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Surface-Step-Induced Double Magnetic Switching of Fe on Vicinal W(100)
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Two-level magnetic switching of a bilayer epitaxial Fe film grown on a graded stepped W(100) surface
is observed using the magneto-optic Kerr effect. Hysteresis loops produced by the film at a location
on the curved W(100) surface corresponding to a vicinal angle of 6.4± exhibit two abrupt jumps in
magnetization following spin orientation perpendicular to the steps resulting from surface-step-induced
anisotropy. The two-step process can be understood in terms of abrupt depinning of spins in two inequiva-
lent microdomains associated with the stepped surface. The results suggest a new realm of ultrathin film
micromagnetics in which characteristic dimensions of 20–30 Å can play a dominant role.
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Recent studies of ultrathin magnetic films on vicinal
surfaces have revealed a rich variety of novel behavior
that results from broken symmetry associated with surface
atomic steps. Néel [1] proposed in 1954 a model of mag-
netic anisotropy based on reduced symmetry that predicted
new magnetic anisotropy energies associated with a sur-
face (loss of translational invariance perpendicular to the
surface) and with the reduction of symmetry in the surface
plane resulting from (for example) the introduction of pe-
riodic atomic steps by cutting the crystal at a vicinal angle.
Perpendicular anisotropy [2,3] in ultrathin magnetic films,
first observed by Gradmann and Müller [2] in 1968, and
associated phenomena including reorientation transitions
are manifestations of magnetic thin film surface anisotropy.
Surface-step-induced anisotropy was first invoked in 1987
to account for features observed in spin-wave data [4] for
Fe ultrathin films on W(110) and was later, in 1992, di-
rectly observed in experiments involving ultrathin ferro-
magnetic films grown on vicinal surfaces of Cu(111) [5]
and W(100) [6].

Chung, Ballentine, and O’Handley [7] extended the Néel
model and applied it to explain primary features of surface-
step-induced anisotropy in the Fe�W(100) and Co�Cu(111)
systems. Additional experimental studies [8,9] of other
systems including Fe on Ag(100) and Pd(100) have veri-
fied Néel model predictions. More recently, Hyman, Zang-
will, and Stiles (HZS) [10] have introduced and explored
the “anisotropy phase diagram” of ultrathin magnetic films
on vicinal surfaces based on a one-dimensional micromag-
netic model that incorporates domain wall exchange en-
ergy (J) with bulk (K4) and step (K2) anisotropy energies.
While conducting experiments to test HZS model predic-
tions (that will be reported in a future publication) we dis-
covered a novel switching phenomenon associated with
ultrathin Fe films on vicinal W(100) surfaces that is re-
ported in this Letter.

Figure 1 displays selected hysteresis loops for 2 mono-
layer (ML) thick p�1 3 1� Fe films, on two types of vicinal
W(100) surfaces, measured using the magneto-optic Kerr
effect (MOKE). Loops (a), (b), and (c) were measured
on flat vicinal surfaces prepared by polishing a W(100)
0031-9007�01�87(3)�037201(4)$15.00
surface to produce three accurately aligned faces: a (100)
face and two vicinal faces �0, 1, 8� and �0, 1, 10�. Loops
(d) and (e) and others not displayed were measured on a
second W(100) crystal prepared to have a flat (100) face
at one edge, and a graded-step-density region produced by
a cylindrically shaped surface. In our experiments using
the graded-step-density surface, the 1 mm diameter laser
beam was focused to a small spot (�0.1 mm diameter)
by a lens outside of the vacuum chamber. All loops were
measured using the longitudinal MOKE configuration [11]
in which the applied field lies in the plane of incidence.
The sample was oriented with step edges parallel to the
applied field; the surface-step-induced uniaxial anisotropy
of Fe on vicinal W(100) produces a remanent in-plane
magnetization perpendicular to the steps.

The light-polarization dependence of loops (a) and (b)
and the vicinal-angle dependence of loops (a), (c), and (d)
are manifestations of in-plane surface-step-induced mag-
netic anisotropy. Hysteresis loops (a), (c), and (d) obtained
using s-polarized light and the longitudinal MOKE con-
figuration [11] measure the in-plane magnetization com-
ponent parallel to the plane of incidence averaged over
the area of illumination. Hysteresis loop (b) measured us-
ing p-polarized light is a manifestation of the transverse
MOKE in which the magnetic response is proportional to
the magnetization perpendicular to the plane of incidence.
Thus loops (a) and (b) illustrate how the polarization de-
pendence of the MOKE can be used to probe the in-plane
magnetic anisotropy. A third configuration (polar MOKE)
in which the applied field perpendicular to the surface can
produce perpendicular magnetization can be used to probe
perpendicular anisotropy. No polar MOKE signals were
detected in our current studies of 2 ML p�1 3 1� Fe on
W(100) or in prior experiments [6], and polarized elec-
tron emission experiments [12] have confirmed that the
shape anisotropy confines the magnetization in-plane and
that the surface-step-induced anisotropy for 2 ML Fe films
on W(100) produces in-plane remanent magnetization per-
pendicular to step edges.

Loop (e), corresponding to vicinal angle a � 6.4±,
exhibits four abrupt changes in magnetization at
© 2001 The American Physical Society 037201-1
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FIG. 1. Hysteresis loops for 2 ML p�1 3 1� Fe on W(100)
measured using the MOKE. Films for (a), (b), and (c) were
grown on flat vicinal surfaces. Films for (d) and (e) were grown
on a graded stepped surface. The polarization difference be-
tween (a) and (b) is a manifestation of spin orientation per-
pendicular to steps driven by surface-step-magnetic anisotropy
(refer to text). The vicinal angle a and plane index are indi-
cated for each loop. Two-level switching at H � 6175 Oe and
6350 Oe is apparent for a � 6.4± [loop (e)].

H � 6175 Oe and H � 6350 Oe. This loop was
measured with a small component of p polarization to
reveal evidence of the transverse MOKE contribution
[refer to (b)], around H � 0 produced by the step-induced
anisotropy. We note that a � 6.4± lies halfway between
angles a � 7.12± and a � 5.71± that correspond to plane
indices �0, 1, 8� and �0, 1, 10�. These surfaces have terrace
widths containing N � 4 and N � 5 atoms, respectively.
Loop (e) suggests the existence of an intermediate state of
magnetization between H � 6175 and 6350 Oe in which
the component of M parallel to H averaged over the beam
area is about one-half of Ms, the saturated magnetization.

Figure 2 compares our experimental results with the
quadratic dependence of Hs vs a predicted by the Néel
model [8] by plotting Hs vs a. Data points obtained
from flat vicinal surfaces are in good agreement with cor-
responding data obtained from the graded-vicinal surface
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FIG. 2. Plot of switching field Hs vs vicinal angle a. Solid
points, experimental data; dashed line a2 dependence predicted
by the Néel model. Shaded region for a . 9±; switching field
no longer obeys a2 law. The crystal profile with the location of
high-index regions referenced to the vicinal angle of the plot is
shown below the graph.

suggesting that the use of a graded surface to measure
Hs�a� is valid. The size of the laser beam spot in rela-
tion to the gradient of steps on the curved W(100) surface
can be judged from Fig. 2 which indicates that if the crys-
tal step distribution is regular, the beam averages over a
very narrow range of step widths.

The magnetic characteristics of our 2 ML p�1 3 1� Fe
films on vicinal W(100) (Figs. 1 and 2) are in good agree-
ment with prior MOKE [6,9] and polarized electron [12]
experiments that have been attributed to in-plane surface-
step-induced magnetic anisotropy. We attribute the double
switching observed at a � 6.4± to a surface region hav-
ing approximately an equal number of N � 4 and N � 5
atom terraces. With this assumption, all of the measured
switching fields fall reasonably close to a curve described
by Hc � a2. Other features of our results are generally
compatible with HZS and Néel model predictions: the
variation (decrease) of Hs�a� as a function of film thick-
ness or surface contamination by oxygen and the effect of
these parameters plus terrace width on loop shapes (loop
phase diagram features).
037201-2
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The double magnetic switching, observed at a � 6.4±,
can be understood based on the vicinal angle dependence
of Hs established in Fig. 2 and the tendency of a W(100)
vicinal crystal cut at an angle between two high-index
planes to adopt a structure characteristic of the average
of the two planes (Fig. 3). If we assume that the p�1 3 1�
Fe structures on each terrace behave as individual micro-
domains and switch at the fields Hs�a� given by Fig. 2,
both of the primary features of the double switching loop
are accounted for: the measured values of the two switch-
ing fields and the relative magnitude of each transition
(about 1�2Ms).

Our measurements indicate that the Néel quadratic
power law behavior becomes invalid abruptly beyond
a � 8.5± (Hs stops increasing) and beyond a � 12±,
the loops collapse to a shape similar to those measured
at a � 0 [Fig. 1, loop (d)]. Thus double switching will
not be observed at a � 8.3± corresponding to a stepped
surface having N � 3 and N � 4 terraces. At smaller
vicinal angles (larger terrace sizes) it becomes increasingly
more difficult to observe the double switching because of
the a2 dependence of Hs. These factors may account for
the fact that we have observed clear evidence of double
switching behavior only at a � 6.4±. The quality of the
stepped surface determines the sharpness of the switching
behavior. This is apparent from the loops displayed in
Fig. 1. The fixed-angle vicinal surfaces typically yield

FIG. 3. Idealized surface structure model for 2 ML p�1 3 1�
Fe on W(100). Circled regions show two local geometries at the
step edge, one involving a missing atom. Both models provide
atomic coordination that yields twofold anisotropy. The missing
atom model should produce weaker interterrace coupling.
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sharper LEED patterns (narrower distribution of terrace
widths) than the graded-step-density surface, and the
magnetic transitions are observed to be sharper.

We now address the critical surface structure issue:
How well is the model surface (Fig. 3) realized in our
experiments? We have used high resolution spot-profile-
analysis low-energy electron diffraction (SPALEED)
to characterize the W(100) substrates, and commercial
(Omicron) LEED and (VSW) Auger instruments available
in our MOKE/film growth chamber for structure and
chemical analysis of the films. The spot splitting from
steps at a � 6.5± is easily resolved with a commercial
LEED instrument and a more quantitative analysis was
possible with our SPALEED system [13]. The spatial
region probed by the MOKE polarimeter and the LEED
systems is comparable (about 0.1 mm diameter). Also,
the characteristic magnetic scale in the thin film systems is
the exchange length w �

p
J�2K4 which is estimated to

be in the range of 10–50 Å. The coherence lengths of the
commercial LEED (�100 Å) and SPALEED (.650 Å)
systems are well suited for characterizing the surface
structure on these spatial scales.

Figure 4 displays a representative LEED spot profile
obtained from the graded-step-density surface showing the
splitting that results from the terraces. These results show
that the quality of the surface on the scale most important
to the magnetic experiments is good: The well-resolved
splitting in the region of vicinal angles where the double
magnetic switching is observed is a manifestation of a
narrow distribution of step widths (refer to Fig. 4).

Scanning tunneling microscopy (STM) analysis of con-
ventionally prepared vicinal tungsten surfaces [14,15] re-
veals a small degree of lateral step width fluctuations along
the terraces consistent with the LEED results displayed in
Fig. 4. The STM studies also show that the terraces can
extend hundreds of nanometers parallel to the steps. Cor-
responding STM images for vicinal Cu(111) surfaces [16]
suggest that softer metal surfaces produce a broader dis-
tribution of terrace widths. On a length scale appropriate
to the present discussion (250 Å) the idealized structure
model (Fig. 4) should be valid for p�1 3 1� Fe on vicinal
W(100).

There is extensive literature covering the structure and
stability of single crystal metal surfaces including insta-
bilities and surface structural phase changes (roughening
transitions and phase separation into flat and bunched-step
regions) that are particularly important on vicinal surfaces
[17]. Our LEED studies of vicinal W(100) for a , 10±

do not reveal any evidence of structural changes or insta-
bilities resulting from our sample cleaning procedures that
would invalidate the structure model adopted (Fig. 3) to
interpret the vicinal angle switching dependence of Fig. 2.
The uniform a2 dependence of Hs extending to a � 9±

and the agreement of this dependence with predictions of
the Néel model is additional indirect but strong evidence
of the validity of both the model that explains the double
037201-3
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FIG. 4. Upper panel, spot profile LEED showing splitting of
a 01 beam at a � 4.2± corresponding to a terrace width G �
21 Å and N � 6.8 atoms per terrace. Histograms below the
graph illustrate instrument resolution (width of histogram bars
correspond to FWHM of instrument response) and locations of
split peaks for terraces ranging from N � 5 to N � 9.

magnetic switching and the structural basis for the model
being achieved in the experiments.

In summary, we have observed double magnetic
switching of Fe on vicinal W(100) and have connected
the new phenomenon with the well-established phenom-
ena of surface-step-induced anisotropy. The observed
switching fields associated with the proposed double
switching mechanism are generally compatible with the
Néel mechanism that accounts for the uniaxial anisotropy.
The micromagnetic domains associated with the terrace
regions of the stepped surface appear to be compatible
with micromagnetic simulations [10] that describe mag-
netic hysteresis in uniform films on stepped surfaces
and with domain wall processes in sequesilayer systems
[18]. Alternative switching models could apply to the
037201-4
experimental observation of two-state magnetic switching.
Novel switching behavior that is essentially identical to
the two-state switching reported here [Fig. 1(e)] was re-
cently predicted [19] based on magnetostatically coupled
single-domain particles. While the magnetic and structural
characterization that we report (and relevant length scale)
is compatible with the step-induced anisotropy mecha-
nism we use to explain the double switching, we have no
experimental evidence that would rule out switching by
coupled single-domain regions on a different spatial scale
(greater than a step width but smaller than 100 mm).

This work was supported by NSF DMR-9972113 and
the Robert A. Welch Foundation.
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