, the relative tilt between
nealed for 30 min at 950 °C to smooth the Nb surface. Theoth materials was determined.

growth behavior of Nb on different sapphire orientations is

well dOCUmente&§_3oNb nucleates with reSpeCt to the sap- the X-ray |OW_ang|e Specuiar beam to the maxima of the
phire in a so-calledhree-dimensional epitaXia.l relationShip rocking curves in high_angie X-ray diffraction. Subtracting
(3D-ER). This relationship explains a distinct geometrical the angular dependence of the sapphire miscut from the total
arrangement of the bcc Nb unit cell to the hexagonal sapnp tilt gives the relative Nb tilt. This curve shows a maxi-
phire unit cell. According to the arrangement of both unitmyum of 2.9° at the N1.10] orientation, which nicely agrees
Ce”S, a suitable Sapphire substrate orientation can be fOUI’th the expected behavior from the 3D-ER. However, due
for growing a Nb layer in a distinct orientation. Both orien- to the sapphire miscut angle the total tilt of Nb is rotated
tations are parallel or nearly parallel in the 3D-ER. It wasaway from NI110] by about 20°. Due to the epitaxy of
found that NIg110) grows epitaxially on A}O3(1120),  Fe/Cr on NK001) (see beloy, Fe and Cr show the same tilt
Nb(111) on Al,03(0001), Nb(001) on Al,03(1102), and orientations as Nb.

Nb(211) on Al,04(1100). Furthermore, relations between  On top of the NKOO1) buffer film a second buffer layer,
the individual crystal axes can be derived. In the case ofr(001, was grown via effusion cell evaporation with a sub-
Nb(110 and NK111) the distinct crystal planes of both ma- strate temperature of 450 °C. For a crucible material we used
terials are exactly parallel in the 3D-ER and epitaxial growthpyrolytic graphite. To improve the crystal quality and to
with a very high quality can be achievé®:?® However, smooth the surface we subsequently annealed the Cr buffer
Nb(001) is not exactly parallel to any of the low-index crys- layer at 750 °C. The crystal lattices of Nb and Cr do not
tal sapphire planes in the 3D-ER. Instead, it is tilted by 2.8°match very well. The lattice parameter misfit between both
towards the AyO5(1102) crystal plane. Nevertheless, epi- materials is approximately 14%. Nevertheless,(00L)
taxial growth has also been found for this case in spite of th@rows epitaxially on N01. As a result of the high lattice
tilt. This was confirmed experimentally by Knowles al3*  misfit the crystal quality of the first monolayers is not very
and Di Nunzio, Theis-Biol, and Zabef® According to the  high, but improves with increasing film thickness. We deter-
3D-ER, Nb is tilted Compared to the sapphire surface byﬂlned that a minimal thickness of the Cr buffer Iayer of 200
forming a coherent step pattern. The tilt of the Nb is alongA is necessary for a sufficiently high film quality. Because of
one of its[110] axis which is parallel to thg1101] sapphire the high crucible volume3.9 cn?) the deposition rate is very
axis. Assuming no sapphire miscut and monoatomic steps$table and reaches a typical value of 0.16 A/s at 1365 °C at
the width of the Nb terraces can be calculated from this tilt o€ Sample position. The in-plane epitaxial relationship be-
be about 34 A. In the case that the sapphire substrate hasiseen Cf001), Nb(001), and Al,05(1102) has been deter-
certain miscut, the tilt of Nb compared to the physical sur-mined by means of grazing incidence x-ray scattelisee
face (total tilt) does not agree with the relative tilt between Fig. 2). Cr(001) grows nearly parallel to NI601). The tilt
both materials. Instead, the total Nb tilt is determined by thebetween G001 and Al,03(1102) is slightly higher as for
sum of the sapphire miscut and the relative NDb tilt, whichNb(001) and Al,03(1102) (see Fig. 1. A similar result was
may furthermore vary with the in-plane angle. In Fig. 1 wereported earlier by Di Nunzio, Theis-Bih and Zabef°®
show the situation for the different tilt angles of a sampleFrom the tilt of Cr to the sapphire surface an averaged ter-
consisting of an Fe/Cr superlattice, which was deposited orace width of about 25 A can be calculated assuming mono-
Cr(002)/Nb(00D/Al ,045(1102). The angular dependencies atomic steps.

of the sapphire miscut and the total tilts of Nb and Fe/Cr However, the existence of larger Cr terraces can be as-
were determined from the comparison of the orientations ofumed for our films. This assumption is supportecelysitu

FIG. 1. Measurements of the sapphire miscut and the Nb and
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FIG. 4. Small angle x-ray scan for a sample with an Fe thickness
of 100 A, which was evaporated at a growth rate of 0.07 A/s and a
substrate temperature =300 °C. Inset: Profile of the electron
density over the sample that is a result of the fit.

FIG. 2. Epitaxial relations between the sapp(i?@Z) plane,
Nb(001), and Fe/C{001). The measurements were performed via
grazing incidence x-ray scattering.

STM measurementsee STM picture in Fig. )3 The STM
measurements were performed on a 250-A-thick Cr film
From a line scar(also shown in Fig. Bterrace widths of
~200 A and step heights £ 10-20 A were observed.
Finally, Fe was deposited by electron-beam evaporatio
using deposition rates between 0.07 and 1.2 A/s. Both mat

Subsequent to thim situ growth studies via RHEED, we
'measured the thickness and the film quadiysituby high-
resolution x-ray scattering. Figure 4 shows a typical small
angle x-ray scan for a sample with an Fe thickness of 100 A,
Which was evaporated using a growth rate of 0.07 A/s and a
. . . Substrate temperature of 300 °C. The individual film thick-
rials, Fe and Cr, are very well lattice match@itle lattice | os505 and the interface roughnesses were calculated by fit-

mismatch is 0.3%and a sufficiently high film quality was g the y.ray data via the Parratt formalighThe result of
found for substrate temperatures above 100 °C. Because gfg it is jllustrated as the solid line in Fig. 4. The inset to

the anticipated alloying at the Fe/Cr interface for high tem'Fig. 4 shows the electron density profile along the sample

peratures the temperature range was limited to 300 °C. Fg{im normal, which is derived from the fit. The results for the
ex situsurface protection against oxidation, finally most of ;1 face roughnesses are listed in Table .

the samples were capped with a thin Cr la¥fer.
lll. IN SITU RHEED MEASUREMENTS

We measured RHEED intensity oscillations during the Fe
film growth using a 50-kV RHEED gufdata were collected
at 30 kM. In our experimental setup the angle of the incident
electron beam can be varied in the range from about 1 to 3°.
For measuring RHEED intensity oscillations we used the
lowest possible angle of incidence, which was determined to
be slightly below 1°. With a charge-coupled-devigeCD)
camera we monitored the intensity of the compl¢d®)
streak during the Fe film growth. Subsequently, we analyzed
the integrated streak intensity within a small window as a
function of the growth time. The lateral window width was
chosen such that the specular reflected beam exactly fits into
it. In the longitudinal direction we arranged up to 10 win-
dows covering th€00) streak.
T 500A For analyzing the RHEED intensity oscillations we di-
rected thee™ beam of the RHEED gun along the [E60]

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

Height (A)
oo 8

0 200 400 600 800

Length (A) Material Thickness Roughness
FIG. 3. STM measurement on a sample with 250 A Cr on 250 ASapphire substrate 3A
Nb/Al,04(1102). The Cr layer was covered with 1-2 ML of Pd to Nb buffer 289 A 6A
protect it from oxidation. Then, the sample was transferred througir buffer 301 A 5A
air and introduced to an STM. Top: a STM picture in the rangeFe film 100 A 5A
2000 Ax2000 A is shown. Bottom: a line scan across the terraces ise-Oxid 24 A 7A

presented.
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FIG. 5. RHEED intensity oscillations for different substrate 2
temperatures at a growth rate of 0.15 A/s. E‘
<
o)
azimuth. In order to eliminate any magnetic influence from 10
the electron-beam evaporator on the RHEED measurements ———— —
we used high sweeping frequencies of the electron beam; 0.1 .
consequently we obtained larger streak widths. Additionally, o (Afs)

the noise of the measured intensity increased. Subsequent
filtering of the data with a Sawitzky-Golay smoothing ¢,
algorithn™ clearly reduced the undesirable noise of the data  te of 0.15 AJs.(a) Double logarithmic plot of the time unti

By using this algorithm the high frequencies in the measurryEgp oscillations are fully damped as a function of the growth

ing signal become damped out without disturbing the amplivate measured at a constant growth temperature of 10®F.C
tudes of the low-frequency parts.

We measured the RHEED intensity in a temperaturntensity drastically drops after starting the Fe growth and
range betweerm =100 °C and 300 °C and at growth rates jncreases again for higher Fe thicknesses. In other cases, the
betweenx=0.07 and 1.2 A/s. At room temperature, RHEED ayerage intensity increases first and later drops. The different
intensity oscillations could not be found. This indicates thathenavior may be connected to the relative sample position of
no layer-by-layer growth, but rather 3D island growth occursihe growing film with respect to the™ beam of the RHEED
at this temperature. Therefore we performed our studies gfyn,
substrate temperatures of 100 °C and higher. At a tempera- \we analyzed the RHEED intensity measurements by
ture of 100 °C and a growth rate &f=0.35 A/s we could  counting the numben of the observed RHEED oscillations.
identify the maximum of 40 oscillations. Comparing this The results for a constant growth rate of 0.15 A/s are plotted
number of RHEED oscillations with the number of Fe mono-a5 4 function of the inverse substrate temperafurie an
layers determined by our x-ray reflectivity measurementsarrhenjus-like plotsee Fig. 6a)]. The solid line shows a fit
agreement within 1% was obtained, suggesting that ong, the data points via the expression
RHEED intensity oscillation period corresponds to the
growth of one Fe monolayer. A

In Fig. 5 we show RHEED intensity oscillations measured In(n)=— T D
at three different temperatures and with a constant growth

rate of «=0.15 A/s. Surprisingly, the largest number of 0s- \whereA= — 970+ 250 K. We will discuss these results fur-
cillations was observed at the lowest growth temperatureher below. For the measurements at a constant substrate
I:_)uring the early growth stage of the first 2-5 ML qf th'e Fe temperature we analyzed the time for the RHEED oscil-

film growth we could not detect clear RHEED oscillations. |ation to be fully damped and plotted this time as function of
This effect is strongly temperature dependent. RHEED oscilihe growth ratex in a log-log plot[see Fig. &b)]. Again we

lations can already be observed at an earlier growth stage ffied the data by a linear regression and obtained the follow-
higher temperatures. The reason for this behavior is not compg relation:

pletely understood. Alloying may be excluded as a reason for

the loss of oscillations, because interface alloying is expected In(ty)=—B In a, )

to be small for Fe on Cr as result of the small cohesive

energy®® Possibly, the growth mode for Fe on Cr differs with B=—0.14+0.11 A/s. The relatively large error bars
from the growth mode for Fe on Fe. In contrast to the peri-arise from the uncertainty in determining the maximum num-
odic RHEED intensity oscillations for the early growth, the ber of oscillations and the time until oscillations can be ob-
long term behavior of the RHEED intensity does not exhibitserved due to a small signal-to-noise ratio for higher film
a systematic behavidisee Fig. . Sometimes the average thicknesses.

FIG. 6. Arrhenius plot of the observed RHEED oscillations as a
ction of substrate temperature measured at a constant growth
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Both experiments show that the characteristic damping
timet of the RHEED oscillationgwhich is equivalent to the
number of observed RHEED oscillations, in constant rate
mode increases with increasing growth radeor with de-
creasing substrate temperatdre

IV. GROWTH MODES

Depending on the growth mode, continuum equations can
be used to relate the persistence of the oscillations to the
growth parameters. In the case of growth on a perfectly flat
surface without Ehrlich-Schwoebel barriéfsyhere the ki-
netic roughening of the surfatelimits the oscillations, a
power law for the damping timg, of the following form is

predicted®
)
t Da
—°~< ;) . (3)

T aa

Here is the layer completion timénd thus./7 equals the
number of visible oscillation®) with 7=a, /a, a, anda
being the vertical and lateral lattice constant, respectively.
For the surface diffusion constabt an Arrhenius-type be-
havior,

E
D=a’%k, exr{ - lqg_?l') , (4)

is assumed, wherk, is the attempt frequencftypically of

the order of 16°s 1) and E, is the energy barrier for a
diffusion step. Using this expression the dependence of the
damping time on the substrate temperature and growth rate
can be expressed by

Ea

kgT

+In

o
koa, ) )+ const. ()

te
In(n)=|n(;)=—5

From this, straight lines should be found in an Arrhenius plot
of In(t,) versus 1T for a constant growth rate, and of In¢.)
versus Ing) for a constant growth temperatufe From the
slope of the lines a conclusion about the growth behavior
should be possible. As mentioned above, in the absence of
Ehrlich-Schwoebel barriers a positive exponehtis pre-
dicted, and was confirmed by computer simulatith$his
means that an improvement of the layer-by-layer growth is
expected with increasing substrate temperature or decreasing
growth rate.

Analyzing the Arrhenius' plots of our experiments alinear 5 7 RHEED patterns of 20-A-thick F01) films grown on
dependence of Inf on 17T (in the case of a constant growth (550 A c/(500 A NB/AI ,04(1102) and taken at three different

rate @) as well as a linear dependence oftfhon In(e) (in temperatureE100 °C(a), 200 °C(b), and 300 °Qc)]. Thee™ beam
the case of a constant substrate temperafjrevas found  was aligned with its azimuth along [E€0].

[see Figs. @) and Gb)]. These functional dependencies
agree with the results of the theofyHowever, we observe a increasing substrate temperature. On the contrary, we clearly
negatived, instead of the expected positive exponent. In theobserve a higher crystal quality and less surface roughness at
case of Ehrlich-Schwoebel barriers we expect 3D islanchigher growth temperatures and lower growth rates. This
growth, which leads to an increase of surface roughness witrules out the presence of 3D island growth and another
increasing substrate temperature. Numerical simulationdamping mechanism has to be considered.
were carried out by Siegert and Pliscikeho find pyramid- Clearly, a vicinal surface with step widths smaller than
like structures on surfaces with Ehrlich-Schwoebel barriersthe typical island distancén a flat surfacewould not lead

In our casd Fe on vicinal C(001)], the structural infor- to any RHEED oscillations. In this case the step density re-
mation from RHEED(see Fig. ¥ and x-ray diffraction ex- mains essentially constant. This is because almost any atom
periments do not indicate stronger surface roughness witthat lands on the surface is able to diffuse to the step edge
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before it can create an island nucleus by encountering an-
other adatom. Thus, the growth mode is not layer-by-layer 9 periods
growth, but step flow, which is stabililized in the presence of ! 600K

Ehrlich-Schwoebel barriers.
E 580K
9.5,periods

This scenario could be present in our system if we had
monoatomic steps in the Cr buffer and an average step width

MWVM
! 540K
10iperiods . A

of ~25 A (estimated, using information about the Cr tilt,
discussed aboyeHowever, the fact that RHEED oscillations
are visible at all growth temperatures between 100 and 300
°C contradicts the assumption of a step-flow growth process.
Furthermore, from STM measurements we found terraces

Surface step density

of the Cr buffer with step heights larger than 1 ML and | 520K

widths greater than 25 A. In such a case, having the same :

global tilt and having steps that are much higher than one ; T T T -+

lattice constant or if there are many adjacent stégisp 0 10 20 30 40 50

bunch the situation can be different from that with mono- Thickness (ML)

atomic steps. For instance, wide steps allow the nucleation of

islands and hence layer-by-layer growth can take p(&&e FIG. 8. Results of numerical simulations for the expected de-

is|and growth behavior was exc|uded for our daﬁjrther_ pendence of the damplng time of RHEED intensity oscillations on
more, in the presence of Ehrlich-Schwoebel barriers the stefye substrate temperature.
bunch would not be stable but would dissolve into an essen-

tially regular step train. Recent scaling theBhpredicts a  with the theta functior® (x) having the value one for posi-

negative exponens for such a scenario. tive arguments and zero otherwise.
Simulations were carried out on 1880 lattices. A tilted
V. NUMERICAL GROWTH MODEL surface can be easily implemented by periodic boundary

conditions. In our simulations the tilt was chosen to be 4% in
the direction of thex axis. The surface was initially flat,
except for a step bunch comprising four steps. The Huof

the incoming beam adjusted to one particle per second and
lattice site, and the energies we used weges E,=0.7 eV
andE,=0.07 eV. The temperatuie varied between 520 and

0 K.

During the growth of 50 ML the surface step density,

We performed computer simulations in which the pos-
sible change of growth mode from layer-by-layer growth to
step flow during the Fe film growth is mimicked by the dis-
solution of one high stegseveral lattice constantsThe
growth on a tilted surface with initial step bunching is mod-
eled using Monte Carlo simulations based on a well-
established solid-on-solid model, in which neither vacancies

no[r?l\ée(r:?a;gﬁiggefﬁlrl:]oﬁé?réated as a simple cubic lattice which is thought to be proportional to the amount of diffuse
y P ‘reflected RHEED intensit§? was monitored continuously.

Two processes take place on the surface dyring growth. I:irsﬁ"he data(see Fig. 8 clearly show that the growth oscilla-
deposition of atoms occurs, due to a particle flixA sur- tions persist longer at lower temperatures.

face site, on wh|c_h th_e pf”‘“_'c_'? lands, is (_:hos_en r:_;mdomly. We explain this by the argument already given in the last
Second, surface diffusion is initiated by lattice vibrations at a L . . . )

i section:; the existence of Ehrlich-Schwoebel barriers stabi-
substrate temperatuiie The diffusion events are modeled as

; : : - lizes step flow. So we expect the initial step bunch to dis-
nearedst-nek;ghbor hopping processes. The hopping rate is %olve into four separate steps during growth, which are
sumed to be '

slower the “colder” the substrate is. This result of our nu-
= merical simulations is illustrated Fig. 9. Snap shots after dif-
kK(E,T)=kq ex;{ - ﬁ) , (6) ferent growth stages and for two different substrate tempera-
B tures show that the dissolution of the step bunch is strongly
with the attempt frequencl, for hopping processes. The temperature dependent and happens much faster at the higher
diffusion barrierE, is comprised of a substrate teffy, a  temperature. After the dissolution of the step bunch the ter-
nearest-neighbor contributianE,,, m being the number of races grow by propagation of steps. This directly translates
in-plane nearest neighbors, and an additional contribleipn into a vanishing of oscillations of the step density and the
due to the Ehrlich-Schwoebel barrférThe latter is realized RHEED-reflection intensitysee Fig. 8
by assigning to a site a energy pena|ty proportiona| to its Another effect(though smabl can be seen in Flg 8: the
number of missing out-of-plane next-nearest neighborsfrequency of the oscillations decreases with increasing tem-
Technically this is done by counting the number of next-perature. For example, its change frdm 520 K to T=620
nearest neighbors in the planes beneath and above the hdf-amounts to roughly-5%. This is illustrated in Fig. 8 by
ping atom beforerfy) and after ;) a hop. The barrier has @ decreasing number of periods with increasing temperature
a nonzero valuém, —m;) E, only if m;<m; . Note that with ~ during a certain damping timgrom 10 periods at 520 K to
this method, an adatom is not directly hindered from hopping® Periods at 600 K This effect is known in the context of
down the step but already from approachingct Ref. 42.  step-flow growth as “first maximum delay***and has its

Then the total energy barrier can be written as origin in the property of the steps to act as permanent sinks:
due to incorporation, adatoms give rise to the step’s move-

E,=Es+mE,+ (m;—m)E,®(m;—m;), (7) ment instead of taking part in the nucleation phase. This
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T = 540 K surface having a tilt to the physical surface #f3°. The
origin of the tilt is the special growth behavior of the par-
ticular buffer/substrate system N®1)/Al ,O5;, which was
used for the present experimerigge Sec. )l Following the

ex situSTM measurements on 250-A-thick Cr buffers this
tilt results in ~200-A-wide terraces at the Cr surface. The
step heights are in the range sf7—14 monoatomic steps
(see Fig. 3. The precise numbers for the step widths and
heights may change for different samples and also for other
Nb and Cr buffer thicknesses than the used ones. However,
the principal surface morphology of the(@91) surface with
wide terraces and with steps significantly higher than one
monoatomic step will be kept.

For the numerical simulations we assumed a step bunch
height of 4 monoatomic steps. This number is smaller than
: the experimentally observed step height; however, it should

atomic sites be high enough for demqnstrating the principal growth be-
havior. The energy barrier&g (substrate terpnand E,
(nearest-neighbor tesmand the additional contributiok,,
due to the Ehrlich-Schwoebel barrier were chosen to be close
to previous result&’

Previous numerical simulations by Siegert and Plis¢hke
assuming the existence of Ehrlich-Schwoebel barriers but no
vicinal surface result in pyramidlike structures for the grow-
ing film. The growth mode changes from layer-by-layer to
3D island growth in this case, which leads to an increase of
surface roughness with increasing substrate temperature. The
situation changes for the growth on a vicinal surface. In this

N
(@]

height (ML)

W
(@]

~ !
o

= case, Ehrlich-Schwoebel barriers result in step-flow growth.
{ = In the present casewide terraces and steps higher than
2| DO one monoatomic stephe terrace width is too wide for a
- [ . . .
10 £ perfect step-flow behavior. In the beginning of the Fe growth

2405 only a few atoms are able to diffuse to the step edges. Atoms
% = that land at large distances from the step edges are not able to
%20 SRR OGRS 0 reach them before encountering other adatoms and creating
% 70 90 an island. Therefore, predominantly layer-by-layer growth is

% 0% 1o 30 atomic sites observed in the beginning of the Fe growth. The numerical
simulations show that the previous step bunches are not
FIQ. 9. Il!ustration of the results of_the numericgl modulation of gtaple but dissolve into a regular step train during the Fe
the dissolution of a step bunch during the Fe film growth. Thegroyth. This leads to a decreasing terrace width with increas-
picture shows different snapshdtdter 0, 10, 20, and 30 ML of Fe ing Fe film thickness and the step-flow growth mode more
growth) for the_ time dependence of the dissolution of the StePand more dominates the growth behavior. This process is
bunch at two different substrate temperatures. temperature dependent. The higher diffusivity of the Fe par-
_ _ ticles at higher temperatures increases the chance to reach
affects mainly the islands close to the step and hence hasige step edge instead of creating an island with another ada-
stronger effect for larger island distances, which are obtainegyy, This results in a higher velocity of the steps and hence
for higher temperature®~**In our case, the effect is rather iy 5 faster dissolution of the step bunch. Therefore, the
weak, since only the lowest step of the bunch “competes”"rHEED oscillations are damped out fastat fixed growth
with a large terrace. _ rate). In the case of a fixed temperature the chance of island
In the experimentscf. Fig. 9), the same weak effect can ,cleation is lowered with decreasing growth rate, resulting
be observed when comparing the curvesTer100 °C(10  ggain in a fastefin relation to the growing velocilymove-
periods during 92)sandT =200 °C(9.5 periods during 92)S  ment of the steps.
(for T=300 °C the growth conditions seem to be slightly  The dissolution of the steps during the Fe film growth can
different. be considered as a melting process. To verify this behavior
situ STM studies during the Fe film growth should be per-
formed. The preliminargx situSTM measurements on a Cr
buffer (Fig. 3 verify the existence of step bunches in the
The numerical simulations verify our assumption aboutbeginning of the Fe growth.
the Fe growth mode changing from layer-to-layer growth to We now discuss our results with respect to the magnetic
step flow with increasing temperature. In the present studiegroperties of the Fe/Cr system. In the Introduction we
the heteroepitaxial Fe growth starts from a vicinalQDrd) pointed out the interrelationship between interface morphol-
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ogy and magnetic properties in the Fe/Cr system. The stegemperatures and growth rates. The logarithm of the number
at the Fe/Cr interfaces will influence the magnetic propertie®f RHEED oscillations shows a linear dependence on the
and will cause spin frustration effects in the Cr spacers. Thénverse growth temperature. Similarly, a straight line was
magnetic structure of the Cr spacer layers in Fe/Cr superlatound in a double logarithmic plot for damping time versus
tices on Cr/Nb/ALO; was studied recently by Schreyer growth rate. This result seems to agree with the theory de-
et al*® The results of this study qualitatively agree with the- scribing growth without Ehrlich-Schwoebel barriers. How-
oretical predictions for fluctuating Cr thicknes§esrigi-  ever, in our case the slope of the straight lines has a negative
nated by steps at the Fe/Cr interface. A quantitative rela'[iorgign in contrast to a positive one predicted by the theory. We
between the step density and the step height has yet to l%@(plain the Fe growth behavior by melting of previously
made. Fo_r other systenfisuch as the growth of Fe/Cr on Ag existing step bunchegn the Cr buffer layer. This assump-
buffer using Fe-covered GaAs as substidtand for the tion was verified by numerical simulations. For the Cr-buffer

growth of Fe/Cr on MgQRefs. 13 and 5( other morpholo- terraces up to 200 A wide and having steps several mono-

gies of the Cr/Fe interfaces may be expected and thereforI‘:?\yers high can be inferred froex situSTM measurements.

different step densities and step heights will be present. Tqhis result supports our interpretation for the Fe growth be-

compare results f_or the coupling behavior across the Cﬁavior because it verifies the existence of step bunches in Cr.
spacer and the spin state of Cr, surface morphology studies

of the interface between Fe and Cr are necessary. This has
been done in a few cases, for instance, by the means of STM
studies for the system Fe/Cr on Agsing GaAs as substrate
(Ref. 51 and on Fe whisker®
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