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Magnetization reversal mechanism of ramified and compact Co islands on Pt(111)
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We report on the magnetization reversal mechanism of Co islands on Pt(111) as a function of their size and
shape. We measure the zero-field susceptibility χ (T ) and low-temperature magnetization curves M(H ) with
in situ magneto-optical Kerr effect. Together with the island morphology deduced from scanning tunneling
microscopy, this creates sufficient information to determine both the magnetization reversal mechanism and the
distribution of anisotropy energies between perimeter and surface atoms. We find a transition from quasicoherent
rotation to domain wall nucleation and propagation with a critical size of 350 atoms for ramified, and of 600
atoms for compact islands.
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I. INTRODUCTION

The understanding of thermally activated processes, in
chemical reactions, diffusion, or magnetization dynamics,
hangs on our knowledge of their transition state. This
state is inherently short lived, making its characterization
an experimental challenge. For ferromagnetic nanostructures
there is at present no experimental technique combining
the temporal and spatial resolution needed to capture the
transition state passed upon magnetization reversal. Therefore,
experimental observations are indirect, and for many magnetic
nanostructures it is still an open question of how they reverse
their magnetization.

The magnetic configuration of a nanostructure results
from the interplay of magnetocrystalline anisotropy K , shape
anisotropy, Heisenberg exchange energy J , and external
parameters, such as temperature and field. Nanostructures
with a ferromagnetic ground state can either reverse their
magnetization by coherent rotation (CR) of all spins [1,2], by
nucleation and propagation of a domain wall (DW) [3–5], or
pass by other noncollinear transition states [6,7]. It is generally
assumed that the transition from CR to DW takes place at a
critical length Lcr = π

√
A/K , with A ∝ J/dnn and dnn the

atomic nearest neighbor distance [8]. This expression has been
derived for a cylinder and it is not clear to what extent it can be
transferred to a lower dimension. If yes, one expects a shape
dependence, i.e., islands with the same size reverse by CR if
compact and by DW if elongated.

However, measurements unambiguously revealing the re-
versal mechanism are rare, and there is no clear-cut evidence
of a shape dependent transition. Oblong Fe islands on Mo(110)
with a size of 250 to 450 atoms have been reported to
switch faster than circular ones [9]. This has been attributed
to reversal by DW vs CR. However, some islands behaved
as counterexamples and all had compact shapes. A much
smaller threshold size of only 35 atoms for reversal by DW
has been reported for Fe islands on W(110) [10]. This has
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been inferred from activation energies being proportional to
the island width along the [11̄0] direction. In addition, the
pre-exponential factors varied by orders of magnitude, which
has been attributed to the varying number of DW nucleation
sites. Cobalt bilayer islands on Au(111) are believed to reverse
their magnetization by CR up to a size of 600 atoms, while
a noncollinear magnon assisted process has been proposed
for larger islands [7]. Finally, it was suggested that triangular
Co bilayer islands on Cu(111) reverse by a single-element
exchange spring mechanism for island sizes up to 7500 atoms,
from where reversal takes place by DWs [11]. From these
examples it is evident that the reversal kinetics of nanomagnets
is complex and that the critical size for the reversal mechanism
crossover of each transition metal element strongly depends
on the substrate. Furthermore, these measurements rely on the
magnetic analysis of a few dozen islands only.

In this paper we report a general method identifying the
reversal mechanism for any island ensemble from temperature
dependent zero-field susceptibilities χ (T ) and magnetization
curves M(H ). Both provide complementary information since
the differently sized islands enter with different weight to
them. Comparing measured χ (T ) and M(H ) with numerical
simulations, using the island morphologies characterized by
scanning tunneling microscopy (STM) as input, enables one
to determine the reversal mechanism, the critical size, and
the spatial distribution of anisotropy energies within the
islands. We demonstrate our method for monolayer high Co
islands on Pt(111). By changing the growth conditions, we
create compact islands, as well as ramified ones with long
and narrow branches. The present case of Pt as substrate is
particularly relevant due to the large induced spin and orbital
moments and the large spin-orbit coupling resulting in very
high magnetocrystalline out-of-plane anisotropy [12–15].

II. RESULTS

The Co islands were grown by atomic beam epitaxy on
Pt(111) in an ultrahigh vacuum chamber combining variable-
temperature STM with a highly sensitive magneto-optical Kerr
effect setup [16]. The out-of-plane χ (T ) was measured with
an ac field of ±15 mT at 8 Hz [12]. Out-of-plane M(H ) curves
were measured with a sweep rate of 9 mT/s.

By controlling the growth kinetics [17] through several
deposition and annealing steps at different temperatures,
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FIG. 1. (Color online) STM images of (a) compact and (b) ram-
ified one ML high Co islands on Pt(111). (c) Perimeter lengths p

and (d) island cross sections u as a function of island size s for the
compact (black) and ramified (red) islands for which the magnetism
has been characterized in Figs. 2 and 3. [Growth parameters:
(a) � = 0.1 ML at Tdep = 150 K, Tann = 270 K for 120 s followed
by � = 0.2 ML at Tdep = 270 K; (b) � = 0.08 ML at Tdep = 150 K
followed by � = 0.08 ML at Tdep = 250 K; (c) compact islands as
in (a) but first deposition at Tdep = 160 K; and (d) ramified islands
� = 0.25 ML at Tdep = 150 K, Tann = 250 K for 300 s.]

we were able to create either compact or ramified islands.
Figures 1(a) and 1(b) show representative STM images of both
island shapes. Figures 1(c) and 1(d) show the magnetization
reversal relevant morphology parameters of those islands for
which the magnetic properties are characterized in Figs. 2
and 3, namely their size s, perimeter length p, and the cross
section u for the formation of a magnetic domain wall [18].
Each symbol is one island, and we analyzed 400 islands
for each morphology class. It is evident that the amount of
perimeter atoms is significantly larger for ramified than for
compact islands of comparable size.

For both island shapes, and for the considered size range,
the magnetic ground state is a single domain ferromagnet
with an out-of-plane easy magnetization axis [12,19,20]. The
magnetization reversal kinetics is different for the two island
types, as becomes evident from comparison of Figs. 2 and 3
(black dots). Ramified islands have a much more narrow
susceptibility peak that is best seen in χ ′′(T ). They also have a
significantly steeper magnetization curve enclosing a smaller
area than compact ones. Numerical simulations of χ (T ) and
M(H ) with different assumptions on the reversal mechanism
and anisotropy energies are shown as curves in Figs. 2 and 3
(Table I). To obtain these curves we calculate the out-of-plane
component of the magnetic moment of each individual island
as a function of temperature and field and sum them up to
give χ (T ) and M(H ) of the island ensemble. The ground
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FIG. 2. (Color online) Out-of-plane zero-field susceptibility and
magnetization curves of compact islands with morphology charac-
terized by black symbols (×) in Figs. 1(c) and 1(d). (a) Real and
(b) imaginary part of χ (T ). The peak in χ ′ has been normalized to 1
thereby defining the scale for χ ′′. (c) M(H ) at T = 74 K. Measured
data: black dots. (d), (e), and (f) Experimental data as in (a), (b), and
(c), respectively, but different fits. Simulation curves with respective
reversal mechanisms and anisotropy values are given in Table I. (g)
Zero-field energy barriers E0 for qCR (red) vs DW (blue) reversal.
Minimizing E0 leads to a crossover from qQR to DW at 600 atoms.
(h) Zoom of the crossover region.

state out-of-plane magnetization of an island is simply given
by its size s times the magnetic moment per atom m. We
take m = 2.4 μB. This value includes the Co orbital and
spin moments as well as the magnetic moment induced in
the substrate [14,15].

The mean out-of-plane magnetization of a given island at
nonzero field and temperature is obtained by solving the master
equations for the reversal kinetics. The evolution of the spin
up probability pu reads

dpu

dt
= pdν0e

−Edu/kBT − puν0e
−Eud/kBT , (1)

where Eud is the energy barrier for passing from up to down,
and Edu for the other way around. We set the pre-exponential
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FIG. 3. (Color online) Out-of-plane zero-field susceptibility and
magnetization curves of ramified islands with morphology charac-
terized by red symbols (+) in Figs. 1(c) and 1(d). (a) Real and
(b) imaginary part of χ . Normalization as in Fig. 2. (c) M(H )
recorded at T = 66 K. Experiments: black dots. Simulations: curves
with respective reversal mechanisms and anisotropy values given in
Table I. (d) Zero-field energy barriers E0 for qCR (red) vs DW (blue)
reversal. Transition from qCR to DW at 350 atoms.

factor to ν0 = 5 × 1011 Hz [21]. The reversal mechanism
enters in the energy barriers for reversal and their field
dependence. We label E0 the zero-field value of this barrier.

For CR we have E0 = sKeff with Keff = [(s − p)Ks +
pKp]/s accounting for the different magnetocrystalline
anisotropy of surface and perimeter atoms [12]. These K

values include the shape anisotropy and are to a very good
approximation independent of temperature in the interval of
interest [22]. To describe the field dependent barriers, we intro-
duce the reduced field h = |H |/Hc, with Hc = 2Keff/m [3].
For CR and the field pointing down we have Eud = E0(1 − h)2

and Edu = E0(1 + h)2.
For the present case of islands with nonuniform K , the

transition state during magnetization reversal at H �= 0 can

TABLE I. Reversal mechanisms and anisotropy values in meV
for the curves shown in Figs. 2 and 3. ν0 = 5 × 1011 Hz if not stated
otherwise.

In Fig. 2: reversal model Ks Kp

qCR 0.04 0.32
qCR −0.03 1.01
DW 0.00 1.50
qCR-DW 0.00 1.50
qCR-DW, Ks = Kp 0.06 0.06
qCR-DW 0.01 1.15
qCR-DW −0.01 1.85

In Fig. 3: reversal model Ks Kp

qCR-DW −0.03 1.47
qCR-DW, ν0 = 5 × 1013 Hz 0.00 1.50
qCR-DW, Ks = Kp 0.09 0.09

be weakly noncollinear, i.e., those atoms with largest K are
lagging behind in the island reversal [23]. The energy barriers
for this so-called quasi-CR (qCR) are obtained by considering
the size and (Ks, Kp)-dependent reduction of Hc [23,24].

Figures 2(a)–2(c) reveal that one needs significantly differ-
ent anisotropy parameters to fit χ (T ) and M(H ) of compact
islands with the assumption of magnetization reversal by
qCR (red) for all sizes. The short-dashed curves with Ks =
−0.03 meV and Kp = 1.01 meV fit χ ′ and χ ′′ very well
but not at all M(H ), while the long-dashed curves with
Ks = 0.04 meV and Kp = 0.32 meV fit M(H ) but not χ (T ).
This underlines the complementarity of the two data sets and
the strength of our approach for identification of the reversal
mechanism. It also shows that reversal of all island sizes by
qCR can clearly be discarded. Note that the small and partly
negative Ks values still imply a sizable out-of-plane (positive)
magnetocrystalline anisotropy since the shape anisotropy is
negative and typically −0.12 meV [25].

For DW reversal, E0 = 4u
√

AK , with K = [(u − 2)Ks +
2Kp]/u the anisotropy energy density of the DW cross section
u, again including shape and magnetocrystalline contributions.
The effect of an external magnetic field pointing down
is given by Eud = E0f (h), with f (h) = √

1 − h − h ln(1 +√
1 − h/

√
h), and Edu = Eud + 2μ0Hms [3,6,26].

The simulated curves for DW reversal at all island sizes
are shown as blue squares and provide a good match with
both M(H ) and χ (T ) for T < 1.4 Tb, with Tb the blocking
temperature defined as the χ ′′(T )-peak position [the remaining
discrepancies of M(H ) and χ (T ) for higher T are discussed
below]. These fits yield the anisotropy values Ks = 0.00 and
Kp = 1.50 meV. However, if we calculate with these values
E0 for qCR (red) and DW (blue), we find that qCR has lower
energy barriers up to scr = 600 atoms, from where DW takes
over, see Fig. 2(h). The green curve has been calculated by
taking for each island and field the mechanism with the lowest
energy barrier.

Note that we have to take A with 1.5 × 10−11 J/m smaller
than the Co ML value of 2.3 × 10−11 J/m [27,28]. This
is expected for the lower dimension of the islands. It also
illustrates the complementarity of χ (T ) and M(H ) curves.
While χ (T ) basically determines AK , M(H ) does not depend
on A but strongly on K which fixes Hc. Therefore, taking
A > 1.5 × 10−11 J/m leads to smaller K in order to reconcile
χ (T ), but this smaller K yields significantly more closed
M(H ) curves than the experiment. This shows that our data
are also giving an upper limit for the effective exchange
energy of the investigated system. We furthermore tested
a model with uniform anisotropy. The purple dash-dotted
curves clearly show that neither χ (T ) nor M(H ) can be
reproduced.

Note that the conclusions we were able to draw on the
reversal mechanism, the anisotropy parameters, and the ex-
change energy, emerge from an all-at-once magnetic analysis
of the island ensemble, in distinction with previous results that
locally probed many individual magnetic islands [10,11].

We now turn to the ramified islands for which χ (T ) and
M(H ) are shown in Fig. 3. For this morphology, qCR for all
sizes is even less appropriate than for compact islands and
therefore not shown. We show as first fit qCR-DW describing
the M(H ) curves and χ (T ) for T < 1.5 Tb very well. In
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addition, these fits give with Ks = −0.03 and Kp = 1.47 meV
anisotropy values very close to the ones deduced above. This
gives further confidence in the method since the mean island
size and the shape are different but the system is the same and
therefore large variations of the anisotropies are not expected.
Looking at the E0 values in Fig. 3(d), one infers that the
critical size is now significantly smaller with scr = 350 atoms.
Again, a model with uniform anisotropy shown with the
purple dashed-dotted curve does not describe the data. If
we constrain the anisotropy of these islands to the values of
compact ones, and let the prefactor vary, we obtain the yellow
dashed curve fitting χ (T ) slightly worse and M(H ) better for
ν0 = 5 × 1013 Hz. Therefore, the conclusions drawn on the
reversal mechanism and the critical size are robust against
uncertainties in ν0 [10].

III. DISCUSSION

We first discuss two assumptions in our model, namely that
islands do not interact magnetically with each other and that
their Curie temperature TC is infinite. As we will see, both are
related to the remaining discrepancies between the simulated
curves and our measured data.

The only sizable magnetic interactions expected between
islands are dipolar ones. Their effect is different in M(H ) and
zero-field χ (T ) measurements. In the first case their strength
can be estimated comparing the anisotropy field Hc of a given
island with the dipolar field Hd generated by all other islands.
For our system, Hc is larger than 1 T for all islands, while
an upper limit for Hd is 40 mT, obtained in the extreme
scenario of 6000 atom large islands at a distance of only
15 nm between their centers. Therefore, dipolar interactions
are very weak. However, the observed discrepancies between
the measured and modeled M(H ) curves can be ascribed to
their characteristic antiferromagnetic character. Starting from
|M/Msat| = 1 and reducing the field, the first islands that
reverse their magnetization are those with small E0. They
reverse before the external field reaches zero because they
are pushed by the dipolar field of the larger E0 islands.
In accordance, our measured M(H ) starting from saturation
lies below the simulated. Also, when almost all islands have
reversed, their dipolar field acts against the external field and
renders the magnetic alignment of all islands more difficult.
Again in accordance, we see that for the few remaining islands
to switch a higher field than used in the simulated curves would
be needed.

In zero-field susceptibility measurements dipolar coupling
effects are strongly reduced since the sample net magnetization
is nearly zero. In that case, the dipolar field manifests itself
as a more shallow than T −1 decrease of χ ′(T ) above the peak
temperature [29]. In marked contrast to this, we observe that
for both island shapes the experimental χ ′(T ) decrease above
their respective peak temperatures significantly faster than T −1

and hence they lie well below the fits.
The fact that the measured χ ′(T ) of both island types lies

below the simulated one for T > 1.5 Tb can be ascribed to
a finite TC. Figure 4 compares χ ′(T ) curves for an individual
island with TC = ∞, 300, and 250 K. These values are smaller
than the reported ML values of 450 and 400 K [14,30], which
follows from the reduced exchange energy as described earlier.

T(K)
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∞

FIG. 4. (Color online) χ ′(T ) curves are modified when T ap-
proaches TC, as shown for a single island with E0 = 0.25 eV.

One sees that χ ′(T ) remains unaffected up to T = 1.4 Tb from
where it decreases faster than the case of infinite TC. This
describes our experiment very well, and it also leaves the
conclusions above, that are based on the peak positions and
widths of the real and imaginary part of χ (T ), unaffected.
In order to keep the number of parameters small, we have
considered TC = ∞ in the simulations shown above. Note that
a complete description would require the introduction of an
island size dependent TC.

We next address the confidence intervals of Ks and Kp by
looking at the energy barriers for domain wall reversal. For
both compact and ramified islands, DW is the reversal process
of the large island sizes contributing most to the χ (T ) and
M(H ) curves. Figure 5(a) shows the isosurfaces for E0(Ks,Kp)
for an individual island with a cross section of u = 70 atoms.
The corresponding blocking temperatures can be evaluated as
Tb = −E0[kB ln(ν/ν0)]−1, see Fig. 5(b), thus tracing χ ′ and
χ ′′ peak temperature shifts. Clearly Ks and Kp are strongly
anticorrelated, and very small variations of the first entail large
variations of the second to maintain the χ peaks at the same
temperature. Moving along iso-Tb lines, the peak width in
χ (T ) and the M(H ) width are seen to vary, see gray curves
in Figs. 2(d)–2(f). A precise evaluation of the quality of the
agreement between experimental data and simulated curves is
given by the sum of the squared residuals of χ ′(T ), χ ′′(T ),
and M(H ). We obtain 9.7, 4.1, and 9.8 for (Ks,Kp) equal
to (−0.01,1.85), (0.00,1.50), and (0.01,1.15), respectively. In
passing, we note that imposing uniform anisotropy Ks = Kp

returns a value of 24.7 in the best case.
The above analysis is based on the island morphologies

characterized by means of STM. Evidently this sample is
smaller than the one characterized by MOKE. Increasing the
ensemble size of the STM measurements would result for each
of the two island morphologies in a single smooth curve for
the island size distribution Ns. However, the distributions of
p and u—Np and Nu, respectively—that enter the magnetic
simulations have an intrinsic width since Figs. 1(c) and 1(d)
show that islands of the same size have different perimeter
lengths and domain wall widths. We can assess the effect
of including a larger statistical ensemble into the magnetic
simulations by approximating the size distributions as a
Gaussian, see the full curve in Fig. 6(a) in comparison with
the dots showing the experiment (Table II). For the magnetic
simulations it is important to get the large island sizes right
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FIG. 5. (Color online) (a) DW E0(Ks,Kp) (eV) for a single island
with u = 70 atoms, and (b) corresponding Tb(Ks,Kp) (K). The blue
dots indicate the qCR-DW model parameters returning the green
and gray curves in Fig. 2, (Ks,Kp) = (−0.01,1.85), (0.00,1.50), and
(0.01,1.15) meV/atom.

since they dominate the signal, and therefore the deviations
between Gaussian and experiment at small sizes are irrelevant.
If we then include Np(s) and Nu(s) with widths matching the
ones found in the ensemble probed by STM, we reproduce
to within <2% our simulations that were based on islands for
which the individual s, p, and u values were mapped out. These
curves are shown as green curves and are almost identical
with the ones shown in Fig. 2. Deviations become significant,
however, if we neglect the intrinsic widths of Np and Nu, and
assume instead single p and u values for islands with the
same size. The pink long-dashed curves in Fig. 6, obtained
with all other simulation parameters identical to the ones
derived above, agree slightly less well with experiment. More
importantly, neglecting the Np and Nu widths narrows the E0

distribution and thus χ (T ). The distribution of energy barriers
at 0.25 T, E0.25 T, is similarly affected with the consequence
of a steeper M(H ) reversal at high fields, see Fig. 6(c).
We note that technically one can compensate these trends
to some extent by introducing new Ks and Kp values, see
the orange short-dashed curves. However, the physics of our
system incorporates the distributions Np and Nu with finite
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FIG. 6. (Color online) Compact islands: (a) measured size distri-
bution and relative Gaussian model, N (s) ∝ e−( s−500

3000 )2
. (b), (c), and

(d) Experimental data and green curve as in Figs. 2(a), 2(b), and 2(c),
respectively, with additional magnetic simulations. Simulation curves
with respective morphology s, p, u input data and anisotropy values
are given in Table II. (f) and (e) E0 and E0.25 T distributions,
respectively.

widths and therefore the green activation energy distributions
for magnetization reversal are the most realistic ones.

Concerning the shape dependence of the critical size, it is
important to realize that EDW(u(s)) show similar trends for the
two morphologies, since the underlying u(s) do, see Fig. 1(d).
Therefore, any difference must depend on ECR(s,p(s)). At any
given size, ECR(s,p(s)) is larger for ramified islands because
they have more atoms at the perimeter that are found to have
more anisotropy. This increases the barriers for CR of ramified
islands with respect to those of compact islands, while the
barriers for DW are largely shape independent with the result
that the crossover to DW happens for ramified islands at
smaller sizes.

TABLE II. Morphology s, p, u input data, anisotropy values in
meV for the curves shown in Fig. 6. ν0 = 5 × 1011 Hz.

In Fig. 6: qCR-DW reversal model Ks Kp

Gaussian Ns, see Fig. 6(a) 0.00 1.50
Np(s), Nu(s), see text
Gaussian Ns, see Fig. 6(a) 0.00 1.50
p(s) = 1.63 s0.65, u(s) = 1.01 s0.47

Gaussian Ns, see Fig. 6(a) 0.024 1.05
p(s) = 1.63 s0.65, u(s) = 1.01 s0.47
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Finally, we test the general expressions for the critical
length of the crossover from CR to DW for islands with
compact morphology. The expression in the Introduction,
using a mean value of K = 0.15 ± 0.04 meV and A as above,
yields Lcr = 9.4 ± 1.3 nm. For islands with scr = 600 atoms
we estimate from our STM images a size of Lcr = 9 ± 2 nm in
excellent agreement with the general expression. A somewhat
smaller value of Lcr = wπ/2 = 6.3 nm is deduced from the
static domain wall width w of room temperature grown Co
ribbons attached to Pt(111) steps [20].

IV. CONCLUSIONS

We introduced a method to reliably deduce from the
temperature dependence of the zero-field susceptibility and
from magnetization curves of island ensembles, both taken
along the easy magnetization direction, the anisotropy energies
of surface and perimeter atoms, the reversal mechanisms, the
critical sizes for the transition in reversal mechanism, and the
dependence of this size on island shape. We demonstrated for

Co/Pt(111) the growth of ramified and compact morpholo-
gies for comparable island sizes. We identified a transition
from quasicoherent rotation to domain wall nucleation and
propagation with shape dependent critical size. As expected,
ramified islands start to reverse by domain wall nucleation and
propagation at smaller sizes than compact ones. Our method
can be applied to any system for which STM morphology
data are combined with in situ measurements of χ (T ) and
M(H ). The shape dependence of the critical size is expected
to be stronger in systems with a more homogeneous anisotropy
distribution.
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