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Nucleation of bec Iron in Ultrathin fce Films
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Needle-shaped bee nucleation centers in fec films of Fe on Cu(100) are observed by scanning tunneling
microscopy. They form virtually without mass transfer and nearly under conservation of volume, which
causes a large strain within the nascent bcc grain. The corresponding strain energy almost equals the
gain in structural energy, rendering the bce nucleation very sensitive to any effect influencing this subtle
balance. We suggest that modifying the film by straining, alloying, or surface adsorption may inhibit the
bce nucleation and lead to thick metastable fcc films.
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The epitaxial system Fe/Cu(100) has been studied ex-
tensively for the last decade owing to its ability to stabi-
lize the fcc phase and also entirely novel ferromagnetic
phases of Fe at low temperatures. Besides their relevance
for various other thin film issues, these experiments aim at
a better understanding of the interrelation between struc-
ture and magnetism, which is of increasing importance for
the design of special purpose magnetic thin films. The pro-
totypical phase transitions of Fe are of interest in several
research areas including geophysics, metallurgy, and com-
putational materials science. The fcc (y) to bee () phase
transition, which occurs in bulk Fe at 1184 K upon quench-
ing the solid, has been studied for a long time due to its role
in steel hardening and shape memory alloys (martensitic
transition). In the context of ultrathin films this phase tran-
sition attracts attention as it defines the upper limit of the
stability range of (metastable) fcc films grown on fcc sub-
strates. Previous studies showed that the critical thickness
for the transformation of the fcc Fe film to the bcc structure
depends on the presence of surfactants [1,2], temperature
[3,4], and strain [5]. Coadsorption of carbon and oxygen
containing molecules showed the most spectacular effect
by delaying the phase transition by up to ~60 monolayer
(ML) or 6 times its normal stability limit [1]. However,
while the morphology of the larger bcc grains is now rela-
tively well known [5-9], a model of the actual nucleation
process, which could explain the large variation of the criti-
cal thickness, is still missing.

In this Letter, we present a direct view of a very early
stage of the bcc nucleation on an atomic scale. Knowl-
edge of the precise atomic structure of the nucleation cen-
ters enables us to study in detail the determining factors
of the initial stages of the phase transition. Our STM im-
ages reveal the nucleation centers as nanometer-sized bcc
crystals, which form free of dislocations and are therefore
exposed to a very high strain. The corresponding strain
energy balances the gain in structural energy, which leads
to the hypothesis that any effect, which can shift this subtle
balance provides control over the nucleation process.

The deposition of the Fe films was done in ultra-
high vacuum by evaporation from the tips of Fe wires
heated by electron bombardment. The deposition rate of
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0.5—1 ML/min was measured using a quartz microbalance
and was held constant by flux control. Additionally, the
layer thickness was independently estimated by quantita-
tive Auger electron spectroscopy (AES). The STM was
operated using an electrochemically etched W tip. Both
deposition and imaging were done at 300 K.

Within the thickness range of 5—10 ML, room tempera-
ture films are fcc with an estimated tensile strain of ~1%
[5,10]. Probing the surface after deposition of 7 = 1 ML
Fe we find a rather flat surface with the exception of small
islands. We also see the previously observed “needle”
structures [5,7-9], i.e., weakly protruding stripes, which
have been related to misfit dislocations [5,7,9,10] in anal-
ogy to a wide range of stress relaxation phenomena in ul-
trathin films. We will demonstrate, however, that this is
not the case for this system. Three typical occurrences are
marked with arrows in the overview topography displayed
in Fig. 1A. While the length of these stripes varies, their
width of 2 nm is remarkably uniform. The atomically re-
solved image of the needle surface shown in Fig. 1B re-
veals its bce(110) surface structure. The atom rows are
tilted by 15°, but still fit seamlessly to the fcc lattice on
both sides. This setup is similar to the Pitsch orientational
relationship between larger bcc fibers and the fcc host
lattice found by electron microscopy in ~100 ML films
[6] and by scanning tunneling microscopy in 10-20 ML
films [8,9]. There are, however, important differences:
Comparing the atomic geometry of the discussed “initial”
bee structure with that of the ideal bec structure of larger
grains reveals immediately the large strain within the ob-
served needles (Fig. 2). The strongest strain component
is a tensile strain, &, ~ 9%, perpendicular to the needle
axis due to the commensurable nature of the needles (cf.
equidistant lines in Fig. 1B). Apparently, the resulting
in-plane shear strain reduces the tilt angle of the atom rows
from its ideal value, @ ~ 19.5°, to the measured 15°. This
is important information since it shows that the structure
is in fact a transition structure, significantly different from
the relaxed bcc fibers [6] observed in the thicker films.

What is the structure of the needles in the vertical dimen-
sion? The significant bulging of the needles and the ob-
servation of needles crossing monatomic step edges points
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FIG. 1. (A) STM topography after deposition of 7 = 1 ML Fe
on Cu(100). Slightly elevated (brighter) stripes or “needles” are
marked (arrows). They appear to nucleate mainly at small 3D
islands. (B) Atomically resolved surface of one of the needles
(area marked by white rectangle in overview topography). The
equidistant lines indicate the nearly equal spacing of atom
rows across the needle and the surrounding fcc lattice. Sample
voltage/current — 1 V/10 nA (A) and —3 mV/10 nA (B).

to a multilayer structure. This conjecture is supported by
the shape of the cross sections through the needle surface:
First of all, near the center of the needle where the bcc lat-
tice matches the fcc lattice underneath (cf. Fig. 2A), a very
thin bcec needle (mono- or bilayer) should show a mini-
mum in apparent height, which is not the case. Further,
needles crossing step edges and islands may be utilized
to determine the needle thickness in a more quantitative
way: Fig. 3 shows a needle crossing a single- and a double-
layer island with all levels equalized. The needle elevation
is largest on the topmost level III and lowest on level I,
the completed monolayer. The elevation difference be-
tween adjacent levels of 0.01-0.03 nm (Fig. 3C) is close to
the expected difference between the interlayer distances of
fcc(100) iron (~0.180 nm) and bee(110) iron (0.203 nm).
The linear elastic calculation, described in the next para-
graph, predicts a significant vertical cross contraction &,
due to the high in-plane strain &, which reduces the thick-
ness difference per layer to half of its value: » ~ 0.01 nm.
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FIG. 2. Schematic model of the film-substrate relation for
(A) the observed strained and (B) a relaxed bcc needle. A
strain of &, ~ 9% is necessary to close the gap between the
relaxed bce needle and the surrounding fcc lattice. The white
rectangle marks a bce(110) unit cell.

This is in agreement with the difference of the cross sec-
tions through levels I and II (cf. Fig. 3C). Extrapolating
the needle elevation to zero allows a crude estimate of the
local thickness of the needles. We presume the existence of
about three additional bcc layers below the topmost com-
pleted monolayer (level I). The absence of reconstruction
near the interface can be explained by strong intermixing
with Cu [11]. The section of the needle crossing the very
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FIG. 3. Needle crossing single- and double-layer islands.
(A) Leveled STM topography; the needle brightness correlates
with the local number of bce-Fe layers. (B) Schematic cross sec-
tions. (C) Measured cross sections of the needle. The topmost
needle layer in the small level IIl area is laterally relaxed
(arrows) since the needle is very close to the island edge.
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small topmost island level III shows a very high elevation
difference of 0.03 nm with respect to the island level II.
This indicates a significant lateral strain relief and an al-
most complete absence of cross contraction for the topmost
layers in this small area, which can be easily explained by
the immediate proximity of needle and island edge.

Why are the needles formed? In thin films, the phase
transition typically occurs if the structural energy gain out-
weighs the energy necessary to generate the mismatch be-
tween film and substrate. While this is certainly correct for
the relaxed bcc film, the situation is different for the dis-
cussed nucleation process. Here, the relatively weak mis-
match with the substrate, discussed in more detail below,
is less important than the large strain that is built up within
the needle. To show this we use linear elasticity theory to
estimate the strain relations and the strain energy. At first
we assume a rigid surrounding fcc lattice, which dictates
both a strain parallel to the needle axis, £, = 2.95%, and
a perpendicular strain, &, = 9.2% (cf. Fig. 2). In order to
model the center of the needles, the bee grain is allowed to
relax freely in the vertical direction, whereas for the edges
the bece structure is vertically pinned to the fcc lattice (full
shape and volume conservation). The resulting in-plane
shear strain &y,, assuming a rigid fcc lattice, causes a de-
crease of the angle « from 19.5% for an undistorted bcc
lattice to 14.1° (15.6°) for the edge (center) of the needle,
which agrees very well with the measured angle of 15°.
For the purpose of comparison with other fcc-to-bee path-
ways, a novel “needle path” (cf. top row Fig. 4B) may be
constructed by linking the observed strain deformation of
the bec lattice to a shear deformation of the fcc lattice. In
Fig. 4A, the strain energy per atom corresponding to this
“needle path” is plotted in dependence of the ratio of the
lattice constants ¢ and a, which is usually used to parame-
trize the distortion.

Thermodynamic experimental data suggest that the
bee lattice is favored with respect to the fcc lattice by
50—-60 meV/atom (cf. [12,16], and references therein).
Therefore, it is obvious that the calculated energy of the
fully strained needle would be too high to allow the needle
formation. However, it should be noted that the linear elas-
tic calculation very likely overestimates the strain energy
for larger tensile distortions, because the lattice typically
becomes softer for increasing interatomic distances, which
is clearly the case. Second, the surrounding fcc lattice
cannot be infinitely stiff and the needle will relax at least
a little. A thorough analysis of the STM image suggests
that the needles in our films relax less than ~2% with
respect to their immediate fcc environment (cf. Fig. 1A).
A stress relief of only 1%—2%, however, already decreases
the strain energy by 20—30 meV /atom. This may explain
also why the needles initially do not grow beyond a width
of 8 atom rows: The near surface region of the needle
will be able to relax slightly more depending on its height
to width aspect ratio: The smaller the needle width, the
larger the energy gain due to the additional relaxation.
In conclusion, the actual strain energy within the needle
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FIG. 4. (A) Linear elastic approximation of the total energy
along the experimentally observed “needle path” approaching
the needle structure from the fcc side by shear and from the bec
side by strain in dependence of the lattice constant ratio ¢/a (full
line). The fcc side is offset by experimental values for the energy
difference between the (bulk) bce and fce structures (Ref. [12]).
An additional small tensile strain &, = 2.95% (1.0%) is assumed
for the bec (fcc) side. Also shown is a first-principles result for
the Bain path by Moroni et al. (dotted line, Ref. [13]) and its
linear elastic approximations (dashed line). Elastic constants for
bee and fec Fe taken from Refs. [14] and [15]. (B) Schematic
model of the distortions and applied strains for both pathways.

and its near environment will be very similar to or only
slightly smaller than the gain in structural energy.

What is the role of the mismatch energy in the energy
balance? The width of the needles in our film is a small
multiple of the structure’s “magic number” tan~ ' (a) ~ 4:
mostly 8 atom rows. This enables simultaneously a perfect
matching with the fcc lattice at both sides and a shear-stress
relaxed structure. Also, the strained bcc structure is still
commensurable at the substrate interface in the direction
perpendicular to the needle axis, which minimizes the mis-
match energy. Assuming a sharp transition from bcc to fcc
at the interface leads to an estimated mismatch energy of
the order of 0.1 eV per interface atom or 20 meV /atom for
a 5 layer film based on estimates of the bridge site energy
of an Fe adatom on Fe(100) [17]. However, the fcc-bec in-
terface might reconstruct to some degree in order to mini-
mize the mismatch energy even further by smoothing the
structural transition between fcc and bec near the interface.

Since the small mismatch energy is balanced by an
equally small sum of the rather large strain energy loss
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and structural energy gain, even a small change of either
strain or structural energy strongly influences the critical
thickness of the bcc nucleation. The preparation of films
with higher tensile strain or alloying the film with fcc sta-
bilizers, e.g., C or Ni, can shift the energy balance and
prevent the bce nucleation. Indeed, the observation of fcc
films growing up to a thickness 6 times its normal stabil-
ity limit in the presence of the surfactants C and O was
explained by C incorporation [1]. A preference of C or O
for adsorbing in an fcc(100) rather than bce(110) hollow
site may be an alternate or additional explanation for this
phenomenon. Also, the recent suggestion of an early nu-
cleation of the bce structure in Fe/Ni(100) films [5] can be
now motivated by the weak (1%) “transition-promoting”
(because strain reducing) compressive strain in these films,
in contrast to the “transition-hindering” tensile strain in the
Fe/Cu(100) system.

Are the needles indeed a necessary transition state for
the fcc-bee transition? The process suggested by Pitsch
[6] is relatively similar to the process observed by us, but
assumes a relaxed bcc grain as nucleation center, which in-
cludes mass transfer to fill the gap visible in the schematic
representation in Fig. 2B. However, the needle has to nu-
cleate with a certain minimum size to overcome the mis-
match at its ends. Spontaneous finite size nucleation, i.e.,
nondiffusive in the language of metallurgy, is not possible
if mass transfer is involved. The process observed by us,
however, is clear evidence that a mass-transfer-free nucle-
ation is possible. The pathway starts with a spontaneous
shear deformation, which should be imagined as small (less
than half the next neighbor distance) individual shifts of
the atom rows parallel to the needle axis (cf. Fig. 2). This
pathway avoids mass transfer at the needle ends and guar-
antees a minimum transition barrier, since no atom crosses
a bridge site. Both conditions, negligible mass transfer
and low barrier, are necessary to explain the spontane-
ous needle formation at 300 K. Subsequently, the needle
can contract perpendicularly accompanied by inclusion of
atoms one by one into the zipperlike opening gap between
relaxed needle and fcc lattice (cf. Fig. 2B).

In summary, we have studied the nucleation centers
of the bce structure in ultrathin fcc iron films deposited
at room temperature on Cu(100). They are revealed as
narrow, elongated bcc crystals (needles), which are com-

mensurable with the fcc lattice and therefore substantially
strained. The corresponding strain energy almost balances
the gain in structural energy. Every measure influencing
either the strain or the structural energies should permit
sensitive control over the nucleation process and the criti-
cal film thickness. The needles can form without mass
transport and with a minimum barrier, which explains the
spontaneous nucleation at 300 K.
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