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Employing ab initio calculations we demonstrate that the complex structural modulations experimen-
tally observed in ultrathin Fe films on Cu(001) originate from Fe bulk phases that arise under extreme
deformations. Specifically, we show that the structural modulations correspond to the motifs observed
when transforming fcc Fe to bee Fe in the Pitsch orientation relationship [(001)g..||(110),..]. The observed
structural equivalence between surface and unstable bulk structures naturally explains the experimentally
reported magnetic and structural transitions when going from low (two to four MLs) to intermediate (four

to ten MLs) film coverages.
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Ultrathin Fe films have attracted a lot of attention as a
prototype system to study the interplay between magnetism
and structure [1-21]. One of the driving forces for these
works is the desire to study face-centered cubic (fcc) Fe,
which as a bulk phase is thermodynamically unstable at
room temperature. Specifically, its bulk phase is only stable
at temperatures between 1185 and 1667 K in a para-
magnetic state [22], while at low temperatures it is stable in
a ferromagnetic (FM) body-centered cubic (bcc) structure.
Using molecular beam epitaxy [23] experimentalists aimed
to grow ultrathin fcc Fe films on Cu(001) that are stable
even at low temperatures (e.g., 300 K). The concept
appeared very promising since Cu is stable in fcc structure
and its lattice constant is close (lattice mismatch < 1%) to
that of bulk fcc Fe.

Despite the fundamental concept being highly intuitive,
interpreting the magnetic and structural behavior of the
films has challenged both experimentalists and theoret-
icians for decades. Combining various experimental
techniques, three regions showing distinct magnetic and
structural features with respect to the coverage (i.e., number
of MLs N) were identified. As sketched in Fig. 1(b), in
region I (1 < N <4 MLs), the film has a FM ordering
[5,9,13] and a large lattice modulation [11]. Specifically,
the high-symmetry Fe(001) surface reduces its symmetry
by forming stripes along the [110] direction with repeating
“fcc-like” [12] or “bece-like” [17] motifs [Fig. 1(a)]. These
periodic patterns on the surface have been termed modu-
lations. Experiments showed that they are not restricted to
the surface layer(s), but extend through the entire film [11].
In region II (4 < N <10 MLs), the Fe film shows a
magnetic transition to an antiferromagnetic (AFM) state
[5,10,13]. Moreover, a surface reconstruction [9] and a FM
coupling of the top two layers [14] were observed. In region
IIT (N Z 10 MLs), the nucleation of bcc clusters and a
plastic relaxation at the interface start to appear [16,17] and
eventually drive the entire film to transform to the bulk
ground state, i.e., FM bcc Fe [9,16,17].
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From a theoretical perspective, ab initio approaches are
routinely employed to study surface reconstructions.
However, identifying the modulated structures in the
current system is challenging: experiments showed that
FM fcc Fe thin films are unstable even on Cu(001) (e.g.,
Ref. [11]). Because of the high symmetry of the unper-
turbed surface, the lateral forces on the atoms are zero.
Consequently, straightforward force relaxations cannot
yield the stable structures. Motivated by the experimental
observations, SpiSdk and Hafner [20] developed an
approach by laterally displacing the fcc Fe atoms in a
(1 x 4) surface unit cell [relative to the primitive one of fcc
(001) Fe] along the +[110] directions, constraining the
atoms in deeper layers to relax only along the [110] and
[001] directions. With this method, modulated structures
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FIG. 1. (a) Schematic illustration of the (1 x n), [n = n; + n,]

modulations in ultrathin Fe films on Cu(001). In the current
example, n = 3 with n; = 2 and n, = 1. ¢ and —¢/ are defined as
shear angles relative to the primitive cell of fcc(001) Fe. The gold
spheres refer to the Fe atoms on the surface and the open circles
indicate the original positions of the Fe atoms on fcc(001) Fe.
(b) Structural and magnetic features of three distinct regions
observed in experiments. The green layer denotes the Cu
substrate and the orange layers represent the Fe layers. The
AFM Fe layers are shaded by light orange.
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corresponding to local energy minima were successfully
identified, which significantly improved the structure
model of the films. A missing piece of these surface
calculations is the identification of the underlying funda-
mental mechanisms and structural motifs that drive these
complex modulations.

Recent scanning tunneling microscopy experiments by
Biedermann et al. [24,25] suggest that lattice modulations
in region I result from a phase transition and termed the
modulated structure nanomartensite. This opens a new
perspective and suggests that the film structures may be
viewed as metastable or unstable bulk phases. Such phases
may never be observed for the free bulk but may be
stabilized by the epitaxial relation with the substrate. The
key idea of the present study is to start from identifying
metastable or unstable bulk phases that are between the two
constraining structures the film likes to have, i.e., the fcc
structure imposed by the substrate and the bcc structure that
is the thermodynamic ground state. The idea is then to look
at intermediate phases that arise along the diffusionless
(bulk) fcc — bcce transition paths.

Since the fcc — bec transition plays a key role in metal-
lurgy, various transition paths have been studied [26].
The various paths can be classified by the orientation
relationship (OR), which specifies the orientation the crystal
has before and after the transition. For the present case the
orientation of the fcc phase is dictated by the Cu(001)
substrate. This constraint is compatible with the Bain OR
[(001)4|[(001),..] or the Pitsch OR [(001).|[(110),..]
[27]. As shown by various theoretical studies, the Bain path
exhibits no metastable intermediate configurations between
fcc Fe and bee Fe (see, e.g., Ref. [28]). The transition path in
the Pitsch OR has been studied recently by ab initio
calculations [29,30]. This study revealed a hitherto unknown
intermediate structure. We will use this prior knowledge to
reduce the high-dimensional configuration space of possible
film structures and to identify their generic structural motifs.

We first investigate the effect of the lateral constraint [31]
induced by the Cu substrate on the recently identified bulk
fcc — bee Fe transition path that shows the metastable
intermediate structure. Specifically, we perform solid-state
nudged elastic band simulations [32] as implemented in the
VTST code [33,34] using energies and forces computed
from density-functional theory (see Ref. [35]) with the
same parameter setup to calculate the minimum energy
path (MEP). The path is sampled for the FM state that is the
magnetic configuration for the region where the modulated
structures are observed.

The fully relaxed (lattice constants, cell shape, and
atomic positions) MEP (blue line) reveals a local minimum
between fcc Fe and bcc Fe (Fig. 2). The structure
corresponding to the local minimum is formed by displac-
ing the atoms along a sinusoidal line. The resulting
modulation is shown in the bottom left inset in Fig. 2
(light blue dashed line and arrows). We call the modulated
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FIG. 2. Minimum energy paths of the FM fcc — bec Fe
transition in the Pitsch OR. The reaction coordinate is normalized
to 1 with images equally distributed along the path. The
orthorhombic unit cells (12 atoms) for fcc, bcc, and MS1 are
shown as insets. The atoms are visualized by gold spheres and
shaded based on the depth of the atoms in the ¢ direction. The
light blue arrows show the displacements of Fe atoms to trans-
form from fcc Fe to MS1. The resulting modulation is sketched
by the light blue dashed line.

structure identified here MS1, since we will later show the
existence of another modulated structure (MS2). The tran-
sition from fcc Fe to MS1 is barrier free [47], while there is an
energy barrier of ~18 meV/atom for the MS1 — bce
transition. Since the optimized lattice constants ¢ of epitax-
ially constrained fcc, bce, and MS1 are slightly different (see
Ref. [35]), and due to the technical limitation to relax the
vertical lattice constant while fixing the lateral one in nudged
elastic band calculations, we use a linear interpolation of the
lattice constant ¢ along the path. To check the reliability of
this assumption, we consider two limiting cases by fixing the
lattice constant ¢ to that of either MS1 or bee Fe. As shown in
Fig. 2, the resulting paths are very similar (dark yellow and
green dashed lines), validating the chosen approach. Hence,
even if we take into account the epitaxial constraint, MS1
remains as an intermediate state along the path, but the
energy barrier for the transition to bcc Fe increases by
~30 meV/atom (i.e., becomes ~48 meV /atom).

Since we only explore the potential energy surface (PES) of
the fcc — bce Fe transition path along a one-dimensional
reaction coordinate, from the fact that it shows a local
minimum we cannot conclude that MS1 is metastable. To
check this we compute the dynamical matrix of MS1 (see
Ref. [35]). The resulting phonon spectrum reveals imaginary
modes, implying that MS1 is unstable and only a saddle point
on the full 3N ;o (Naom = number of atoms) dimensional
PES. Enforcing the epitaxial constraint by the Cu substrate,
the number of imaginary modes decreases but the one around
the T" point remains. Collectively displacing all atoms along
the corresponding eigenvector of the imaginary phonon mode
at the I" point, we find an energetically more stable structure
that we name MS2. The phonon dispersions of MS2 show that
this structure is dynamically stable for both the epitaxially
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constrained and the fully relaxed cases. Notably, our further
calculations will show that MS1, which is unstable in the bulk,
becomes stable on the surface. Hence, we consider both MS1
and MS2 as potential structural candidates for the Fe films.

Both fcc-like and bece-like have been used to describe the
experimentally observed local structural features of the
modulated structures (e.g., Ref. [12,17]). We herewith show
how the above discovered new structures help to resolve
these inconsistencies. Figure 3 shows a top view of the fully
relaxed fcc, MS1, MS2, and bcc surfaces. For fcc or bee
surfaces, only one structural motif (yellow boxes labeled F
and B, respectively) is needed to form the entire surface. MS1
consists of three types of fcc-like or bee-like stripes, namely,
F, B,, and B, [Fig. 3(b)]. The stripe F in MS1 is slightly
distorted and is thus, precisely speaking, fcc-like rather than
fce. Consistent with Fig. 1(a), the bece-like stripes B, and
B_,, are characterized by the shear angles relative to the
primitive cell of fcc(001) Fe, i.e., ¢ and —¢/. The two shear
angles in MS1 are +13°, respectively, which are smaller (in
absolute value) than the original shear angle of 19° in bee Fe
[Fig. 3(d)]. MS2 is composed of bcce-like stripes only.

The above introduced fcc-like and bec-like stripes can be
considered as the basic structural motifs for the ultrathin Fe
films on Cu(001). Specifically, the experimentally observed
(1 x n) modulations in the Fe films as shown in Fig. 1(a)
can be constructed by a combination of n; B, and n, B,,
stripes, where ¢ and ¢/ need to fulfill the geometric
relation, i.e., tan ¢/ tan ¢/ = n,/n;. More complex modu-
lations that include the fcc-like motif [e.g., the (1 x 3)
modulation in Fig. 3(b)] can be constructed by combining
the structural motif ¥ with motifs B, and B_,.

Having identified the basic structural motifs, we can
systematically explore different types of structural mod-
ulations in the ultrathin Fe films on Cu(001). To construct
the complete phase diagram, one needs to consider three
key variables, namely, surface structures, the coverage,
and the magnetic configuration. In order to demonstrate
the principle of this approach, we herewith focus on the
two modulated structures identified above, considering
different coverages and magnetic configurations as
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FIG. 3. Top view of the various surface structures: (a) fcc,
(b) MS1, (c) MS2, and (d) bec. The yellow shaded boxes with
labels F and B, (or B_,) indicate the fcc-like or bec-like
structural motifs in the modulated structures, respectively. The
black dashed lines show the (2 x 3) unit cell as the reference.

reported in the literature [15,48-51]. Note that magnetic
transitions from out-of-plane to in-plane magnetizations
with increasing film thickness have been reported (e.g.,
Ref. [9]). However, this mainly occurs at larger thick-
nesses where the film has transformed to FM bcc Fe.
Since this effect results only in a small decrease of the
energy (on the order of 0.1 meV/atom [52]) of the bcc
phase, it is not considered in this study. As shown in the
following, this limited set of structures reproduces the
three distinct regions [Fig. 1(c)] observed in experiment.
Convergence checks by inspecting the energy difference
between structures with varied thickness (three to five
MLs) of the Cu substrate show that the main effect of the
Cu substrate layers is to keep the lateral lattice constant of
bulk Cu. Hence, we use only three MLs of fcc Cu as
the substrate and add one to eight MLs of fcc, MS1, MS2,
or bcc Fe (see Ref. [35]). After careful tests to ensure
a convergence of the total energy to an error of
< 0.2 meV/Fe atom, the thickness of the vacuum is set
to 12 A. The bottom layer of Cu is fixed, while the other
Cu and Fe layers are allowed to fully relax using density-
functional theory (residual forces < 0.001 eV/ A).
Intermixing between the epitaxial ultrathin Fe films and
the substrate has been reported both experimentally [53]
and theoretically [54]. As shown in Refs. [55,56], the
overall magnetic states and structural patterns of the films
are insensitive to the intermixing. Hence, we restrict this
study to atomically abrupt interfaces. The AFM phases are
described using collinear AFM configurations as sug-
gested in Ref. [15]. Notably, nonmagnetic Fe films always
relax to fcc Fe and are energetically much higher than the
magnetic films. Hence, we only discuss the structures of
the magnetic films. The results of these calculations are
summarized in Fig. 4 and will be discussed in the
following.

As shown in Fig. 4(al), when the coverage is below four
MLs, the Fe film energetically favors the FM modulated
structures. As an extreme case, a one-ML Fe film always
relaxes to the fcc structure of the Cu substrate irrespective
of the starting modulation. For two- and three-ML films the
modulations extend through the entire film. The shear
angles on the surfaces of FM MS1 and MS2 become 15°
and 14°, respectively, which are consistent with experiment,
14°[17,25]. Notably, FM MS1 and MS2 are both stable and
energetically almost degenerate, implying that combina-
tions of the three structural motifs (F, B,, and B_,, in
Fig. 3) are energetically favorable, resulting in more
complex modulations as indeed observed in experiment.
Hence, the key features of region I (1 < N <4 MLs)
[Fig. 4(al)] are (i) the film is FM, and (ii) the modulation
extends through the entire film.

When the coverage is four to seven MLs, the AFM MS1
becomes energetically competitive. For all favorable AFM
configurations, a FM coupling for the top two layers is
found. To analyze the impact of the magnetic configuration
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(al) Energy of ultrathin Fe films on Cu(001) as a function of coverage considering different structures and magnetic states (the

layer magnetization is indicated by uparrow and downarrow). The energy is defined as the difference from the FM fcc film with an
identical thickness normalized by the number of Fe atoms [57]. (a2) Experimental thickness dependence of the Kerr ellipticities
(reproduced from Ref. [9]), clearly indicating three regions. The vertical dashed lines denote the critical thicknesses for transitions
between two regions. The lower boundary of region III is reduced to eight MLs after ion bombardment [58—60]. (b1),(b2) Surface
structures (top view) of the four-ML films in the FM state with MS1 and MS2, respectively. (b3),(b4) Side views of the FM films. (c1),
(c2) The film structures in the AFM state. The gold spheres refer to Fe atoms, while the green ones represent Cu atoms. (d) Minimum
energy path of the FM MS1 — FM bcc Fe (representatively, five MLs) transition on Cu(001).

on the modulation we compare in Figs. 4(b1)-4(b4) and
Figs. 4(c1) and 4(c2) the structure of a four-ML film for a
FM and an AFM configuration. Specifically, the modu-
lations in the surface layer are almost identical. However,
the extension through the film is qualitatively different:
while for the FM case it extends through the entire film, it is
for the AFM case restricted to the top surface layer. The
modulations are therefore intrinsically coupled to the
presence of a FM spin orientation.

Since the FM and AFM phases are almost degenerate,
the magnetism in the deeper layers will be a mixture of FM
and AFM states. This mixture results in a partial demag-
netization of the film consistent with experiment [61]. Our
surface phonon calculation of the FM MS1 further confirms
that it is dynamically stable, though it is unstable in the
bulk. MS2 is always unstable and relaxes to MS1 for AFM
states. This finding immediately explains why experimen-
tally only a (1 x 2) reconstruction was observed in region
II, while several kinds of reconstructions were observed in
region I. The basic features of region II (4 < N <7 MLs)
[Fig. 4(al)] can be summarized as (i) the modulation only
occurs in the top surface layer, and (ii) to stabilize the
modulation, the top two surface layers must have FM
coupling, while the magnetic configuration of the lower
layers is no longer purely FM.

Starting at eight MLs the FM bcc phase (purple line)
becomes energetically most stable. The early crossover
looks like a contradiction to experiment where this phase
is only observed for thicknesses larger than ten MLs. We
speculate that the transition from the modulated structures
to bce Fe is not barrier free, i.e., the critical thickness at

which the transition occurs will be shifted to larger
thicknesses. Indeed, the existence of a barrier is supported
by our calculated MEP [Fig. 4(d)], where a barrier of
~10 meV/Fe atom is found. We expect that this barrier
stabilizes MS1 and expands the window of region II. This
hypothesis is supported by experiment: ion bombardment
triggers this transition already at eight MLs [58-60]
[Fig. 4(a2)], consistent with the predicted one.

To conclude, the complex structural modulations exper-
imentally observed in ultrathin Fe films on Cu(001)
can be consistently and physically intuitively described
by transferring the insight from a recently discovered
fcc — bee Fe transition path. This path, in contrast to the
established ones, shows an intermediate phase that allows
us to systematically construct low energy structures for the
Fe films. Using this approach, we are able to interpret the
complex lattice modulations and surface reconstructions in
terms of three structural motifs, and explain the structural
and magnetic features of the experimentally observed
regions in the films. The concept employed here to use
information from the bulk transition paths together with
ORs compatible with the specific substrate surface is
general and expected to provide a valuable tool in the
study and identification of surface structures of metallic
thin films that undergo martensitic transitions. Possible
candidates are magnetic shape memory alloys such as Fe-
Pd, Fe-Pt, and Ni-Mn-Ga.
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