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Controlling magnetic interfaces using ordered surface alloys
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We have investigated the growth and magnetic properties of Fe thin films on the clean W(100) surface and
W(100)-M c(2 × 2) (M = Cu, Ag, Au) surface alloy substrates. The influence of the interface on magnetism
is assessed experimentally by studying sensitive threshold behavior in magnetic ordering using spin-polarized
low-energy electron microscopy. The onset of ferromagnetic order that occurs with increasing film thickness at
room temperature due to finite-sized scaling of the Curie temperature varies reproducibly among films on W(100)
and the surface alloys. Magnetic moments and exchange coupling constants of the magnetic ground states are also
determined theoretically for films with ideal interfaces by first-principles density functional theory calculations.
These microscopic quantities are consistently enhanced in Fe films on the noble metal-induced surface alloys
compared to their values in films on the clean W(100) surface. We attribute the systematic variation of magnetic
onset observed experimentally to the competition between the intrinsically enhanced magnetic coupling and
moments on the surface alloy substrates and several extrinsic factors that could suppress magnetic ordering,
including intermixing, substrate and film roughness, and surface alloy disorder. Tendencies for intermixing are
explored theoretically by determining the energy barrier for noble metal segregation. Despite these possible
extrinsic effects, the results suggest that the use of the broad class of ordered surface alloys as alternative
substrates may offer greater opportunities for manipulating thin film magnetism.
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I. INTRODUCTION

Magnetic nanostructures have attracted sustained interest
for many years because they exhibit a wide range of fascinating
and useful physical phenomena, such as low-dimensional
magnetism, oscillatory magnetic coupling, and giant magne-
toresistance [1–4]. In the two-dimensional (2D) geometry, the
fundamental magnetic properties of thin film nanostructures
are known to differ dramatically from those of the bulk, while
they may also be influenced by interactions with the supporting
substrate [1,4]. This influence can occur through a variety
of possible mechanisms, including elastic strain, magnetic
interface anisotropy, substrate-induced stabilization of unique
film structures, intermixing, and exchange biasing. Besides
the need to understand how these mechanisms operate in
diverse systems, it would also be desirable to harness substrate
interactions to control thin film magnetism in a systematic way.
This capability to control thin film magnetism could be useful
for engineering magnetic devices in the future.

In this paper, we have explored the influence of ordered
surface alloy substrates on the magnetic properties of ultrathin
Fe films. The formation and properties of 2D alloys at
crystal surfaces have attracted broad interest [5–32]. Surface
alloys form when atoms that are deposited on the surface
of a dissimilar material have sufficient thermal energy to
overcome the activation barrier to exchange with surface
atoms. This will occur if the presence of deposited atoms
within or below the surface layer is energetically favored. The
energetic and kinetic requirements for the formation of surface
alloys are met in a significant number of adsorbate-substrate
systems. The stability of surface alloys has also received
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particular attention because they are known to form even
between many elements that are immiscible in bulk [17–32].
Whether for reasons of bulk immiscibility, energetics of the
surface alloy configuration, or even kinetic limitations to the
formation of more deeply penetrated alloys, alloying is very
frequently confined to the topmost atomic layer. Practical
interest in surface alloys as new materials has been motivated
by the fact that their electronic structure and properties can
differ substantially from the bulk surfaces of their constituent
elements. The unique properties of surface alloys have been
studied largely in connection with chemisorption and catalytic
behavior in the past [11–18,25]. This outlook is encouraged by
the prospect of tailoring properties through a careful selection
of alloy constituents. Due to the frequency, ease, and the
self-limiting nature of their formation, surface alloys also hold
promise as substrates that could enrich thin film magnetic
behavior and serve as a means for exercising control over thin
film magnetism.

Our investigations focus on the magnetic properties of Fe
films on the c(2 × 2) ordered alloys that are formed by
Au, Ag, and Cu on the W(100) surface. These alloys are
part of a larger class of noble metal-induced (Au, Ag, Cu,
Pt, Pd) c(2 × 2) surface alloys that form on W(100) and
Mo(100) refractory metal surfaces [21–32]. In the c(2 × 2)
alloy structure, noble metal atoms substitute for surface Mo
or W atoms in a checkerboard pattern, with an optimal metal
coverage of 0.5 monolayer (ML). Local density approximation
calculations have shown that electron depletion induced by an
applied electric field can stabilize c(2 × 2) vacancy arrays
on Mo(100) and W(100) surfaces [30,31]. Similar charge
transfer that occurs to select metal adsorbates is believed to be
sufficient for the stabilization of the vacancy array in which the
metal atoms take up residence in the surface alloys [30–32].
Surface state shifts that occur during alloy formation are also
believed to contribute to the stability of the surface alloys [32].
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These electronic effects take place without significant bond
formation between metal adsorbate and substrate atoms in the
alloy structure, meaning that the alloys are not stabilized by
d bonding [30,32]. The W(100) and Mo(100) surface alloys
could therefore be interesting substrates for magnetic films
because relevant aspects of electronic structure that affect
magnetic properties through hybridization of electronic states
at the interface, namely d bands at the Fermi level, differ
significantly between the noble and refractory metals.

The growth and magnetic properties of Fe films on the
W(100) surface have been studied theoretically and exper-
imentally in the past [33–48]. In this paper, we make a
comparative experimental and theoretical study of Fe films on
the W(100) surface and W(100)-M c(2 × 2) (M = Cu, Ag, Au)
surface alloy substrates. The onset of ferromagnetic order that
occurs with increasing Fe film thickness at room temperature
due to finite-sized scaling of the Curie temperature [49–52]
is measured very accurately using spin-polarized low-energy
electron microscopy (SPLEEM). The onset occurs precisely
at a film thickness that the Curie temperature is equal to room
temperature. It is marked by a sudden appearance and sharp
increase of magnetic signal during continuous Fe deposition.
This critical onset appears to be very sensitive to the influence
of interfacial structure on thin film magnetism. Magnetic mo-
ments and exchange coupling constants of the magnetic ground
state of idealized atomically flat films are also determined
theoretically using first-principles density functional theory
calculations. The key differences between these microscopic
magnetic quantities in films on the clean W(100) surface
and noble metal-induced surface alloys provide important
insight about the nature of the interfacial interaction on surface
alloy substrates. This insight guides our understanding of the
trends in the onset of macroscopic magnetic ordering observed
experimentally.

II. EXPERIMENTAL RESULTS

A. Experimental details

The W(100) sample was cleaned by annealing in oxygen at
about 1400 K to remove carbon and flashing up to about 2200 K
to remove oxygen. It was heated by electron bombardment,
and its temperature was measured using a W/Re3%-W/Re25%
thermocouple. The base pressure in the vacuum chamber was
below 5 × 10−11 Torr. The chamber pressure rose to ∼2 ×
10−10 Torr during Fe, Cu, Ag, and Au deposition. Fe and Au
were deposited from resistively heated evaporation sources,
and Ag and Cu were deposited from electron beam heated
evaporation sources.

The W(100)-M c(2 × 2) surface alloys were prepared
by depositing Cu, Ag, or Au onto the W(100) surface at
high temperature. Careful control of deposition conditions is
essential for producing surface alloys with optimal long-range
order reproducibly. Deposition of metal atoms to the ideal
coverage of the alloy, 0.5 ML, was controlled precisely by
monitoring the c(2 × 2) diffraction spot intensities during
deposition. The c(2 × 2) spot integrated intensities exhibit
a distinct peak during deposition that occurs at the ideal
metal atom coverage when deposition is carried out in the
appropriate temperature range. Alloy formation is inhibited

at low temperature due to a kinetic limitation to exchange of
deposited metal atoms for W atoms in the surface. For example,
an indicative exchange barrier of 0.50 eV was determined for
the formation of the Mo(100)-Ag c(2 × 2) surface alloy [28].
Alloy formation is also inhibited at very high temperature
due to the thermal instability of the surface alloy. The nature
of this instability has been shown to be an entropy-driven
order-disorder transition via dealloying [29]. Noble metal
desorption occurs at slightly higher temperature. In this paper,
we employed deposition temperatures of 800 K for Au, 775 K
for Ag, and 825 K for Cu that avoid kinetic limitations to
alloy formation at low temperature and alloy instability issues
at higher temperature. It has also been shown that disorder
is built into the surface alloy during the formation process to
a degree that is determined by alloy nucleation kinetics [28].
In particular, disorder is present at antiphase domain walls
between alloy domains that form in registry with the two
possible c(2 × 2) sublattices of the surface. The amount of
the surface that is ultimately occupied by antiphase domain
walls depends upon the number of alloy domains that nucleate.
Therefore, the amount of localized disorder, which scales with
the total domain wall length, can be effectively reduced by
forming the surface alloy under conditions that produce a
low alloy nucleation rate, fewer and larger domains. This
can be achieved in practice by using deposition rates below
about 0.1 ML/min at the chosen deposition temperatures [28].
Therefore, metal atom deposition rates in the range of 0.035–
0.065 ML/min were used in this paper to minimize the amount
of localized disorder that is associated with the presence of
antiphase domain walls.

The veracity of the comparative study reported here
depends upon the reliability of the Fe film thickness determi-
nation on different substrates. Film thickness was determined
by the deposition time at known fixed deposition rate. The
Fe deposition rate was calibrated before each SPLEEM
experiment by monitoring LEEM image intensity variations
during deposition of Fe on the W(100) surface at 500 K. At
this temperature, the initial layer-by-layer growth produces
periodic intensity oscillations corresponding to periodic nucle-
ation, growth, and completion of an atomic layer [Fig. 1(a)].
Measurements were performed at an imaging energy of 8.0 eV,
which is close to an out-of-phase interference condition that
produces the strongest intensity oscillations. This is similar
to the behavior that was observed before during the growth
of Cr on the W(100) surface [53] and Fe on the Cu(100)
surface [54]. The deposition rate is easily determined from
the time interval between the beginning of deposition and the
first intensity peak. An additional check of reproducibility
was made by monitoring the LEEM image intensity during
each subsequent SPLEEM measurement of the magnetic onset
during Fe deposition that is described in more detail below. The
intensity versus Fe thickness I(t) for multiple SPLEEM growth
experiments at room temperature on W(100) and W(100)-Au
c(2 × 2) substrates is plotted in Figs. 1(b) and 1(c) based on
the preceding source rate calibrations. The close agreement
of I(t) for each experiment confirms the reproducibility of the
deposition rate calibrations and film thickness determinations.
Similar reproducible I(t) curves were observed for growth on
the Ag- and Cu-induced surface alloys. The intensity variations
during growth on W(100) at room temperature in Fig. 1(b)
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FIG. 1. LEEM image integrated intensity vs film thickness for Fe
growth on (a) the W(100) surface at 500 K, (b) the W(100) surface
at 300 K, and (c) the W(100)-Au c(2 × 2) surface alloy at 300 K.
The imaging energy was (a) 8.0 eV, (b) and (c) 1.0 eV. The Fe
deposition rate is determined from the time interval between the start
of deposition and the first oscillation peak during growth on W(100)
at 500 K.

differ from growth at elevated temperature in Fig. 1(a) because
the former were measured at an imaging energy of 1 eV in order
to enhance the SPLEEM magnetic signal. This energy is just
above the threshold for total reflection in the mirror imaging
mode. At this threshold imaging condition, intensity variations
are also sensitive to work function changes [55].

The principles and capabilities of imaging and diffrac-
tion of LEEM and SPLEEM have been discussed previ-
ously [56,57]. Conventional LEEM imaging and diffraction are
supplemented by magnetic sensitivity when a spin-polarized
electron beam is used to illuminate the sample in SPLEEM.
A SPLEEM image containing purely magnetic information
is calculated from LEEM images that are acquired with
oppositely polarized incident electron beams, called spin-up
and spin-down images. The exchange asymmetry is defined
as Aex = (1/P )(I↑ − I↓)/(I↑ + I↓), where I↑ and I↓ are the
spin-up and spin-down intensities, and P is the magnitude
of the incident beam spin polarization. The quantity P·Aex

is calculated pixel by pixel to obtain a SPLEEM image.
The intensities in the SPLEEM exchange asymmetry image
are proportional to the dot product of the incident beam
polarization P and local sample magnetization M vectors. The
azimuthal orientation of the incident beam polarization in the
in-plane direction and rotation of the polarization out-of-plane
are controlled by spin rotators in the illumination column of
the microscope.

B. Film growth and magnetic onset

The growth and wetting behavior of Fe films on the W(100)
surface have been studied previously [33–38,40–47]. It is
well known that highly strained (10.4%) pseudomorphic films
form at room temperature [34,35,40,41,43–45] that become
increasingly rough with increasing thickness above an initial
wetting layer thickness of 2 ML [41,44,45]. The 2 ML wetting

layer has been shown experimentally to be thermodynamically
stable [33,35,40,44–46]. Material in excess of the thermo-
dynamically stable wetting layer thickness agglomerates into
three-dimensional (3D) islands upon annealing or directly dur-
ing growth at elevated temperature [33–35,38,40,41,44–46].
Films grown at room temperature exhibit in-plane magnetiza-
tion [37,38,40–42,45].

The LEEM image intensity variation I(t) during growth
on the surface alloys at room temperature, e.g. Fig. 1(c),
provides some insight about the growth mode. In particular,
some similarity of the I(t) that is observed during growth on the
surface alloys and the clean surface suggests that the growth
modes are also similar. This means that the kinetically limited
growth of a rough Fe film that is known to occur on W(100) at
room temperature [41,44,45] also occurs on the surface alloys.

The onset of magnetic order in Fe films on the W(100)
and W(100)-M c(2 × 2) surface alloy substrates was studied
by recording SPLEEM images quasicontinuously during
Fe deposition at room temperature. The SPLEEM images
were acquired at approximately 0.01 ML thickness intervals.
Selected SPLEEM images recorded during Fe film growth
on W(100) and W(100)-M c(2 × 2) are shown in Figs. 2
and 3. The incident beam polarization was oriented along the
in-plane [012] direction in these experiments, midway between
the high symmetry [011] and [001] directions. This assured that
some component of the magnetization along either of the two
most likely in-plane directions was detected. No evidence of
out-of-plane magnetization was observed under any condition,
in agreement with earlier work [37,38,40–42,45]. The same
sample region was studied systematically in all experiments
to ensure reproducibility. A LEEM image of this region on
the partially Fe-covered W(100) surface is shown in Fig. 2(a).
The dark features in this image are Fe islands on terraces and
atomic steps decorated with Fe. This region is characterized
by large terraces in the middle of the image and step bunches
at the top and bottom of the image.

Magnetic ordering is suppressed in thin films due to
finite size effects [49–52]. The Curie temperature Tc is
suppressed below room temperature in very thin films and
increases gradually towards the bulk value with increasing
film thickness. The onset of ordering during film growth occurs
precisely at a film thickness that Tc is equal to the deposition
temperature, i.e. room temperature in the experiments reported
here. It is marked by the sudden appearance of magnetic
asymmetry signal in our investigations (Figs. 2–4). A sharp
rise of signal strength that follows the onset reflects the further
scaling of Tc with thickness beyond the onset thickness. The
magnetic signal is first detected in the step-bunched regions at
the top and bottom of the SPLEEM image during Fe deposition
on W(100) [Fig. 2(b)]. The onset of magnetic order occurs at
a slightly larger film thickness, ∼0.1 ML, in the flat terrace
regions at the center of the image. Magnetic domains exhibit
a morphology that is reproducibly influenced by the presence
of step bunches. The earlier onset in the step-bunched regions
indicates that Tc is higher in these areas than on the flat terrace
region. Although a step-induced enhancement of Tc was not
detected in earlier experiments that looked explicitly for such
an effect in Fe/W(100) [42], its presence in our experiments
is irrefutable. However, we also note that the difference
between the onset thicknesses in flat and stepped regions that
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FIG. 2. (a) LEEM image of the sample area on the W(100) surface that was studied in all experiments. (b)–(f) SPLEEM magnetic asymmetry
images acquired during Fe film growth on W(100) at 300 K. Film thicknesses are (b) 2.78 ML (onset in upper step bunch region), (c) 2.83 ML
(onset in lower step bunch region), (d) 2.90 (onset on flat terraces), (e) 3.00 ML, and (f) 3.50 ML. The imaging energy is 1.0 eV, and the image
field of view is 13 μm.

were detected was only ∼0.1 ML. This small difference is
less than the thickness increment in the earlier experiments.
Therefore, the small influence of steps on magnetic ordering
may have easily been overlooked before. Nevertheless, in order

to exclude the extrinsic effect of the substrate step-bunch
morphology as much as possible in our comparative study
of the magnetic onset, we confined our investigations to the
initially flat terrace region at the middle of the image.

(b) (c)  

(e) (f)

2 µm  

(d)

(a)  

FIG. 3. SPLEEM magnetic asymmetry images acquired during Fe film growth on (a)–(d) the W(100)-Au c(2 × 2), (e) W(100)-Ag c(2 ×
2), and (f) W(100)-Cu c(2 × 2) surface alloys at 300 K. Film thicknesses are (a) 2.90 ML, (b) 3.12 ML (onset), (c) 3.20 ML, (d) 3.72 ML,
(e) 3.36 ML, and (f) 3.49 ML. The imaging energy is 1.0 eV, and the image field of view is 13 μm.
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FIG. 4. Variation of magnetic asymmetry with film thickness
during multiple Fe deposition experiments on the clean W(100)
surface (�), and Au- (©), Ag- (�), and Cu- (�) induced surface
alloy substrates at 300 K.

The evolution of the magnetic domain morphologies during
Fe deposition and their overall appearances on the Au-induced
alloy [Figs. 3(a)–3(d)] and Ag- and Cu-induced surface alloys
[Figs. 3(e) and 3(f), respectively] were remarkably similar to
each other. Interestingly, the magnetic onset did not occur
earlier in the step-bunched regions compared to the initially
flat terrace region on the surface alloys. It occurred more or less
uniformly across the image field of view. Magnetic domains
on the surface alloys also have blurrier edges than the domain
boundaries that were observed in Fe/W(100), and the domain
morphologies do not seem to exhibit any obvious relationship
with the initial step-bunch morphology [Figs. 3(d)–3(f)].

The magnetic onset was determined precisely by measuring
the exchange asymmetry quantitatively in SPLEEM images
as a function of nominal Fe film thickness. The exchange
asymmetry was integrated over a large area in the flat terrace
region of the substrate. Plots of the integrated exchange
asymmetry are shown in a narrow thickness range around the
onsets for each experiment in Fig. 4. The asymmetry is zero
for paramagnetic films before the onset of magnetic order. The
sudden appearance and sharp rise of asymmetry that follows
shortly afterwards occurs with very high reproducibility in
multiple experiments that were performed on all substrates.
Identifying the onset as the first nonzero data point that
exceeds the noise level observed for the paramagnetic film,
we determine the onset thickness on the W(100) surface to
be 2.93 ± 0.03 ML, where the uncertainty represents the
standard deviation of the seven experiments shown. This is
consistent with previous observations of the onset in films
between 2–3 ML thickness grown at room temperature on
W(100) [40,41,45], although the onset in our experiments was
about 0.5 ML higher. The onsets are likewise determined
to be 3.12 ± 0.02 ML on the Au-induced surface alloy,
2.76 ± 0.04 ML on the Ag-induced surface alloy, and
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FIG. 5. (a) The magnetic onsets determined at 300 K in multiple
Fe deposition experiments on the clean W(100) surface (�) and
W(100)-M c(2 × 2) surface alloys [M = Au (©), Ag (�), Cu (�)]
are plotted with respect to Fe deposition rate. (b) The magnetic onsets
determined at 300 K on the W(100)-Au c(2 × 2) surface alloy are
plotted with respect to Au deposition rate used to prepare the surface
alloy at 750 K (�), 800 K (©), 810 K (�), and 860 K (�).

2.89 ± 0.04 ML on the Cu-induced surface alloy. Furthermore,
Fig. 5(a) demonstrates that the onsets are independent of the Fe
deposition rate. We have also tested if the onset depends upon
the alloy growth conditions prior to Fe deposition, thereby
whether it is affected by disorder that is introduced during alloy
formation [28]. Results are shown in Fig. 5(b) for the onset
on Au-induced alloys formed using different Au deposition
rates ranging from 0.065 to 0.17 ML/min and temperatures
ranging from 750 to 860 K. The small variation of onset in
this set of experiments is within the scatter for the onset on
the Au-induced alloy formed using our standard conditions,
∼0.065 ML/min at 800 K [Figs. 4 and 5(a)]. Therefore, the
onset of magnetic order does not appear to depend critically
on the alloy formation condition.

C. Effect of metal overlayers on Fe/W(100) magnetism

An issue that arises in the use of surface alloys as substrates
for magnetic films is whether the alloy is stable at the buried
interface. The thermodynamic stability of the alloy will depend
upon the relative surface free energies of the substrate and film
surfaces. Intermixing of the alloy-inducing metal species in the
Fe film, or complete segregation to the top of the growing film
in the extreme case, may occur if the buried surface alloy is not
stable. The prevalence for intermixing will also depend upon
the kinetics of the intermixing process and the bulk solubility
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FIG. 6. SPLEEM magnetic asymmetry images acquired during
Au deposition on an 2.83 ML Fe film on the W(100) surface that
exhibits weak magnetic ordering initially in (a) at step bunches
(arrow). Au coverages are (a) 0 ML, (b) 0.1 ML, (c) 0.2 ML, and
(d) 0.5 ML. The imaging energy is 1.0 eV, and the image field of
view is 13 μm. (e) Variation of magnetic asymmetry with increasing
Au coverage measured in the white box indicated in the images.

of the metal in the film. Although intermixing or segregation
do not occur when Fe films are grown on refractory metal
substrates, noble metal surfaces show a tendency to intermix
with Fe during film growth, more so for Au than for Cu
and even less so for Ag [54,58–61]. A floating Au layer has
even been observed during Fe growth on the Au(100) surface
in the temperature range 300–530 K [58–60]. Consequently,
similar tendencies on the surface alloys could likewise lead
to dealloying, intermixing, and even segregation of the noble
metal to the top of the growing Fe film.

We have explored the implications of intermixing empir-
ically for the extreme case of complete surface segregation.
This was done by looking at how a Au overlayer affects
the magnetic onset of a Fe/W(100) film. The energetics and

kinetics of segregation are also treated theoretically in Sec. III,
and further discussion of this topic is presented in Sec. IV.
The experiments were carried out by depositing Fe on the
clean W(100) surface at room temperature until just prior
to the magnetic onset. The Fe film thickness was controlled
by the calibrated deposition rate, and deposition was stopped
when weak magnetic contrast was just discernible in SPLEEM
images in the step-bunched region at the upper part of the
image, while the remainder of the film remained paramagnetic
[Fig. 6(a)]. Au was subsequently deposited on top of the nearly
magnetic Fe film. The onset of magnetic order that is induced
by Au deposition on the initially nearly magnetic Fe film shown
in Fig. 6 is obvious. The onset occurs in the flat terrace region
after deposition of roughly 0.1 ML of Au [Fig. 6(b)]. This
Au coverage corresponds roughly to the onset difference in
Fe films without Au decoration between the stepped and flat
terrace regions on the clean W(100) surface (c.f. Fig. 2). The
asymmetry signal rises rapidly during additional Au deposition
and saturates slowly above a Au coverage of 0.2 ML. This
measurement shows qualitatively that a Au overlayer enhances
ordering and raises Tc in Fe/W(100) films.

III. THEORETICAL RESULTS

A. Methods and models

All first-principles calculations were performed using
the projector augmented wave (PAW) method [62,63] as
implemented in the Vienna Ab initio Simulation Package
(VASP) [64,65]. The exchange-correlation interactions were
described by the generalized-gradient approximation (GGA)
with the Perdew-Burke-Ernzerhof (PBE) functional [66]. An
energy cutoff of 400 eV was used for the plane wave basis
expansion. A 15 × 15 × 1 Monkhorst-Pack mesh was used
to sample the Brillouin zone. The W(100) and W(100)-M
substrates were modeled by a 9-layer slab with a c(2 ×
2) surface unit cell. Pseudomorphic Fe overlayers were put
on both sides of the slab. The vacuum space was set to be
12 Å in the direction normal to the surface, which is large
enough to eliminate spurious image interactions. The in-plane
lattice constant was fixed to the W bulk value, determined in
our calculations to be 3.172 Å. All atomic coordinates were
fully relaxed using the conjugate gradient method until the
force acting on each atom was less than 0.01 eV/Å. The
climbing image nudged elastic band (CI-NEB) method [67]
was employed to investigate the intermixing and segregation of
the noble metal atoms on the surface alloy substrates. A 2 × 1 ×
1 supercell was constructed, and a 5 × 10 × 1 Monkhorst-Pack
k-point mesh was used for the CI-NEB calculations.

To calculate the interatomic exchange interactions, we map
the total energy of the spin system onto a classical Heisenberg
Hamiltonian

Heff = −1

2

∑

i �=j

Jij si · sj , (1)

where Jij is the exchange interaction constant between two
Fe atoms, and si(sj ) is the unit vector pointing in the
direction of the local magnetic moment at site i (j ). The
mapping can be done in many available schemes. The most
straightforward method consists of total energy calculations
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for a set of collinear magnetic structures obtained by reversing
the directions of some magnetic moments and fitting them to
Eq. (1) [68,69]. The second is the frozen-magnon approach,
in which the exchange interaction constants are obtained by a
Fourier transformation of the energy spectra of the spin-spiral
waves [69–71]. This approach is successful in describing the
long-range exchange interactions, but at the same time very
time consuming. In this paper, we adopted the first method
due to its computational efficiency. For films with 2 (3) ML
Fe overlayers, self-consistent total energy calculations were
performed for all the 6 (20) possible nonequivalent collinear
magnetic structures, and the exchange constant Jij was then
determined by a least-squares fitting. Only the nearest and
next-nearest neighbors exchange interactions were taken into
account, which is sufficient for our qualitative discussion.

B. Magnetic ground state, magnetic moments,
and heats of formation

Although bulk body-centered-cubic (bcc) Fe has a collinear
spin configuration, Fe adopts a noncollinear configuration in
artificially stabilized face-centered-cubic (fcc) structures [72].
Evidence of noncollinear spins in Fe/W(110) at the spin reori-
entation transition between in-plane collinear configurations
has also been reported [73]. Collinear spin configurations were
examined in earlier theoretical investigations of Fe/W(100)
films [39,47,48]. Likewise, we limit the scope of our initial
theoretical investigations of Fe films on the W(100)-M c(2 ×
2) surface alloys and comparative investigations of Fe/W(100)
to collinear magnetism.

Calculations of total energy were performed for all the
possible nonequivalent collinear magnetic structures, includ-
ing ferromagnetic (FM), intralayer antiferromagnetic (AFM),
interlayer-AFM, and more complex spin configurations.
Intralayer-AFM coupling refers to the case that nearest neigh-
bor moments within each atomic layer are aligned antiparallel
to one another. Interlayer-AFM coupling refers to the case that
moments within an atomic layer are aligned parallel to one
another but antiparallel to moments in adjacent atomic layers.
The calculated total energies for these three configurations are
shown in Table I. The other more complex spin configurations

TABLE I. Total energy (in meV) per Fe atom of different spin
configurations on W(100) and W(100)-M c(2 × 2), M = Cu, Ag, Au.
All energies shown are relative to the ground state.

FM Intralayer-AFM Interlayer-AFM

1Fe/W(100) 131.2 0 —
2Fe/W(100) 0 51.3 128.9
3Fe/W(100) 0 140.4 185.6

1Fe/W(100)-Au c(2 × 2) 17.0 0 —
2Fe/W(100)-Au c(2 × 2) 0 191.4 325.4
3Fe/W(100)-Au c(2 × 2) 0 129.5 242.5

1Fe/W(100)-Ag c(2 × 2) 0 37.1 —
2Fe/W(100)-Ag c(2 × 2) 0 195.8 334.0
3Fe/W(100)-Ag c(2 × 2) 0 142.9 237.3

1Fe/W(100)-Cu c(2 × 2) 0 28.9 —
2Fe/W(100)-Cu c(2 × 2) 0 175.5 284.2
3Fe/W(100)-Cu c(2 × 2) 0 147.4 219.8

were found to have higher energy than the ground state and so
are not listed. Our calculations indicate that the ground state
of 1 ML Fe is AFM and that 2 and 3 ML Fe films are FM on
W(100). These results agree with earlier theoretical predictions
for 1 and 2 ML Fe films [39,47]. They are also consistent with
experimental observations for all thicknesses [36–38,40–47].
The magnetic ground state of 1 ML Fe on the Au-induced
surface alloy is likewise determined to be AFM, but it is
somewhat surprisingly predicted to be FM on the Cu- and
Ag-induced surface alloys. Ferromagnetic ground states are
also determined for 2 and 3 ML Fe films on all surface alloys,
similar to Fe/W(100).

The heat of formation per atom was calculated from the
total energies using the formula

Eform = 1
2

[
1
2 (Eslab+overlayer − Eslab − 4Ebulk)

]
, (2)

where Eslab+overlayer is the total energy of the slab covered on
both sides by 2D pseudomorphic Fe overlayers. Here, Eslab

is the energy of the slab without the overlayer, and Ebulk is
the energy of one Fe atom in the bulk environment. For the
n ML Fe film, the slab is the bare W(100) surface or surface
alloy covered by an n − 1 ML Fe film. Therefore, this formula
calculates the heat of formation for the addition of a single
layer. There is a factor of four because each added (over)layer
on either side of the slab contains two Fe atoms. The two
factors of 1/2 account for the presence of two atoms per cell
in each of the added overlayers on the two surfaces of the slab.
The spin configuration with the lowest heat of formation is
the magnetic ground state for each film thickness. Since this
definition of Eform is an incremental change associated with
the addition of one atomic Fe layer, it informs us about the
growth mode in thermal equilibrium. If Eform is negative, then
the added layer is thermodynamically stable, and it will wet
the underlying bare substrate or previously stable underlying
Fe layer. If it is positive, then the added layer will cluster into
3D islands on top of the substrate or previously stable layer.

Calculated local magnetic moments and heats of formation
of the magnetic ground states are shown in Table II. We find
that the magnetic moments in Fe films are generally larger than
the bulk Fe moment (2.2 μB ). Their values at the surface layer
of the thickest (3 ML) films on all substrates (∼3 μB ) approach
the theoretically predicted enhanced values for freestanding
(100) (3.2 μB) [39] and (110) (3.3 μB) [74] MLs. Compared
to these enhanced surface moments, magnetic moments are
suppressed in the two layers that are in closer contact with
all substrates. Moments determined here for 2 ML Fe/W(100)
are similar to early work [39] and in very close agreement
with more recently reported theoretical values [48]. Taking
the commonly enhanced moments at the 3 ML film surfaces
as a reference, we find that the suppression of moments at
the interface is stronger on the W(100) surface than on the
surface alloys. Small moments are also induced in the top
substrate layer. The moments induced by 2 and 3 ML FM Fe
films are generally larger on the W(100) surface than on W
atoms in the surface alloys. The induced moments on W are
coupled antiferromagnetically to the FM Fe films. The larger
induced moments on W at the W(100) surface correlate with
the stronger suppression of moments in the Fe film on this
substrate. Very small moments are also induced in the noble
metals that reside in the surface alloys. These marginal induced
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TABLE II. Magnetic moments and heats of formation for Fe films in the magnetic ground states identified in Table I. M/W1 is the first
substrate layer. Boldface indicates induced moments on the noble metals (M).

Magnetic moment (μB)

Fe3 Fe2 Fe1 M/W1 Heat of formation (eV)

1Fe/W(100) 2.49/−2.49 0.00/−0.00 −0.75
2Fe/W(100) 2.79 1.92 −0.29 0.15
3Fe/W(100) 2.96 2.53 2.03 −0.28 0.11

1Fe/W(100)-Au c(2 × 2) 2.87/−2.87 0.00/0.00 0.64
2Fe/W(100)-Au c(2 × 2) 2.85/2.96 2.55 0.03/−0.16 −0.02
3Fe/W(100)-Au c(2 × 2) 2.99 2.62/2.59 2.67 0.06/−0.16 0.18

1Fe/W(100)-Ag c(2 × 2) 2.92 0.05/−0.19 0.76
2Fe/W(100)-Ag c(2 × 2) 2.85/2.96 2.54 0.01/−0.16 −0.05
3Fe/W(100)-Ag c(2 × 2) 2.99 2.62/2.59 2.65 0.04/−0.20 0.19

1Fe/W(100)-Cu c(2 × 2) 2.74 0.07/−0.24 0.37
2Fe/W(100)-Cu c(2 × 2) 2.86/2.95 2.46 0.03/−0.17 −0.03
3Fe/W(100)-Cu c(2 × 2) 2.97 2.56/2.61 2.52 0.07/−0.23 0.18

moments couple ferromagnetically with the FM films. The
moments that are induced by 1 ML FM Fe films on the surface
alloys formed by Cu and Ag are similar to moments induced
by thicker Fe films on these substrates. The 1 ML AFM Fe
films on W(100) and the Au-induced alloy are notably less
effective at inducing moments in the substrate.

The heats of formation (Table II) indicate that 1 ML
Fe/W(100) in the AFM ground state will wet the surface.
However, FM 2 and 3 ML films are predicted to be thermody-
namically unstable. Our calculated heat of formation for 1 ML
AFM (2 ML FM) is more negative (positive) than reported
previously [48]. However, note that the ground state of 1 ML
Fe/W(100) was assumed to be FM in the earlier work. The
corresponding heat of formation that we calculated for FM
1 ML Fe/W(100) is −0.62 eV/atom, which is nearly the same
as the value, −0.57 eV/atom, that was determined earlier [48].
Fe films up to 2 ML thick have been shown experimentally to
be thermodynamically stable [33,35,40,44–46]. This empirical
observation suggests a small margin of error in the theoretical
treatment and that 2 ML films must really be marginally
stable. There are two possible reasons for this discrepancy.
One is that the energies of 1 and 2 ML Fe/W(100) were
taken to be their AFM/FM ground state energies in our
calculations. However, the films are paramagnetic under the
experimental condition at room temperature. The second
reason relates to the chemical potential of Fe atoms, which
was assumed to be the energy of bulk bcc Fe. This should
always be smaller than the actual value of the chemical
potential. The positive heat of formation determined for
3 ML/W(100) agrees with experimental observations that this
thickness exceeds the thermodynamically stable wetting layer
thickness [33,35,40,44–46]. However, despite the positive heat
of formation, smooth metastable films thicker than 2 ML can
be grown at intermediate temperature, 400–500 K [44,45].
Kinetically limited growth at even lower temperature results
in increasing roughness above the initial 2 ML wetting
layer [41,44,45]. On the other hand, 1 ML Fe is predicted here
to be unstable on all of the surface alloys on the basis of positive
heats of formation. This does not preclude kinetically limited
growth at room temperature in our investigations. Interestingly,

the heats of formation for FM 2 ML Fe films on all three surface
alloys are negative. Speculatively, this might lead to a tendency
for bilayer growth under kinetically limited growth conditions
at room temperature.

C. Exchange interaction, onset of magnetic order,
and segregation

To further our understanding of the influence of different
substrates on the critical magnetic onset thickness, exchange
constants Jij that characterize pairwise coupling between
moments residing at different atomic sites i,j were calculated
up to the next-nearest neighbor. The results for 2 and 3 ML
Fe on different substrates are presented in Figs. 7(a) and 7(b),
respectively. We adopt the notation that the indices i,j = 1,2,3
refer to the layer number relative to the interface and use
the convention that positive (negative) values of Jij favor FM
(AFM) order. Nearest neighbor coupling constants correspond
to indices j = i + 1; next-nearest neighbor coupling constants
correspond to j = i (in-plane) and j = i + 2 (out-of-plane).
Additional superscripts a and b distinguish inequivalent
nearest neighbor coupling constants that are present in the
larger unit cell on the surface alloys [Fig. 7(c)]. Note that
J a

ij = J b
ij for Fe layers on the clean W(100) substrate by

symmetry.
The interlayer nearest neighbor exchange constants J a

ij

and J b
ij play a dominant role in stabilizing magnetic order

in 2 ML Fe films on all substrates, as shown in Fig. 7(a).
Their positive values indicate FM ground states, which are
consistent with our previous predictions for all substrates. All
exchange constants are enhanced (more positive/less negative)
on all three noble metal-induced surface alloys compared to the
clean W(100) substrate. This is expected to enhance magnetic
ordering and elevate the Curie temperature Tc in films on the
surface alloys. It is worth noting that the dominant nearest
neighbor exchange constants, which mainly determine the Tc,
exhibit the trend W(100)-Au ≈ W(100)-Ag > W(100)-Cu >

clean W(100). A similar trend is also found on balance among
the strongest coupling constants for 3 ML Fe films, as can
be seen in Fig. 7(b). These trends suggest that the expected
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FIG. 7. Calculated exchange interactions for (a) 2 ML Fe and (b)
3 ML Fe on different substrates. (c) Exchange coupling constants
projected onto a [010] plane perpendicular to the substrate surface
for Fe films on W(100)-M c(2 × 2) surface alloy (replace M with W
and set J a

ij = J b
ij for Fe layers on the clean W(100) substrate). The

substrate layer and second Fe layer are in the same vertical plane.
Refer to the text for an explanation of the notation, Jij ,J

a,b
ij .

onset thicknesses of magnetic order on the different substrates
should follow the trend W(100)-Au ≈ W(100)-Ag < W(100)-
Cu < clean W(100). We performed Monte Carlo simulations
based on the classical Heisenberg model to confirm this
expectation, considering nearest neighbor interactions only
and assuming rigid spins. A supercell of 100 × 100 × 1
was used. For each temperature, the total number of Monte
Carlo steps was 30 000, allowing an initial relaxation time
of 5000 steps and then sampling every 50 steps. The Curie
temperatures exhibit a clear trend W(100)-Au ≈ W(100)-Ag
> W(100)-Cu > clean W(100) for both 2 and 3 Fe layers,
which is consistent with the trends for the onset of magnetic
order that we predicted based upon inspection of the coupling
constants. However, the estimated values of Tc are larger
than can be expected from our experimental observations,
due to the inherent quantitative inaccuracy of the Monte
Carlo simulations. The theoretical predictions are in qualitative
agreement with the experimentally determined trend of the
onset, W(100)-Ag < W(100)-Cu < clean W(100) < W(100)-
Au, for the Ag-, Cu-induced surface alloys, and clean W(100)
substrates, but not for the Au-induced surface alloy.

The anomalous behavior that was observed experimentally
on the Au-induced surface alloy substrates may be caused
by possible intermixing and segregation of Au atoms, as
noted above and reported previously [58–60]. Therefore, we
investigated the segregation barrier for Au, Ag, and Cu atoms
during the Fe deposition process by the CI-NEB method [67].
To simulate the initial stage of growth, we constructed a 2 ×
1 × 1 substrate supercell covered with partial and complete

FIG. 8. Calculated energetics for Au (�), Ag (.), and Cu (�)
atom segregation from the substrate W(100)-M c(2 × 2) surface alloy
layer to the 0.75 ML Fe film layer along the concerted exchange
pathway shown in the projected [011] cross-sectional plane. The
black, gray, and white filled balls represent W, Au/Ag/Cu, and Fe
atoms, respectively.

Fe MLs. We studied plausible pathways that the noble metal
atoms may take in moving from the surface alloy substrate to
a site on top of it. The lowest energy barriers were found for
a concerted exchange process involving several Fe atoms at
0.75 ML local Fe coverage. The calculated energy landscape
along the exchange pathway and a schematic drawing of the
pathway are depicted in Fig. 8. The energy barriers are found to
be 0.01, 0.09, and 0.12 eV for the displacement and segregation
of Au, Cu, and Ag atoms, respectively. Higher barriers were
found at lower Fe coverage and when the surface alloys were
fully covered by Fe MLs. These results indicate that Au atoms
should tend to intermix with Fe during the latter part of the
growth of the first Fe ML, while Ag and Cu atoms are more
likely to remain more localized in the surface alloys layer at
this crucial stage of growth because of kinetic barriers to their
displacement. Although Au intermixing can occur with almost
no barrier when the Fe overlayer is locally close to 0.75 ML, it
should be strongly kinetically suppressed at lower Fe coverage
and when the Fe layer overgrows the substrate on all of the
surface alloys.

For 3 ML Fe films on W(100)-M c(2 × 2) surface alloys, one
Fe atom in the first (second) layer is surrounded by four (eight)
nearest Fe and five (six) next-nearest Fe atoms. The segregation
of a Au atom will replace such an Fe atom. Another Fe atom
will also substitute into the vacancy that is left behind in the
alloy layer. The substituted Fe atom is surrounded by only
four nearest neighbor Fe and zero next-nearest neighbor Fe
atoms. This will dramatically reduce the number of pairwise
FM exchange interactions, and thus can be expected to lead to
a suppression of magnetic ordering and a delay of the magnetic
onset on the Au-induced surface alloy.

IV. DISCUSSION

The experimental observations reported here provide evi-
dence that kinetically limited growth of rough Fe films occurs
on the noble metal-induced W(100)-M c(2 × 2) surface
alloys at room temperature, similar to the growth mode on
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the clean W(100) surface [41,44,45]. This is suggested by
the similar evolution of the LEEM image intensity during
growth on the different substrates (cf. Fig. 1). Rough growth
occurs at room temperature on the W(100) surface beyond the
thermodynamically stable wetting layer thickness, determined
experimentally to be 2 ML, because of limited lateral and
interlayer Fe diffusion. However, unlike the stable wetting
of Fe/W(100) that is predicted theoretically (Ref. [48] and
Table II) and observed experimentally [33–35,38,40,41,44–
46], the heats of formation determined here (Table II) indicate
that 1 ML Fe should not even wet the surface alloys in ther-
modynamic equilibrium. Nevertheless, limited Fe diffusion
should also produce continuous Fe films during growth on the
surface alloys at room temperature.

We find experimentally that the onset of magnetic order
during growth at room temperature varies reproducibly in films
on the clean W(100) and the surface alloy substrate surfaces.
The onsets occur with increasing thickness as W(100)-Ag <

W(100)-Cu < clean W(100) < W(100)-Au. The theoretical
results shed some light on the origin of this trend. First of all,
theory indicates that the magnetic moments in the magnetic
ground states for ideal flat films are suppressed at the interface
on every substrate (Table II). The suppression of moments is
weaker at the interface on the surface alloys than on clean
W(100). Exchange coupling constants are also determined
(Fig. 7) that favor FM order in 2 and 3 ML Fe films on all
substrates. Furthermore, the resulting nearest neighbor and
next-nearest neighbor pairwise magnetic interaction clearly
strengthen ferromagnetic coupling in films on the surface
alloys compared to the clean W(100) surface (Fig. 8). This
should advance the magnetic onset on the surface alloys with
the following expected trend: W(100)-Au ≈ W(100)-Ag >

W(100)-Cu > clean W(100). This predicted trend is confirmed
by Monte Carlo simulations of the Curie temperature. It also
agrees with the experimentally observed trend except for the
conspicuous discrepancy about the onset on the Au-induced
alloy. The experiment and theory do not even agree qualita-
tively about the relative order on the clean W(100) surface
and Au-induced surface alloy. This discrepancy may be due
to the influences of other extrinsic factors that could suppress
magnetic ordering. Several possible competing influences are
discussed below.

Deviations of the Fe film from the ideal flat morphology
considered theoretically could conceivably suppress magnetic
ordering and delay the magnetic onset. Rough Fe film growth
at room temperature on the W(100) surface is already very
well known [41,44,45]. Our observations also suggest that
films grow on the noble metal-induced surface alloys with
increasing roughness. However, the magnetic onset on the
Au-induced surface alloy did not depend on Fe deposition rate
for rates that varied by up to a factor of two [Fig. 5(b)], although
surface roughness may be expected to vary over this range of
growth conditions. Therefore, we do not believe that this is
the key factor that overrides the expected interface-induced
enhancement of magnetic ordering on the Au-induced surface
alloy.

Intermixing of noble metal atoms in the growing Fe film
may also suppress magnetic ordering. For example, an approx-
imate linear suppression of Tc was observed with increasing
Cu concentration in bulk bcc (100 > x > 70) and fcc (70 <

x < 20) FexCu100−x solid solutions [75]. Although the low
Au concentration limit was not studied in bulk FeAu, a very
similar depression of Tc was reported for FexAu100−x solutions
in the higher Au concentration limit (x < 40) [76,77]. Fe
growth on surfaces of bulk Cu, Ag, and Au crystals appears
to exhibit different trends towards intermixing. In the most
extreme case, a self-surfactant growth mode in which Au floats
on the growing Fe film has been reported for the Fe/Au(100)
system in the temperature range 300–530 K [58–60]. This
behavior is thermodynamically driven by surface energetics
and is believed to be facilitated by strain-induced enhanced
solubility of Au in Fe [60]. Although intermixing during the
initial interface formation in Fe/Cu(100) is also known, Cu
tends to remain more localized at the interface region [54].
The presence of a floating Cu layer during Fe film growth at
room temperature has been ruled out explicitly [60]. However,
no intermixing was observed at the Fe/Ag(100) interface
during Fe growth at room temperature and upon annealing
below 200 °C [61]. Our theoretical investigations show that
the energy barrier for segregation of a Au atom from the
surface alloy to the first growing Fe layer nearly vanishes
(0.01 eV) along a plausible low-energy concerted exchange
pathway when the Au-induced alloy is locally covered by a
0.75 ML Fe film (Fig. 8). The energy barriers for Cu (0.09 eV)
and Ag (0.12 eV) segregation are more substantial along
similar concerted exchange pathways (Fig. 8). Interestingly,
these numerical results are consistent with the trends for
intermixing exhibited during Fe growth on Au, Cu, and Ag
surfaces [54,58–61]. Higher energy barriers for noble metal
segregation from all three surface alloys are found here at lower
local Fe coverages, 0.25 and 0.5 ML, and when the alloys are
covered by a complete Fe layer. These results demonstrate
that segregation is feasible to some extent during growth in
a limited coverage range before the completion of the first
Fe ML on the Au-induced alloy. This can be expected to
delay the magnetic onset. The tendencies for segregation and
consequentially a delay of the magnetic onsets in Fe films
on the Cu- and Ag-induced surface alloys should be lower.
The more extreme scenario that Au continues to segregate
to the surface of the growing Fe film appears to be unlikely.
This scenario is ruled out because a Au overlayer is observed
experimentally to advance the magnetic onset of an Fe/W(100)
film (Fig. 6). This contradicts the delay of the magnetic onset
that is observed experimentally when Fe is deposited on the
Au-induced surface alloy.

The quality of long-range order within the surface alloys
and the inherent roughness of the surface alloy substrates
compared to the clean W(100) surface may also affect the
magnetic onset. Disorder in the surface alloy arises from the
presence of antiphase domain walls between alloy domains
that nucleate on two different sublattices [28]. It is built into
the surface alloy during the formation process to a degree that is
determined by the domain nucleation kinetics. In accordance
with earlier observations [28], this type of disorder should
have been minimized in our measurements by the use of
low metal deposition rates at sufficiently high temperature
to prepare the surface alloys. We also observed that variations
of the metal deposition temperature and rate that were used to
prepare the surface alloy resulted in no significant variation of
the onset (Fig. 5), although they should have brought about
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some changes in alloy domain nucleation and ordering to
some degree. Therefore, we rule out the influence surface alloy
disorder in our investigations.

The surface alloys are also inherently rough. This roughness
arises when deposited metal atoms exchange places with
W atoms in the surface layer during their formation. The
displaced W atoms then recombine with deposited metal
atoms to form single atom high alloy islands on areas of the
W(100) substrate that have not already been claimed by the
alloy. With increasing metal coverage, alloy islands nucleate
on increasingly shorter length scales [27–29]. This converts
initially flat terraces on the clean surface to a predominantly
two-level (up-down-up-down) surface alloy morphology that
is dominated by atomic steps on a length scale that is too
short to be resolved clearly with LEEM. An influence of
the two-level stepped morphology of the surface alloys on
magnetism is apparent in the magnetic domain morphology.
Unlike magnetic domains in Fe/W(100) that clearly correlate
with the step-bunch morphology on the substrate (Fig. 2),
the domain morphology on the surface alloys exhibits a much
weaker or no such correlation (Fig. 3). Furthermore, the earlier
magnetic onset that is observed at step bunches on W(100)
[Fig. 2(b)] is also absent on the surface alloys. Interestingly,
the domain structures present in Fe films on the different
surface alloys are remarkably similar, besides being notably
different from films on the clean substrate. We are inclined to
attribute this similarity among films on the surface alloys to the
similarity of the surface alloy morphologies. The domain walls
in films on all of the surface alloys are also very diffuse. This
signals the presence of a weak in-plane magnetic anisotropy.

Considering the enhancement of magnetic order that we
observe at step bunches on the clean W(100) surface (Fig. 2),
one may also be inclined to attribute the early magnetic
onset on the Cu- and Ag-induced surface alloys to the
inherently stepped surface alloy morphology. However, there
is a fundamental difference between the stepped morphology
of the surface alloy substrates and the step-bunch morphology
of the W(100) surface. Steps on the surface alloy alternate
up and down in every azimuthal direction, whereas closely
spaced and azimuthally oriented steps in a step bunch all
descend or rise in the same direction. Substrate steps are
known to induce an in-plane anisotropy perpendicular to steps
in Fe/W(100) [38,42]. If this is also true on the surface
alloys, then the presence of steps on short length scales
with all azimuthal orientations on the surface alloys should
cause a local magnetic frustration. This may either suppress
long-range magnetic ordering, or it could induce nanodomains
with different magnetization orientations on such a short length
scale initially that they are not easily detected with SPLEEM
due to limited spatial resolution. The origin of the enhanced
magnetic order at step bunches in Fe/W(100) is itself not clear.
It could be due to an intrinsic effect on magnetic moments
and coupling or merely the result of a slightly larger Fe
film thickness at step bunches. The variation of alloy growth
conditions discussed above in the context of alloy disorder
could also be expected to induce changes in the rough surface
alloy morphology. Therefore, the absence of any significant
change of the magnetic onset with the variation of the alloy
growth condition [Fig. 5(b)] argues against a role of the
surface alloy morphology. A careful comparison between the

morphologies of the different surface alloys and appropriate
theoretical investigations may provide more clues about the
impact of the rough surface alloy morphology on thin film
magnetism.

An additional intrinsic factor to consider is the possible
role of the in-plane magnetic anisotropy in determining the
magnetic onset. Experimentally, we find that the magnetization
is oriented along the in-plane [110] direction at the onset of
magnetic order during growth on the W(100) substrate at room
temperature, in agreement with earlier reports [44,45]. The
initial orientation at the magnetic onset on the surface alloys
rather is along the in-plane [100] direction [78]. Despite the
difference between the clean and surface alloy substrates in
this respect being very significant, the scale of the magnetic
anisotropy energetics that controls the in-plane orientation
direction is very small. In particular, it is considerably smaller
than the exchange coupling energies that play a dominant
role in determining the onset thickness and Curie temperature.
Therefore, magnetic anisotropy should not play a significant
role in the phenomena reported here.

Finally, we note that the exchange coupling strengths
that are determined theoretically here are distinctly thickness
dependent on both the W(100) and surface alloy substrates
(Fig. 7). The significance of this effect is that it may have
an impact on the finite size scaling of Tc when the film
thickness is changed. In other words, the observed thickness-
dependent ordering manifests the combined influences of the
intrinsic finite size effect and the thickness-dependent coupling
strength. It was earlier conjectured that inhomogeneous strains
caused by steps and other heterogeneities at the interface
can cause deviations from intrinsic finite size scaling laws
in the very thin film limit, i.e. below 5 ML [51]. Our results
suggest that even fundamental thickness-dependent moments
and exchange coupling within films that have an ideal flat
interfacial boundary may in fact come into play in the very
thin film regime.

V. CONCLUSION

We have investigated the influence of ordered surface
alloy substrates on the magnetic properties of ultrathin Fe
films. Spin-polarized low-energy electron microscopy and first
principles density function theory calculations were used to
study complementary aspects of growth, thermal stability,
intermixing, magnetic ordering, magnetic ground state and
magnetic moments, and pairwise exchange interactions of
Fe thin films on the clean W(100) surface and W(100)-M
c(2 × 2) (M = Cu, Ag, Au) surface alloy substrates. Although
Fe is predicted not to wet the surface alloy substrates in
thermodynamic equilibrium, kinetically limited growth of
rough films occurs at room temperature, similar to the growth
mode of Fe on W(100). Antiferromagnetic ground states are
predicted for 1 ML Fe on W(100) and the Au-induced surface
alloy substrate. Ferromagnetic ground states are predicted for
1 ML Fe on the Ag- and Cu-induced surface alloy substrates
and for thicker films on all substrates. These theoretical results
for Fe/W(100) agree with previous theoretical predictions and
experimental observations. The onset of ferromagnetic order
that occurs with increasing film thickness at room temperature
due to finite-sized scaling of the Curie temperature is found
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experimentally to vary in films on the W(100) surface and
the surface alloy substrates. It is reproducibly advanced on
the Ag-induced surface alloys, marginally advanced on the
Cu-induced surface alloy, and delayed on the Au-induced
surface alloy compared to the onset on the W(100) surface.
Theory predicts that magnetic moments are suppressed at all
interfaces, but this effect is less pronounced on the surface
alloys. Exchange coupling strengths that favor ferromagnetic
order in 2 and 3 ML films are also determined theoretically that
are similarly enhanced on the surface alloys and predict the
magnetic onset trend W(100)-Au ≈ W(100)-Ag < W(100)-
Cu < W(100). This trend is only in partial agreement
with experimental observations: W(100)-Ag < W(100)-Cu <

W(100) < W(100)-Au. The variance between experiment and
theory may be due to competing factors arising from deviations
from the ideal flat film geometry considered theoretically that
could suppress ordering. Although film surface roughness and
disorder built into the surface alloys during their formation are
two such possible factors, we provide experimental evidence
that these may be less important than other factors. Intermixing
of noble metals in the Fe film and the intrinsic two-level
roughness of the surface alloy substrate morphology are
considered to be more important. A plausible concerted
exchange pathway with low-energy barrier was identified
by theoretical calculation at local Fe coverage of 0.75 ML
that may set the trends for intermixing among the different
surface alloys. Although Au displacement from the alloy
layer can occur by this mechanism with almost no barrier

during the latter part of growth of the first Fe ML, finite
barriers are determined for Ag and Cu segregation by this
mechanism. More substantial barriers are found at lower
Fe coverage and after overgrowth by an Fe ML. This may
account for experimental trends for the onset of magnetic
order among the alloys. Spectroscopic or other measurements
sensitive to intermixing may help to identify its presence
during the initial interface formation. The use of different Fe
film growth conditions or methods, e.g. low temperature or
pulsed laser deposition, may also help to diminish intermixing.
Improvements in the alloy formation process that lead to
smoother surface alloy substrate morphology, if this can really
be achieved, may hold a key to exposing the intrinsic effect
of the flat surface alloy interface on magnetism. Despite the
possible influences of extrinsic effects, the results presented
here suggest that the use of the broad class of ordered surface
alloys as alternative substrates may offer greater opportunities
for manipulating thin film magnetism. This encourages search
of similar effects on magnetic ordering and other macroscopic
magnetic properties, e.g. magnetization direction, among films
on other ordered surface alloys.
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