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Dynamic Evolution of Pyramid Structures during Growth of Epitaxial Fe sss001ddd Films
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The growth of epitaxial Fe(001) films UHV deposited onto Mg(001) substrates has been investigated
at conditions where Schwoebel barriers suppress the step-down diffusion of impinging atoms. In nearly
perfect agreement with the theoretical predictions of Siegert and Plischke [Phys. Rev. Lett.73, 1517
(1994)], scanning tunneling microscopy reveals the development of mesoscopic pyramidlike structures
at the surface that grow in time according to a power law oft1y4. The dynamic nature of the
growth process favors the formation of {012} rather than {011} facets as side planes of the pyramids
emphasizing, in general, the importance of kinetic versus thermodynamic stability.

PACS numbers: 61.50.Cj, 61.16.Ch, 68.55.Bd
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Although the growth of thin films has been the subjec
of numerous investigations in the past, for the majority o
film/substrate combinations it still remains an open que
tion how to choose the growth conditions to obtain film
with a specific microstructure, without doing the exper
ment. As long as the substrate temperature is sufficien
high so that film growth can proceed near equilibrium
useful information is provided by thermodynamics. I
that case the shape of the stable nuclei formed initia
depends on the respective free surface and interface e
gies of film and substrate, which in turn also determine
the mode of film growth: 2D (layer-by-layer) or 3D (is-
land) growth [1]. At lower substrate temperatures film
growth increasingly is influenced by a variety of nonequ
librium processes, accompanied often by a change of
overall film morphology. A decisive parameter involved
in nonequilibrium growth is surface diffusion, which par
ticularly in molecular beam epitaxy (MBE) growth is the
predominant mechanism for the transport of material
ordering processes. When the substrate temperature f
below a critical value, the potential barrier at step edge
often called the Schwoebel barrier [2], suppresses and
timately inhibits the downward diffusion of atoms to the
next terrace [3]. Consequently, surface diffusion is co
fined to the terrace where the film atoms originally im
pinged, until they are finally incorporated at a ledge si
of an uphill terrace or form islands.

In recent years there has been growing interest in fil
growth where Schwoebel barriers are effective, both fro
a theoretical point of view [4] because of a possibly un
versal spatial and temporal behavior and from an expe
mental point of view due to its relevance for MBE growth
Schwoebel barriers have been found to be responsible
the transition from 2D growth to 3D in homoepitaxy [5]
whereas here layer-by-layer growth definitely is favore
by thermodynamics; 2D islands nucleate on top of pr
existing islands, resulting eventually in a time-depende
roughening of the originally flat surface [6]. By analyz
ing their He scattering data on the homoepitaxial grow
of Cu on Cu(001), Ernstet al. [7] arrived at a surface pro-
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file consisting of “pyramidlike” structures, whose side
correspond to Cu{113} and Cu{115} facets at 160 an
200 K, respectively. Johnsonet al. [8] observed the for-
mation of mounds during homoepitaxial growth of GaA
on flat substrates, whereas the original step configurat
of vicinal substrates in principle is preserved. On the b
sis of their experimental results, as well as parallel Mon
Carlo simulations, the authors were able to propose a si
ple analytic expression that describes the diffusion curre
j on flat and vicinal surfaces as well. Insertingj into the
Langevin equation for MBE growth [4,9]

≠hsr, tdy≠t ­ 2===jf===hsr, tdg 1 fsr, td (1)

then yields the 3D surface corrugation represented by t
local heighthsr, td at positionr as a function of the de-
position timet with fsr, td being the respective beam in-
tensity. Motivated by the work of Ref. [8], Siegert and
Plischke [10] very recently derived a more sophisticate
expression for the surface current that additionally a
counts for the anisotropy of surface diffusion due to th
symmetry requirements of the cubic lattice. Numeric
solution of the resulting Langevin equation (1) reveals
surface structure consisting of a regular pattern of squa
pyramids with, at later growth stages, exclusively {011
facets as side planes. According to this model system
average sizekrstdl of the pyramids increases as a powe
law in deposition time,krstdl , t1yz , with z ­ 4.

In the following we present scanning tunneling mi
croscopy (STM) results on the dynamic evolution of
real thin film system with effective Schwoebel barriers
namely, Fe(001) films on Mg(001), that epitaxially grow
up to mean film thicknesses of more than 2000 mon
layers. In nearly perfect agreement with the theoretic
model of Siegert and Plischke [10] a scenery of mes
scopic and predominantly square pyramids is imaged
real space. Again in accordance with Ref. [10] the pyr
mids grow with a dynamic exponent ofz ­ 4. At higher
film thicknesses the slope of the pyramid sides converg
to that of {012} facets, as confirmed by low energy elec
tron diffraction (LEED). Obviously the {012} facets,
© 1995 The American Physical Society 1767
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which are composed of (001) and {011} microfacets, a
tain special kinetic stability by the dynamic nature of th
growth process.

The epitaxial Fe(001) films were deposited in UHV
(base pressure, 1 3 10210 mbar) at a deposition rate
of 0.007 6 0.001 nm/s and substrate temperatures o
400–450 K. The pressure during deposition was bet
than 3 3 1029 mbar. Prior to mounting into the UHV
chamber the MgO(001) substrates were baked for seve
hours (4–10) at 1300 K in a stream of oxygen a
atmospheric pressure and briefly outgassed in UHV
600 K immediately before film deposition. The quality
of epitaxial growth was controlled by LEED as well as b
measurements of the magnetic film properties [11] aft
the film deposition. For the STM investigations the film
were transferred to a UHV chamber equipped with a UH
STM without breaking vacuum by means of a mobil
UHV-transfer box.

FIG. 1. Large area STM top-view images (raw data) o
epitaxial Fe(001) films at different film thicknessestF
showing pyramidlike surface structures: (a)200 3 160 nm2,
tF ­ 300 nm (tip voltage UT ­ 27 V, tunneling cur-
rent IT ­ 0.5 nA), single scan is along the straight line
marked in the top view; (b)200 3 80 nm2, tF ­ 50 nm
sUT ­ 26 V, IT ­ 0.5 nA); (c) 300 3 120 nm2, tF ­ 11 nm
sUT ­ 24.5 V, IT ­ 0.5 nA).
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In accordance with the findings of other groups [12] F
grows epitaxially on Mg(001) substrates. The epitaxia
orientation determined with LEED is Fe(001)//MgO(001
and Fe[100]//MgO[110]. The high quality of epitaxial
growth is additionally corroborated by the magnetic film
properties, since all Fe films exhibit a distinct magneti
in-plane anisotropy with the easy magnetization axis lyin
along k100l directions, as in the bulk [13]. Figure 1
depicts large area STM top-view images of Fe films a
different thicknesses (up to 2000 monolayers) that we
deposited in the temperature range of 400–450 K [14
Obviously the surface of such Fe film is not flat. STM
instead reveals that the surface is decorated over a
over by a dense arrangement of predominantly square a
rectangular hillocks. In three dimensions the majorit
of hillocks exhibits the shapes of small pyramids a

FIG. 2. Top:65 3 65 nm2 STM top-view image of a 300 nm
thick epitaxial Fe(001) film showing the pyramidlike surface
structure in detail; for better comparison with Fig. 2 of
Ref. [10] contours of equal height separated by 1 nm hav
been added to the gray scale representationsUT ­ 27 V ,
IT ­ 0.5 nAd. Middle: Single scan along the straight line
marked in the top view. Bottom: Experimental (left) and
calculated (right) LEED patterns of the 300 nm thick Fe(001
film (beam energy 101 eV); for the calculation by means o
kinematic LEED theory a unit cell consisting of 600 atoms fo
each of the four {012} facets was used.
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is demonstrated also by the sharp peaks in respect
single scans [e.g., Figs. 1(a) and 2]. To illustrate furth
the 3D surface morphology, the 300 nm film is show
at higher magnification in Fig. 2. In order to facilitate
the comparison with the theoretical results present
by Siegert and Plischke in their Fig. 2 (see Ref. [10
we chose an analogous gray scale representation
combination with contours of equal height (separate
by 1 nm each). The STM image of Fig. 2, which ha
been corrected with respect to the thermal drift durin
scanning, impressively eludicates the pyramidlike outlin
of most islands as well as the fourfold symmetry o
individual pyramids. Most pyramids are flattened at the
tops; some pyramids are coalescing to finally form larg
pyramids. Comparison of the STM images of Fig.
of Fe films at different film thicknessestF shows that
the average pyramid sizekrstdl increases with deposition
time. Quantitative evaluation of the average pyram
densityN, determined from the average number of peake
structures in100 3 100 nm2 STM images, yields a linear
dependence of logN on logtF . From the slope of the
straight line depicted in the double logarithmic plot o
Fig. 3 a growth lawkrstdl , t1y4 sz ­ 4.3 6 10%d is
obtained.

The experimental results presented so far, i.e., t
growth of epitaxial Fe(001) films with a surface profile
represented by mesoscopic pyramidlike structures as w
as the power law dependencekrstdl , t1y4 describing the
dynamic behavior of the pyramid growth, are in excellen
agreement with the theoretical predictions of Siegert a
Plischke [10] for film growth proceeding at conditions
where Schwoebel barriers are effective. We therefo
are convinced that the system FeyMgO(001) represents
a real Schwoebel system at the experimental conditio
chosen. We want to emphasize that the growth of su
face pyramids is not the result of a possible roughne
of the MgO(001) substrates. The sharp LEED patter
obtained from the clean substrates before film depo
tion indicate the presence of extended well-ordered te

FIG. 3. Dependence of the pyramid densityN (­ average
number of peaked structures per m2 evaluated from100 3
100 nm2 STM images) on the mean film thicknesstF (in
nm) illustrated by a double logarithmic plot. The slope o
the straight line corresponds to a growth law for the avera
pyramid sizekrstdl , t1y4.
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races. An average terrace width of,50 nm can be esti-
mated from the STM top view of Fig. 1(c) of an 11 nm
thick Fe film, where the original step configuration o
the substrate still can be sensed beneath the significan
smaller lateral period of the pyramid structure. As th
steps cannot be discerned in individual single scans t
actual step height has to be very small in accordan
with the maximum corrugation of about 1 nm guaran
teed by the manufacturer [15]. Consequently, the form
tion of pyramids is inherently related to the growth of F
itself and starts when the first 2D Fe islands have nuc
ated uniformly on the clean Mg(001) substrates. We r
call that STM investigation of Fe films in the monolaye
range is not possible on the dielectric MgO substrates
STM experiments require electrical conductance of th
entire film, which therefore has to cover the substra
(with all its steps) completely. The temperature range
which Schwoebel barriers give rise to a pyramidlike su
face profile is quite narrow (400–450 K; see Ref. [14]
At lower temperatures mounds with predominantly roun
shapes are formed that no longer reflect the fourfo
symmetry of the still epitaxial Fe films; obviously the
diffusivity along the step ledges then has become to
low for smoothing [16]. At temperatures higher tha
500 K the Schwoebel barrier is overcome and atom
cally flat terraces extending over several hundred n
are observed. Both findings are in agreement with t
growth study on FeyFe(001) by Stroscio, Pierce, and
Dragoset [17].

From our STM images we can also determine th
crystal planes that form the sides of the pyramids, name
by analyzing the respective slopesm of single STM
scans. Whereas for thinner films still a variety of differen
slopes is detected,m of the thicker films (.502100 nm)
measured at the lower part of the pyramids gradua
converges to a value of0.50 6 5%. Since the azimuthal
orientation of the pyramids is parallel to Fek100l the side
planes correspond to {012} facets, which according
crystal geometry are inclined against (001) by a rat

FIG. 4. (a) Sphere model of a bcc (012) surface. (b),(
Schematic illustration of the growth of pyramidlike structure
on bcc (001) and bcc (011) surfaces, respectively;a and b
indicate the increase of the local slope due to anisotrop
diffusion currentsj. Notice that due to the opposite signs o
j on bcc (001) and bcc (011)b corresponds to an increase
relative to bcc (011) but to a decrease with respect to bcc (00
1769
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of 1:2 [Fig. 4(a)]. The two neighboring surfaces {011}
and {013} exhibit inclination values of 1:1 (m ­ 1.00)
and 1:3 (m ­ 0.33), respectively, and therefore can be
definitely excluded. Moreover, the STM results ar
confirmed by the LEED patterns, which exhibit an energ
dependence characteristic of faceted surfaces (Fig.
Spot position as well as the intensity variation with
beam energy are well reproduced by LEED pattern
calculated from kinematic LEED theory assuming a un
cell consisting of 600 atoms for each of the four {012
facets (e.g., Fig. 2).

The occurrence of {012} facets as stable side plan
apparently contradicts the model calculations of Siege
and Plischke. But as the authors point out in Ref. [10
the selected slope of {011} facets actually is the resu
of their model assumptions on the diffusion currentj,
and may not necessarily be the only stable situatio
The development of stable {012} facets in the case
Fe(001)yMgO(001) indeed may be understood in terms o
the dynamic nature of the growth process. As discuss
by Villain [4] the presence of extended densely packe
terraces [e.g., Fe(001)] gives rise to instabilities. Bo
the resulting uphill current due to the diffusion to ste
ledges and the formation of 2D islands on terraces th
are wider than the average diffusion length of the film
lead to an increase of the local slope [a in Fig. 4(b)].
Ultimately it is this anisotropy of the diffusion current
j that is responsible for the growth of pyramidlike
structures. In fact, the same mechanism inhibits th
formation of extended densely packed Fe{011} facets
side planes of the pyramids. As illustrated in Fig. 4(c
Fe atoms impinging on longer {011} facets move to
the next ledge site which again is accompanied by
increase of the local slopeb measured relative to the
respective {011} surface [Fig. 4(c)]; for nucleation o
2D islands the length of the facets probably is to
small. Because of the opposite signs of the diffusio
currents j on (001) and (011) surfaces, however, th
surface profile as a whole flattens with respect to th
(001) surface [compare Figs. 4(b) and 4(c)]. Since th
same mechanism destabilizes both extended (001) a
{011} facets the stable situation consequently must l
betweenthe two densely packed surfaces. In the ca
of Fe(001)yMgO(001) the steady state profile of the
pyramids is formed by {012} facets that exhibit both
(001) and {011} microfacets. An analogous explanatio
probably accounts for the formation of {113} and {115}
facets in the case of Cu/Cu(001) [7]. In our opinio
the experimental results presented here point to a gene
property of film growth at presence of Schwoebel barrier
namely, that facets are stabilized kinetically rather than
equilibrium thermodynamics.
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In conclusion, by studying the growth of Fe on
MgO(001) we have discovered areal heteroepitaxial
thin film system that is characterized by the growt
of pyramidlike surface structures as a consequence
Schwoebel barriers. Real space investigation with ST
confirms the main theoretical predictions of Siegert an
Plischke [10] concerning both structural and dynam
aspects of the growth behavior. In view of the quit
regular arrangement of the pyramidlike structures w
speculate whether the growth of high quality epitaxia
films at conditions where Schwoebel barriers are effecti
might provide a new experimental approach to modif
surfaces on a nanometer scale for future technologi
applications.
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