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We present our extensive research into magnetic anisotropy. We tuned the terrace width of Si(111) substrate by a
novel method: varying the direction of heating current and consequently manipulating the magnetic anisotropy of mag-
netic structures on the stepped substrate by decorating its atomic steps. Laser-induced ultrafast demagnetization of a
CoFeB/MgO/CoFeB magnetic tunneling junction was explored by the time-resolved magneto-optical Kerr effect (TR-
MOKE) for both the parallel state (P state) and the antiparallel state (AP state) of the magnetizations between two magnetic
layers. It was observed that the demagnetization time is shorter and the magnitude of demagnetization is larger in the AP
state than those in the P state. These behaviors are attributed to the ultrafast spin transfer between two CoFeB layers via
the tunneling of hot electrons through the MgO barrier. Our observation indicates that ultrafast demagnetization can be
engineered by the hot electron tunneling current. This opens the door to manipulate the ultrafast spin current in magnetic
tunneling junctions. Furthermore, an all-optical TR-MOKE technique provides the flexibility for exploring the nonlinear
magnetization dynamics in ferromagnetic materials, especially with metallic materials.
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1. Introduction
1.1. Importance of magnetic anisotropy

During the past two decades, continuous miniaturization
has been driving the data-storage technology to the nanome-
ter scale. The rapid development in fabrication and applica-
tions of nanostructured magnetic devices drives us to under-
stand the magnetism of low-dimensional systems. By virtue
of their extremely small sizes, nanomagnets possess signif-
icantly different properties from their parent bulk materials.
The quantum tunneling of magnetization in nanomagnets is a
prototype of the quantum effect at the macroscopic scale and
could be utilized for quantum information and computation.
The theorem of Mermin and Wangner is always employed
to discuss low-dimensional magnetic properties.[1] According
to this theorem, an infinite d-dimensional lattice of localized
spins cannot hold long range magnetic order (LRMO) at any
finite temperature if d < 3 and the effective exchange inter-
action among the spins is isotropic in spin space and finite
range.[1] By contrast, the LRMO in a low-dimensional mag-
netic system can be achieved via incorporating anisotropy, in-
cluding non-isotropic exchange constants, dipole–dipole inter-
action, single-ion anisotropy, etc. into the model.[2] Therefore,
magnetic anisotropy can be regarded as one of the origins of
long range magnetic order in low-dimensional magnetic sys-
tems.

Magnetic anisotropy also plays a vital role in determin-

ing the magnetic and spin-dependent transport properties for
magnetically hard materials, magnetically soft materials, high-
frequency magnetic materials, ultra high density magnetic
recording media, and spintronic materials. In the case of a
homogenous ellipsoid, Brown’s theorem states that the coer-
civity Hc satisfies[3]

Hc ≤ α
2Ku

Ms
−NeffMs, (1)

where α is the microstructural parameter, Ku is the uniaxial
magnetic constant, Ms is the saturation magnetization, and Neff

is the effective demagnetizing factor. For a permanent mag-
net, a strong uniaxial magnetic anisotropy is the prerequisite
for high coercivity (Fig. 1).
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Fig. 1. Magnetic hysteresis loop for magnetic material.
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For ultra high density magnetic recording media and spin-
tronic materials, the following trilemma of magnetic record-
ing must be grappled with. (i) Achieving high medium sig-
nal noise ratio (SNR) requires the utilization of small grains.
(ii) The energy that can be stored in one grain is KuV , where
Ku is the uniaxial magnetic constant and V is the grain vol-
ume. This energy competes against the thermal energy kBT
and must be large enough to prevent spontaneous magnetiza-
tion reversals, which would lead to thermal decay and even-
tually superparamagnetism. Small grains have energy barriers
(KuV ) that are too small to ensure the thermal stability of the
recorded information (Fig. 2). Scaling of the bit size in the
conventional magnetic recording media is becoming increas-
ingly difficult due to the superparamagnetic limit. In principle,
the magnetic energy KuV can be maintained for smaller grain
volumes if the uniaxial magnetic constant Ku is increased ac-
cordingly. (iii) An increase in the uniaxial magnetic constant
Ku increases the required write field beyond the capability of
available head materials. Consequently, one approach to ex-
tend the superparamagnetic limit of the media to 1 Tb/in2 and
beyond is to increase the uniaxial magnetic constant Ku as
large as KuV ≥ 40kBT .[4]

Fig. 2. Sketch of superparamagnetism of ultrahigh density magnetic
recording media.

In addition to the strength of magnetic anisotropy, its
symmetry is also important for high-frequency magnetic ma-
terials. The miniaturization and rapid increase in frequen-
cies of electric devices require that magnetic materials possess
high resonance frequency, large permeability, and low mag-
netic loss. The natural resonance frequency fr is generally re-
garded as the upper limit frequency, i.e., the cut-off frequency,
of magnetic materials. For the traditional spinel ferrites with
cubic symmetry, the natural frequency is proportional to the
magnetic anisotropy constant, fr = γKu/πMs, and the ac sus-
ceptibility is χ = M2

s /3µ0Ku, where γ is the gyromagnetic ra-
tio and µ0 is the permeability of free space. Therefore, the
product of the susceptibility and the resonance frequency of
one high-frequency magnetic material is proportional to its
saturation magnetization, i.e., the Snoek limit,[5]

fr ·χ =
γMs

3πµ0
. (2)

It is a great challenge to increase both resonance fre-
quency and permeability simultaneously due to Snoek’s
limit. Alternatively, for the magnetic materials with different
anisotropy fields Ha1 and Ha2 in the hard plane and the easy
plane, the product of the initial rotational permeability µi and
the resonance frequency satisfies fr

[6]

(µi−1) fr =
γ

2π

√
Ha1

Ha2
Ms. (3)

From Eq. (3), one can conclude that the product of the ini-
tial rotational permeability and the resonance frequency of
magnetic materials with different anisotropy fields can be en-
hanced by a factor of

√
Ha1/Ha2 compared with the magnetic

materials with cubic symmetry.

1.2. Methods of manipulating magnetic anisotropy

In the case of a bulk magnetic material, the overall mag-
netic anisotropy, which is governed mainly by magnetocrys-
talline anisotropy, cannot be tuned greatly if its crystal sym-
metry is fixed. In contrast, for the magnetic nanostructures,
we have more freedom to manipulate the magnetic anisotropy
via changing the symmetry of magnetic dots, the interspace of
wires, or the thickness of films. There are various techniques
to manipulate the magnetic anisotropy of magnetic nanostruc-
tures. In this review, we just focus on magnetic anisotropy
manipulation via substrate decoration and oblique deposition
of Fe and Co on Si(111) substrates.

Surface-supported quasi one-dimensional (Q1D) mag-
netic nanostructures such as atomic chains, nanostripes, and
nanowires have often been used as model systems to inves-
tigate low-dimensional magnetism. For this purpose, vici-
nal metallic substrates are commonly used.[7–12] The atomi-
cally flat terraces separated by steps are generally used as tem-
plates for preparing various self-organized nanostructures, in-
cluding regular arrays of nanodots,[13] nanostripes,[7,8] atomic
wires,[11] and ultrathin films.[9] Furthermore, the terraces can
be employed to confine magnetic nanodot assemblies and form
one-dimensional (1D) quantum-well states.[14–18] For these
low-dimensional magnetic materials, novel electronic struc-
tures and magnetic properties often emerge from the interplay
between quantum confinement and broken symmetry. As a re-
sult, the magnetic anisotropy of the magnetic nanostructures
can be drastically manipulated by the stepped surfaces. Re-
cently, we observed tunability in both the magnetic anisotropy
and the magnetic coupling of Fe nanodots on a curved Cu(111)
substrate by varying the terrace width.[19]

The growth and the magnetic properties of single crys-
tal Fe film on Si(111) surface have been investigated owing
to its application in integration of magnetic devices in Si-
based technology and new opportunities in spintronics.[20–27]

The Si(111) substrate has often been selected to obtain differ-
ent stepped surfaces.[28,29] Compared to metallic substrates,
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it is convenient to obtain a clean Si substrate surface, and
the surface morphology can be manipulated by different treat-
ing processes.[30–32] As a result, the magnetic anisotropy of
magnetic nanostructures can be drastically manipulated by the
stepped surfaces.

In addition to the stepped surfaces, the surface morphol-
ogy has a significant effect on magnetic anisotropy.[33,34] The
interaction between the deposited atoms and the atoms on the
surface modifies the trajectory of the deposited atoms, which is
called the steering effect, and causes an inhomogeneous distri-
bution of adatoms.[35,36] In oblique-incidence deposition, such
a steering effect is important and generally introduces grains
that are elongated perpendicular to the plane of the incident
flux direction. These elongated grains always lead to an in-
plane uniaxial magnetic anisotropy (UMA) when depositing
magnetic materials.[37] Therefore, an in-plane uniaxial mag-
netic anisotropy can be induced by oblique deposition.

1.3. Brief introduction of ultrafast spin dynamics — fem-
tomagnetism

The current trend in the spintronic devices with a faster
response demands the study of the magnetization dynamics of
magnetic nanostructures on very small time scales.[38] Fem-
tosecond laser pulses offer the intriguing possibility to probe a
magnetic system on a time scale that corresponds to the (equi-
librium) exchange interaction, responsible for the existence of
magnetic order, while being much faster than the time scale of
spin-orbit interaction (1–10 ps) or magnetic precession (100–
1000 ps). Since the laser-induced ultrafast demagnetization
was first observed in Ni films,[39] significant progress has been
made in exploring the coupling between the laser excitation
and the spin system.[40–47] Despite being the subject of in-
tense research for about two decades, the underlying mech-
anisms that govern the demagnetization remain unclear. The
corresponding mechanism has its origin in relativistic quantum
electrodynamics, beyond the spin–orbit interaction involving
the ionic potential. Laser-induced femtosecond magnetism or
femtomagnetism opens a new frontier for a faster magnetic
storage device, but probing such a fast magnetization change
is a big challenge. The understanding of the ultrafast demag-
netization process is a very important issue, not only for in-
vestigating the coupling between spin, electron, and lattice in
a strongly out-of-equilibrium regime, but also for the potential
application of spintronic devices in the terahertz regime.[48]

1.4. Determination of magnetic anisotropy by magneto-
transport method

To date, various methods, such as magnetic hystere-
sis loop measurement, torque measurement,[49] ferromagnetic
resonance (FMR),[23] rotational magneto-optic Kerr effect
(ROT-MOKE),[50] and magnetic transverse biased initial in-

verse susceptibility and torque (TBIIST),[51] have been devel-
oped to determine the magnetic anisotropy constants. Since
the coherent domain rotation magnetization reversal for ultra-
thin film does not always occur, especially when the applied
field is lower than the saturation field, the detailed informa-
tion regarding the magnetic anisotropy cannot be distinguished
precisely from the magnetization hysteresis loops.

Alternatively, the magneto-transport method has been
proved to be an ideal probe of magnetic anisotropy constants
in the thin single layer films by anisotropic magnetoresis-
tance (AMR).[52–58] The schematic configuration of the sam-
ple and the coordination in AMR measurements are illustrated
in Fig. 3. AMR can determine the anisotropy field strength
by realization of a coherent magnetization reversal (Stoner–
Wohlfarth like) (Fig. 4). This can be achieved by applying a
sufficiently large field to guarantee a true single-domain rota-
tion. The AMR can be expressed as

Rxx = R⊥+
(
R‖−R⊥

)
cos2

ϕM, (4)

where ϕM is the angle between the magnetization M and the
current flow I, and R‖ and R⊥ are the resistances at ϕM = 0◦

and ϕM = 90◦, respectively.

Fig. 3. Schematic configuration of the sample and the coordination in
AMR measurements.

Owing to the magnetic anisotropy, M is no longer kept
along with the external field H during rotation, i.e., ϕM < ϕH ,
where ϕH is the angle between the magnetic field H and
the current I. Therefore, the AMR curves do not follow
the cos2 ϕH relationship. On the basis of the angle differ-
ence between ϕH and ϕM , we can further calculate the mag-
netic torque L(ϕM) = µ0MsH sin(ϕH −ϕM) curves at differ-
ent external fields. In order to compare the magnetic torques
at different fields, the normalized magnetic torque l(ϕM) =

L(ϕM)/µ0MsH = sin(ϕH −ϕM) can be derived (Fig. 5). Fi-
nally, the uniaxial magnetic anisotropy and first- and second-
order magnetocrystalline anisotropy constants are precisely
obtained by fitting the normalized magnetic toque curves.
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Fig. 4. Angular dependence of the in-plane AMR.
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Fig. 5. Normalized magnetic torque curves obtained from AMR curves.

2. Manipulating magnetic anisotropy of mag-
netic nanostructures

2.1. Step-induced uniaxial magnetic anisotropy of quasi-
one-dimensional Fe chains on Pb/Si(111) substrate

Nowadays the magnetism of low-dimensional systems is
among the most interesting subjects in which the nanostruc-
tures and the magnetic anisotropy are related. Theoretically,
the ferromagnetism cannot exist in an isolated 1D chain with
only isotropic finite-range exchange interactions unless the
symmetry is broken in the presence of magnetic anisotropy,
dipolar, and/or RKKY interaction.[1,2] Experimentally, the
fabrication of the reduced symmetry systems presents a chal-
lenge with regard to which there has been real progress re-
cently: to grow 1D nanostripes or nanowires of transition met-
als on stepped surfaces by molecular beam epitaxy (MBE). In
pioneering experiments, Hauschild et al. produced ferromag-
netic Fe stripes on W(110) with the in-plane magnetic easy
axis perpendicular to the stripes due to the long-range dipolar
interaction.[7] Shen et al. reported that the Fe stripes grown on
stepped Cu(111) behaves with the easy magnetization normal
to the surface at low coverage (< 0.8 ML) within the short-
range ferromagnetic order explained by Ising spin blocks.[8,9]

Li et al. also observed step-decoration Fe stripes on Pd(110)

with its easy magnetization axis along the surface normal.[10]

Gambardella et al. demonstrated the increased magnetic
anisotropy energy (MAE) of Co monatomic chains on Pt(997)
in the case of reducing the size of nanostructures,[11] while
Cheng et al. investigated the contribution of the polarization
of the proximal Pt to the magnetic anisotropy of Fe stripes on
Pt(997).[12]

Here, we report our fabrication of low-dimensional Fe
nanodots grown on Pb (111) substrate by MBE. From the scan-
ning tunneling microscopy (STM) image (Fig. 6), one can find
that the symmetries of the nanodots on the terrace and on the
step of the Pb(111) surface are quite different. Iron nanodots
distribute randomly on the terrace, while forming quasi-one
dimensional chains on the step. These results suggest that one
can control the growth and the magnetic properties of Fe nan-
odots via substrate decoration.

200 nmT200 nm

step terrace

Fig. 6. STM image of Fe nanodots on Pb(111) substrate.

Fig. 7. Schematic configuration of the growth of Fe nanodots and
nanochains on Pb/Si(111) substrate with different miscut angles.

Due to the difficulty in obtaining uniform steps and con-
trolling their terrace width in the vicinal Pb(111) substrates,
and for transport and spintronic applications,[27] it is highly
desirable to grow the magnetic nanowires on Si substrates
so that a natural integration with Si-based devices can be
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achieved. A well-known obstacle is the formation of sili-
cides. We explore a method of fabricating the nanodots and
nanochains on 0.1◦ and 4◦ miscut Si(111) substrates, respec-
tively, using atomically flat Pb films as a buffer layer (Fig. 7).
Step widths of about 200 nm and 10 nm are achieved, respec-
tively. Moreover, the Pb buffer layer can prevent interdiffusion
of Fe/Si.

Similar to the results of Fe nanodots on Pb(111) substrate,
STM images (Fig. 8) indicate that Fe nanoclusters distribute
randomly on the 0.1◦ miscut Si(111) substrate. On the other
hand, quasi-1D nanowires are formed by coalescence of bcc
Fe islands along the edge steps of the Pb/Si(111) surface. The
edges of the wires are rough due to the 3D fractal shape of the
Fe islands, as the results of the lattice mismatch and the large
surface energy difference between Fe and Pb.[59] The distance
between the wires just equals the terrace width of the stepped
Pb/Si(111) film. It is not like Fe stripes grown on Cu(111),

in which Fe atoms have a tendency toward growth across the
steps of Cu(111).[9] The 3D-shaped Fe islands first located on
the Pb/Si(111) steps at low coverage facilitate the nucleation
of Fe atoms deposited afterward along the steps, decrease the
diffusion across the steps, and smooth the edge of the wires at
higher coverages.

200 nmT200 nm 300 nmT300 nm

Fig. 8. STM images of Fe nanodots (a) and nanochains (b) on 0.1◦ and
4◦ miscut Si(111) substrates.
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Fig. 9. SMOKE hysteresis loops measured in (a), (d) polar, (b), (e) longitudinal, and (c), (f) transverse geometries for Fe nanochains
on 4◦ miscut Si(111) substrates with different coverages.[61]
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In order to characterize the magnetic anisotropy, repre-
sentative magnetic hysteresis loops with polar, longitudinal,
and transverse surface magneto-optical Kerr effect (SMOKE)
were measured. In the polar geometry, the applied field is nor-
mal to the surface. In the longitudinal geometry, the applied
field is parallel to the surface along the step direction of the
Pb films. In the transverse geometry, the applied field is also
parallel to the surface but normal to the step direction. The
applied field is in the plane of incidence in all three configu-
rations. On the 0.1◦ miscut Si(111) substrate, SMOKE hys-

teresis loops indicate that the Fe nanodots are almost isotropic

in the Si(111) surface (not shown). In contrast, for the Fe

nanochains with coverage up to 1.7 ML, the longitudinal Kerr

loop shows a nearly rectangular shape loop, while the polar

and transverse Kerr loops indicate sheared loops without re-

manence (Fig. 9). We attribute this to the induced magnetic

anisotropy associated with the step edges,[60] and the contribu-

tion of dipolar interaction between the Fe chains and/or islands

inside the chain.
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Fig. 10. Angular dependence of the out-of-plane (a) and in-plane (b) FMR spectra taken at RT. The FMR resonance fields as a function
of the out-of-plane and in-plane field orientations are shown in panels (c) and (d), respectively. The circles are experimental data and
the solid lines represent the theoretical fitted curves.[61]

FMR has been established as one of the most power-
ful techniques to investigate static and dynamic magnetic
properties.[62] In addition to in situ SMOKE measurements, an
ex situ FMR measurement could allow us to determine the easy
magnetization direction as well as the magnetic anisotropy
constant. Figures 10(a) and 10(b) show the angular depen-
dences of in-plane and out-of-plane FMR spectra taken at
room temperature (RT) for the 1.7 ML Fe chains, respec-
tively. The in-plane and out-of-plane FMR spectra each con-
sist of two peaks (labeled by P1 and P2). The black circles in
Figs. 10(c) and 10(d) show the angular variation of in-plane
and out-of-plane resonance fields for the P1 peak. (The P2

peak shows resonance fields that do not change with angles.

It is a paramagnetic resonance (PMR) peak existing in the

background spectra.) This implies that the sample has uni-

axial in-plane symmetry, because it shows three peaks in an-

gular dependence in the plane of the film if cubic anisotropy

of Fe is present.[63] Considering the SMOKE data, one as-

sumes that only the Zeeman energy, the in-plane uniaxial mag-

netic anisotropy energy, and the demagnetization energy are

to be taken into account for the free energy density of the sys-

tem for 1.7 ML Fe/Pb/Si (Ref. [63], and references therein).

Hence, the in-plane and out-of-plane resonance fields Hres can

be calculated by using the following equations derived from

the Landau–Lifshitz equation without damping:[62]
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ω

γ

)2

=

[
H cos(ϕ−ϕH)+4πMeff +

2Ku

Ms
cos2

ϕ

]
×
[

H cos(ϕ−ϕH)+
4Ku

Ms
cos2ϕ

]
, (5)

H sin(ϕ−ϕH) =
2Ku

Ms
sinϕ cosϕ, (6)

(
ω

γ

)2

=

[
H cos(θ −θH)−4πMeff cos2θ − 2Ku

Ms
cos2θ

]
×
[

H cos(θ −θH)−4πMeff cos2
θ

− 2Ku

Ms
(cos2

θ −2)
]
, (7)

H sin(θ −θH) = 4πMeff sinθ cosθ , (8)

where (θ ,ϕ) and (θH ,ϕH) are the angles for the magnetization
and the applied resonance field, respectively, and θ and ϕ cor-
respond to the out-of-plane orientation with the film normal
and the in-plane orientation perpendicular to the wire direc-
tion; γ = gµB/h̄ is the gyromagnetic ratio; 4πMeff is the effec-
tive magnetization; and Ku is the in-plane uniaxial anisotropy
constant. The lines obtained by fitting the experimental data
with Eqs. (5)–(8) are also shown in Figs. 10(c) and 10(d). The
in-plane uniaxial magnetic anisotropy is found to display a
dominant uniaxial symmetry, and its easy axis is along the
chain direction, consistent with the SMOKE measurements.
The parameters g, 2Ku/Ms, 4πMeff are estimated from the fit
lines with g = 2.03 and 2Ku/Ms = 15 mT, which proves that
the P1 peak is the ferromagnetic resonance (FMR) peak. Con-
sidering the fact that each Fe 3D random island inside the wire
contains 6000 atoms on average, one would expect these Fe is-
lands to have a magnetization close to the bulk value. Taking
the bulk value Ms = 1.7×106 J/m3, the overall in-plane uniax-
ial anisotropy constant Ku can be obtained as 1.3×104 J/m3.

Both FMR and SMOKE measurements indicate that the
magnetization easy axis of the Fe chains on Pb/Si is along the
wires’ direction, from which it might be inferred that the shape
magnetic anisotropy, originating from magnetostatic interac-
tions among the Fe islands, is the dominant factor that deter-
mines the magnetic properties of the Fe chains. In order to
verify the prediction and quantitatively describe the system,
the Monte Carlo method is used to investigate the magnetic
properties of the system. In the present simulation, we adopt
the approach developed by Beleggia et al. to treat the effect
of the shape magnetic anisotropy on the magnetostatic cou-
pling among Fe islands.[64,65] The 1.3 ML Fe nanowires, seen
in Fig. 11(a), are approximately composed of irregular Fe is-
lands. For simplicity, in the calculation of magnetostatic en-
ergy among Fe islands, we ignore the size distribution of the

Fe islands and regard the islands as having an elliptic cylin-
der shape with a = 2.0 nm, b = 2.5 nm, and h = 0.6 nm on
average, where a and b are lengths of the axes of the Fe is-
land (along the x and y directions, respectively), and h is the
height of the Fe island (along the z direction), as shown in
Fig. 11(e). As the Fe deposition proceeds, the islands mainly
enlarge two dimensionally by branching out, and coalescence
of islands first occurs along the y direction due to the limita-
tion of the Pb step, as shown in Fig. 11(b) with 1.7 ML Fe. In
Fig. 11(d), we schematically show the variation of the islands
with increasing Fe coverage. In Fig. 11(c), ax and ay are de-
fined as the interwire distance and the interparticle distance in
one nanowire, respectively. The averaged values 〈ax〉= 6 nm
and 〈ay〉 = 5 nm come from the statistics of STM images. In
the Monte Carlo simulation, the parameters of Fe islands for
three typical coverages are used: (i) Θ = 1.0 ML (separate
islands), (ii) Θ = 1.3 ML (critical point), (iii) Θ = 1.7 ML
(overlapping islands).

50 nm 50 nm

(b)

(d)

(a)
ax

ay

b a

h

y

x

z

Fig. 11. STM images of Fe chains at (a) 1.3 ML and (b) 1.7 ML. (c)
Schematic diagram of the model. (d) Schematic evolution of the growth
of Fe island: the initial nucleation (yellow area), growth (blue area),
and coalescence (gray area). (e) 3D diagrammatic sketch of one Fe
island.[66]

Figures 12(a) and 12(b) show the calculated magnetic
hysteresis loops at coverage Θ = 1.3 ML (T = 150 K) and
Θ = 1.7 ML (T = 290 K), respectively. The corresponding
experimental results are displayed in Figs. 12(c) and 12(d).
In both cases, it is seen that the easy axis is along the y axis
and no magnetic hysteresis loops are observed in the other two
directions, which shows good agreement between the experi-
mental and the calculated data. It is also shown that the cal-
culated loops have a good square degree, which suggests that
the magnetic switching is finished by coherent rotation of the
magnetization.

077505-7



Chin. Phys. B Vol. 24, No. 7 (2015) 077505

-30 -20 -10 0 10 20 30
-0.8

-0.4

0

0.4

0.8

Hz axis
Hx axis
Hy axis

K
er

r 
in

te
n
si

ty
<M
/
M

S
>

(a)

T=150 K

-30 -20 -10 0 10 20 30
-0.8

-0.4

0

0.4

0.8

Θ=1.7 ML

Θ=1.7 ML

T=290 K

T=290 K

(b)

-30 -20 -10 0 10 20 30

0.995

1.000

1.005

1.010

Θ=1.3 ML

Θ=1.3 ML

T=150 K

(d)(c)

µ0H/mT µ0H/mT

-30 -20 -10 0 10 20 30

0.996

0.999

1.002

1.005

Fig. 12. (a) and (b) Representative calculated hysteresis loops for the system with coverage Θ = 1.3 ML and 1.7 ML. (c) and (d) The
corresponding SMOKE curves with the same external parameters.[66]

2.2. Contribution of magnetocrystalline anisotropy to Fe
nanostructures on Si(111) surface

In the previous work, the quasi-one-dimensional Fe
chains on the 4◦ miscut Si(111) substrate with a Pb film as
a buffer layer were fabricated, and an in-plane uniaxial mag-
netic anisotropy was induced by the stepped surface. However,
due to the large lattice mismatch (aFe = 2.87Å, aPb = 3.5 Å)
and the vastly different surface free energy between Fe and
Pb (σFe = 2.48 J/m2, σPb = 0.5 J/m2), Fe nanoclusters tend
to form a polycrystalline structure, and the effect of magne-
tocrystalline anisotropies of Fe on the magnetic properties of
the system is eliminated. Now, we report the structure and
the magnetic properties of single crystal Fe film with thick-
ness of 45 ML grown on vicinal Si(111) substrates using a
flat ultrathin p(2× 2) iron silicide seed layer. The epitaxial
growth mode between the Fe films and the substrate is pre-
served in this system, providing the opportunity of investi-
gating the influence of magnetocrystalline anisotropies on the
magnetic properties of the system.[67]

In order to prevent the Fe/Si intermixing, an iron silicide
buffer layer was first grown by deposition of 1.5 ML Fe fol-
lowed by annealing to 700 K for 10 min. An iron film with
a thickness of 45 ML was deposited on the iron silicide tem-
plate; STM images of the iron silicide film on the 0.1◦ and
4◦ miscut Si(111) substrates are displayed in Figs. 13(a) and
13(c). The vicinal structure of the bare Si(111) substrate is
well revealed by the buffer layer of iron silicide. The cor-
responding 2×2 LEED pattern is displayed in the inset of
Fig. 13(a). This film comprises bunches of steps separating the
flat 2×2 reconstructed terraces. The bunched steps are paral-
lel to each other and regularly distributed on the surface. An
atomically resolved 2×2 reconstructed surface is shown in the

insets of Figs. 13(a) and 13(c). Each protrusion in the figure is
a Si adatom.

(a) (b)

(c) (d)

Fig. 13. STM images of the iron silicide films and Fe film on the 0.1◦

(a), (c) and 4◦ (b), (d) miscut Si(111) substrates.[67,69]

Figures 13(b) and 13(d) display the STM images
of the Fe film with thickness of 45 ML grown on the
p(2×2)(111)/Si(111) surface. The morphology of the Fe film
is characterized by self-organized non-uniform Fe grains pref-
erentially aligned along the step direction. Due to the deco-
ration of the step, Fe nanodots and nanochains are formed on
the wider and the narrower terraces, respectively. The epitax-
ial relationships among the Fe layer, the iron silicide template,
and the Si substrate are[68] Fe(111) || p(2×2)(111) || Si(111)
and Fe[-1-12] || p(2×2) [-1-12] || Si[11-2].

077505-8



Chin. Phys. B Vol. 24, No. 7 (2015) 077505

The total free energy density of the system with the exter-
nal field 𝐻 is[23]

E = −µ0Ms𝐻 · 𝜇̂+K1(α
2
1 α

2
2 +α

2
2 α

2
3 +α

2
3 α

2
1 )

+K2(α
2
1 α

2
2 α

2
3 )−Ku(𝜇̂ · 𝑛̂u)

+Kd(𝜇̂ · 𝑛̂d)−Ks(𝜇̂ · 𝑛̂s), (9)

where the first term is the Zeeman energy, 𝜇̂ is the unit vector
of the magnetic vector, and Ms is the saturation magnetization
of Fe (taken as the bulk value 1.74×106 A/m); the second and
the third terms are the cubic magnetocrystalline anisotropy en-
ergy, αi represent the directional cosines of the magnetic vec-
tor 𝜇̂ with respect to the cubic axes [100], [010], and [001], K1

and K2 are the first two cubic magnetocrystalline anisotropy
constants; the last three terms sequentially refer to the uniaxial
magnetic anisotropy energy, the surface magnetic anisotropy
energy, and the out-of-plane demagnetization energy; Ku, Ks,
and Kd (1/2µ0M2

s ) are the corresponding magnetic anisotropy
constants. The unit vector 𝑛̂u with its orientation along the
step direction represents the direction of the easy axis of the
uniaxial magnetic anisotropy; 𝑛̂s and 𝑛̂d are the unit vectors
normal to the (111) plane and the vicinal (111) film plane, re-
spectively. It should be noted that the unit vector 𝑛̂d is perpen-
dicular to the vicinal plane, unlike a simple flat thin (111) film
sample with its hard axis of the out of plane demagnetization
energy perpendicular to the (111) crystallographic plane.

The angular dependence of magnetocrystalline
anisotropy energy of cubic symmetry is illustrated in Fig. 14.
The energy of magnetocrystalline anisotropy in the Fe(111)
surface can be written as [51]

EMCE =
K1

4
+

K2

108
(1+ cos6ϕ). (10)

[101]

[111]

[011]

Fig. 14. Angular dependence of magnetocrystalline anisotropy energy
with cubic symmetry.

We can find that the K1 energy term is invariable and
the K2 energy term is sixfold symmetry in the Fe(111) plane.
The experimental in-plane magnetic hysteresis loops for sev-
eral angles (ϕ = 0◦, 45◦, 70◦, 90◦) are shown in Fig. 15. The

loops show approximately the same shape in the angle range
0◦ ≤ ϕ ≤ 40◦. A magnetic hysteresis loop of the hard axis is
observed in the angle ϕ = 90◦. Owing to the weak coerciv-
ity, the symmetry of magnetocrystalline anisotropy is unclear
from the magnetization measurement.
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Fig. 15. In-plane magnetic hysteresis loops for several azimuthal
angles.[67]

In order to understand the contribution of magnetocrys-
talline anisotropy, the magnetic anisotropies of the sample
were measured by FMR. The in-plane FMR spectra with
different azimuthal angles are displayed in the left panel of
Fig. 16(b). The azimuthal angle dependence of the resonance
field is shown in the right panels of Figs. 16(a) and 16(b)
(green circles) for Fe nanodots and nanochains on 0.1◦ and 4◦

miscut Si(111) substrates, respectively. The cubic anisotropy
contribution to the sixfold anisotropy for a flat (111) film is
evident. As for the Fe nanochains on 4◦ miscut Si(111) sub-
strates, four maxima and minima of the resonance fields are
observed within the azimuthal angle range 0◦ ≤ ϕ ≤ 360◦.
This indicates that the in-plane magnetic anisotropy is the
superposition of a fourfold and a uniaxial contribution. Fit-
ting the experimental data using Eq. (9) and the standard
FMR conditions yields the parameters K1 = 4.5× 104 J/m3,
K2/K1 = 0.04, Ks/Kd = 0.09, and Ku = 9.2×103 J/m3.

We first consider the flat Fe(111) film without uniaxial
magnetic anisotropy. It is known that the easy axis induced
solely by the first order magnetocrystalline anisotropy is along
the 〈100〉 direction. However, the effective out of plane de-
magnetizing field forces the magnetic moment of the system
to lie in the (111) plane. Despite (Kd−Ks)� K1, the com-
petition of the effective out of plane demagnetizing field and
the first order magnetocrystalline anisotropy field results in a
small deviation of magnetization with respect to the Fe (111)
plane in the resonance condition. As a result, the in plane
resonance field displays sixfold symmetry with the easy axis
along the 〈11-2〉 directions for a positive K1. According to
the expression of the second cubic energy in the (111) film,
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E2 = K2(1+ cos6ϕ)/108,[51] the positive value of K2 corre-
sponds to the easy axes along the six equivalent 〈-110〉 direc-
tions. This is opposite to the effect of the first cubic magne-
tocrystalline anisotropy. Thus, the sixfold symmetry of the
resonance field in the flat Fe(111) film, illustrated in the right
panel of Fig. 16(b) (black lines), should be displayed under
the influence of the effective out of plane demagnetization en-
ergy and the first two cubic magnetocrystalline anisotropies’
energy by means of the numerical calculation.

For the Fe films on the 4◦ miscut Si(111) substrate, the
direction of the hard axis corresponding to the demagnetizing
field of the film is slightly tilted by 4◦ along the [11-2] direc-
tion from the (111) plane. Compared with the case of a flat

(111) plane, a relatively large deviation of magnetization with

respect to the Fe (111) plane is induced. On the other hand, the

cubic anisotropy’s contribution to the sixfold anisotropy for a

flat (111) film is very small and easily hidden (the variation

of the resonance field for a perfectly aligned (111) film is less

than 1 mT). In this case, small misorientations are sufficient to

reduce the sixfold symmetry to fourfold, resulting in variations

of the resonance field much larger than that in a (111) plane,

as shown in the right panel of Fig. 16(b) (blue lines) by the

numerical calculation. Finally, a twofold symmetry of the in

plane resonance field, originating from the uniaxial magnetic

anisotropy, is superimposed upon the fourfold one.
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Fig. 16. Left: angular dependence of the in-plane FMR spectra taken at RT: (a) Fe nanodots on 0.1◦ and 4◦; (b) miscut Si(111)
substrates. Right: experimental (green circles) and fitted (red line) curves of the relations between the resonance field and the rotated
angle for in plane configurations, the calculated curve without the effect of uniaxial magnetic anisotropy for flat (111) plane: black
lines, vicinal plane: blue lines.[67,69]

2.3. Effect of miscut angle on magnetic anisotropy in Fe
nanostructures on Si(111) surface

In the case of a bcc Fe film grown on Si(111) substrate,
the sixfold symmetry of magnetic anisotropy energy exists
only when magnetization is confined strictly in the Fe(111)
plane. A small structural modification is sufficient to destroy
the sixfold symmetry as a result of the contributions from mag-
netic anisotropy energies.[23,24] In the previous work, we ob-
served that the sixfold symmetry of the in-plane resonance
field for the Fe(111) film was changed into the superposition
of a fourfold and a twofold contribution due to the presence of
atomic steps of the vicinal substrate. Furthermore, we also
observed some difference between ferromagnetic resonance
(FMR) results and magnetization measurements. FMR results
demonstrated that the azimuthal angular dependence of the in-
plane resonance field has a sixfold symmetry with a weak uni-
axial contribution, while the remanence of the hysteresis loops
displays a twofold symmetry.[69] Therefore, the analysis of the
magnetic anisotropy and magnetization reversal should be car-
ried out carefully for Fe(111) films on Si(111) substrate.

Figures 17(a) and 17(b) present the angular depen-
dence of the first- and the second-order magnetocrystalline
anisotropy energy terms in the Fe(111) plane along [11-2]

with various miscut angles, where K1 = 4.5× 104 J/m3 and
K2 = 0.05K1.[69] We can find that the K1 energy term is in-
variable (solid line circle in Fig. 17(a)) and the K2 energy term
is sixfold symmetric exactly in the Fe(111) plane, i.e., miscut
angle β = 0◦. However, the K1 energy term can be changed to
have a fourfold symmetry by a slight misorientation from the
(111) plane, i.e. β 6= 0◦. Figure 17(b) demonstrates that the
symmetry of the K2 energy term keeps unchanged.

In order to investigate the effect of tiny variations of mis-
cut angles on the fitting parameters, we illustrate in Fig. 18 the
fitted magnetic anisotropy constants for various miscut angles
β from −0.30◦ to 0.30◦. It is noteworthy that a tiny variation
of miscut angle β has no effect on the values of K2 and Ku

(Fig. 18(a)), whereas it significantly affects the fitted values of
the first-order magnetocrystalline anisotropy K1 (Fig. 18(b)).

We find that the resistances of the Si substrate with and
without the iron silicide buffer layer, which are almost the
same, are somewhat larger than the resistance of the Fe ul-
trathin film. Furthermore, the Si substrate and the iron silicide
buffer layer do not contribute to AMR. Therefore, the metallic
Fe single crystal film grown on an iron silicide buffer layer and
Si(111) surface with iron silicide provides an ideal system to
perform AMR measurements.
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Fig. 17. Angular dependence of magnetocrystalline anisotropy energies. First (a) and second (b) order magnetocrystalline anisotropy
energy terms for various miscut angles.[70]
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Figure 19(a) shows the angular dependence of the in-
plane AMR with different applied fields. The external mag-
netic fields are larger than the saturation field to guarantee a
true single-domain rotation and eliminate the ordinary mag-

netoresistance effect. During the rotation of the sample, the
AMR values show an oscillating behavior between the maxi-
mum value R‖ and the minimum value R⊥. However, owing to
the magnetic anisotropy, the magnetization M is no longer kept
along with the external field H during rotation, i.e., ϕM < ϕH .
Therefore, the AMR curves do not follow the cos2 ϕH relation-
ship. The correlation between ϕH and ϕM can be obtained and
is plotted in Fig. 19(b).

On the basis of the angle difference between ϕH

and ϕM , we can further calculate the magnetic torque
L(ϕM) = µ0MsH sin(ϕH − ϕM) at different external fields
from Fig. 19(b). In order to compare the magnetic torques
at different fields, the normalized magnetic torque l(ϕM) =

L(ϕM)/µ0MsH = sin(ϕH −ϕM) is introduced. As shown in
Fig. 20(a), the normalized magnetic torque curves exhibit dif-
ferent shapes with different external fields H. In the equilib-
rium state, the torque acting on M due to H is equal in magni-
tude to the torque due to the magnetic anisotropies of the sam-
ple. Since the demagnetization field is normal to the Si(111)
plane, its contribution to the magnetic torque is zero. Accord-
ing to Eq. (9), the normalized magnetic torque can be written
as

l(φM) =

{
K1×
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×
(√

2sin2γ+cos2
γ+1

)}
/µ0MsH, (11)

where and γ =−arccos(1/
√

3)+β is the miscut angle of the
substrate.
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Fig. 20. Normalized magnetic torque curves. (a) Normalized magnetic
torque curves superposed by the first- and the second-order magne-
tocrystalline anisotropies and uniaxial anisotropy at different fields and
(b) the normalized torque contributed only by the first- and the second-
order magnetocrystalline anisotropies at field of 2 mT; the solid lines are
fitting curves. For comparison, the normalized magnetic torque curves
are also plotted in panel (a).[70]

Although the value of Ks (∼106 J/m3 ) is far larger than
that of Ku (∼102 J/m3) for ultrathin Fe film,[67,69] we can
calculate from Eq. (10) that the value of torque contributed
by Ks is at least two orders of magnitude smaller than that
contributed by Ku. Therefore, the contribution of the surface
anisotropy constant to the torque can be neglected.

It is obvious from Eq. (11) that the magnetic torque
shows a superposition of two-, four-, and six-fold mag-
netic anisotropies from the step-induced uniaxial magnetic
anisotropy Ku, the first-order magnetocrystalline constant K1,
and the second-order magnetocrystalline anisotropy constant
K2, respectively. The twofold symmetry disappears gradually
with increasing external field H, suggesting that the strength of
Ku is very weak. Therefore, in order to distinguish the contri-
bution of Ku, the external field H should be kept slightly larger
than the saturation field.

From Eq. (11), we can easily find that the normalized
torque is significantly affected by the substrate’s miscut an-
gle β . The tendency of the anisotropy energy is complicated.

We can find that the fourfold anisotropy energy changes sig-
nificantly (Fig. 17(a)), while the six-fold anisotropy energy al-
most does not change with the miscut angle β (Fig. 17(b)). In
the case of β = 0, the K1 term is zero. Usually the miscut angle
of the substrate cannot be neglected, and thus the contribution
from the first-order magnetocrystalline anisotropy constant in
the vicinal (111) plane must be taken into account.

2.4. Tuning magnetic anisotropies of Fe ultrathin films on
Si(111) substrate via direction variation of heating
current

We have fabricated quasi 1D magnetic nanodot assem-
blies on vicinal Si(111) surface with relatively large miscut
angles (∼ 4◦). Although both the magnetic anisotropy and
the magnetic coupling of Fe nanodots can be achieved on a
curved Cu(111) substrate by varying the terrace width,[19] the
terrace width of these stepped substrates cannot be tuned eas-
ily once the miscut angle is fixed, which causes difficulty in
investigating the effect of the terrace width on the magnetic
properties by using identical substrates. Here, we adopted a
novel method to tailor the terrace width of Si(111) substrates
via controlling the direction of direct heating current passing
through the sample. The magnetic anisotropy of the corre-
sponding epitaxial Fe films grown on these Si(111) surfaces
was continuously tuned.

Figure 21(a) schematically illustrates the configuration of
the substrate treatment and the preparation process for these
Cu/Fe/FeSi2/Si(111) samples. During the direct current heat-
ing treatment,[71] the current passed through the substrate, and
the direction of current changed from being parallel to the step
to being perpendicular. Figure 21(b) shows a coordinate sys-
tem used in the magneto-optical Kerr effect (MOKE) measure-
ments and the subsequent data simulation. The ex situ magne-
tization hysteresis curves were determined in the longitudinal
MOKE geometry at different sample azimuthal angles ϕ . The
azimuthal angle ϕ denotes the angle of the external magnetic
field with respect to the surface step (Si [1-10]).

The large scale STM images in Figs. 21(c)–21(f) demon-
strate the atomically flat Si(111) surfaces of four samples I–IV
with different terrace widths. The direction of heating cur-
rent for each sample is denoted by the arrows in these images.
The substrate of sample I was heated with the current paral-
lel to the surface steps. The Si(111)-7×7 reconstructed sur-
face with the terrace width of 230 ± 30 nm was obtained as
shown in Fig. 21(c). The Si(111)-7×7 reconstructed surfaces
for all four samples were measured by LEED. For samples II–
IV, the angles between the heating current and the steps vary
from 30◦ to 90◦, resulting in a decrease of the terrace width.
The corresponding terrace widths are dI = 100±20 nm, dIII =

80±20 nm, and dIV = 45±15 nm, respectively (Figs. 21(d)–
21(f)).
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Fig. 21. Schematic configuration of the sample preparation and MOKE
measurement, and STM images of sample surface. (a) Schematic con-
figuration for treating substrate with controllable heating current and
film preparation process. (b) Coordinate system used in the MOKE
measurements and the subsequent data simulation. (c)–(f) STM images
of clean surfaces on four Si(111) substrates I–IV with different widths
of the terrace. The arrows indicate that the direction of the heating cur-
rent changes continuously on each sample, which induces the variation
of the width of the surface steps. (g), (h) STM images of 20 ML Fe
films on p(2×2)/Si(111) of samples I and IV, with the corresponding
small scale images in the lower right corner. Typical LEED patterns are
illustrated in the insets of panels (c) and (g).[72]

The variation of terrace width of Si(111) substrate with
heating current direction can be explained by the surface elec-
tromigration of Si adatoms.[31,32] The step bunching due to
heating by direct current has been well documented for the
Si(111) surface with 1◦ miscut angle.[31,32] It was observed
that the step bunching was influenced by annealing tempera-
ture and the direction of current flow respectively. However,

the effect of heating current direction either parallel or perpen-
dicular to the step on the terrace width is not well understood
yet. Here, we tuned the step morphologies by annealing vici-
nal Si(111) at a fixed temperature while adjusting the applied
electric field from parallel to perpendicular to the step. When
the Si(111) substrates were treated by direct current heating,
the electric field, in addition to the heating temperature, in-
fluences the surface morphology. The Si adatoms would be
driven by an electromigration force , where the electric field
is applied on the Si adatoms, and qa is the effective charge
of the Si adatoms. The electromigration force could drive the
Si adatoms to flow on the surface along the direction of the
electric field. When the direct current was applied parallel to
the step (θ = 0◦), the Si adatoms would flow along the edge
without changing the step density. Thereby, the widest terrace
was achieved (Fig. 1(c)). On the other hand, when the direct
current was applied perpendicular to the step (θ = 90◦), Si
adatoms driven by the largest electromigration force perpen-
dicular to the terrace edge, the adatoms would diffuse along
the electric field and form the narrowest terrace, as shown in
Fig. 21(f).

Within the framework of the surface electromigration
model, a scaling law was derived[32]

l ∼ N−α(1/F)q (12)

where l is the average terrace width, N is the number of atoms
in one step height, and F is the electromigration force perpen-
dicular to the steps. Parameters α and q are positive exponents
which vary for different systems and heating methods. For our
samples with single atomic steps, equation (11) is simplified.
Using the experimental data of samples II–IV, the value of pa-
rameter q = 1.1 is obtained. For sample I, when the electro-
migration force F perpendicular to the step is smaller than a
critical value, the surface terrace will be stable and not become
wider.

Figures 21(g) and 21(h) display the surface mor-
phology of 20 ML iron film deposited on the FeSi2
p(2×2)(111)/Si(111) surface of samples I and IV, respectively.
The epitaxial growth of bcc α-Fe film is verified by the LEED
pattern (inset of Fig. 1(g)). Due to the small grains of Fe with
the surface fluctuation of 2.4±0.3 nm, the single atomic steps
become hardly visible. From the high resolution STM images
in the lower right corners of Figs. 21(g) and 21(h), we can ob-
serve that the terrace width has no obvious influence on the
grain size and shape.

The longitudinal MOKE measurements were performed
with applied magnetic field at various orientation ϕ for each
sample as illustrated in Fig. 21(b). Representative magnetic
hysteresis loops measured by ex situ MOKE are displayed in
Fig. 22. The variation of hysteresis loops with ϕ indicates in-
plane magnetic anisotropy. For sample I, the hysteresis loops
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varied significantly. However, no loops with the normalized
remanence close to 1 or 0 were found at any azimuthal an-
gle ϕ . As shown in Fig. 22(a), the hysteresis loop with the
largest and the smallest normalized remanence Mr/Ms = 0.782
and Mr/Ms = 0.365 appear at ϕ = 30◦ and ϕ = 60◦, respec-
tively, indicating that a sixfold magnetic anisotropy exists in

this sample. The difference in hysteresis loops for ϕ = 30◦

and ϕ = 90◦ suggests that an additional magnetic anisotropy
is superimposed. For the other three samples, rectangular hys-
teresis loops with Mr/Ms ≈ 1 and sheared loops without rema-
nence were found at ϕ = 0◦ and 90◦, respectively (Figs. 22(b)–
22(d)).
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Fig. 22. Experimental and simulated magnetic hysteresis loops. Typical in-plane magnetic hysteresis loops at different azimuthal angles of
samples I–IV ((a)–(d)) characterized by MOKE. Samples II–IV ((b)–(d)) exhibit standard easy and hard hysteresis loops at ϕ = 0◦ and 90◦.
The corresponding simulated hysteresis loops at the hard axis (red lines) are displayed in panels (b)–(d).[72]

N
o
r
m

a
li
z
e
d
 
r
e
m

a
n
e
n
c
e
 
M

r
/
M

s

Fig. 23. Angular dependence of the normalized remanence Mr/Ms,
obtained from the experimental hysteresis loops. Sample I shows a
UMA superimposed on a weak sixfold anisotropy, and samples II–IV
display a gradually enhanced UMA with the sixfold anisotropy almost
concealed.[72]

For a comprehensive description of the in-plane magnetic
anisotropy of these four samples, the normalized remanence
Mr/Ms as a function of azimuthal angle ϕ of each sample is
shown in Fig. 23. The complicated symmetry of magnetic

anisotropy is observed in sample I from Fig. 23(a). The angu-
lar dependence of the normalized remanence with eight max-
ima can be explained well by the superposition of a sixfold and
a UMA contribution. The UMA with the easy axis parallel to
the steps makes the normalized remanence near ϕ = 0◦ gener-
ally larger than that around ϕ = 90◦. Moreover, the sixfold
magnetocrystalline anisotropy of Fe(111) film modifies the
UMA to generate six other peaks at ϕ = 30◦, 90◦, 150◦, 210◦,
270◦, and 330◦, respectively. As displayed in Figs. 23(b)–
23(d), the other three samples exhibit similar twofold sym-
metric curves of the angular dependence of the normalized re-
manence. The peak width of the curves at ϕ = 0◦ increases
with decreasing terrace width, suggesting that the UMA en-
hances and consequently conceals the weak sixfold magne-
tocrystalline anisotropy.

Our work suggests that the magnetic anisotropy of Fe film
on Si(111) substrate can be flexibly tuned by direct heating
current. This finding opens a new avenue to manipulate the
magnetic anisotropy via decorating the atomic steps of sub-
strates, which can enrich our capacity of fabricating magnetic
nanostructures and manipulating the magnetic properties for
potential applications.
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2.5. Tuning magnetic anisotropy of obliquely deposited
Co/Si(111) films

Besides controlling the growth and magnetic properties
of Fe nanodots via substrate decoration, oblique incidence
deposition is an effective technique to introduce an in-plane
UMA. We fabricated Co film on Si(111) substrate by oblique
incidence deposition using a molecular beam epitaxy (MBE)
system with a base vacuum of 10−10 mbar by using electron
gun evaporation at room temperature. A nominal thickness of
10 nm Co film was deposited on Si(111) substrates at an an-
gle of 60◦ with respect to the surface normal and with azimuth
along the y direction, i.e., perpendicular to the surface steps on
the substrates, as shown in Fig. 24(a). For comparison, another
10 nm thick Co film was fabricated by normal incident deposi-
tion with the same growth rate. The STM image in Fig. 24(b)
shows the surface of the oblique deposited sample. The clear
grains are elongated perpendicular to the incident plane of the
atomic flux and form a stripe structure with root mean square
(RMS) roughness of 0.65 nm. However, for the normal inci-
dence deposited Co film, the STM image shown in Fig. 24(c)
demonstrates that the grain distribution on the film surface is
isotropic and the RMS roughness is much less (∼ 0.12 nm)
than that in the obliquely deposited film. The elongated grains
and the striped structure in Fig. 24(b) can be interpreted as a
consequence of the self-steering effect during deposition.[35]

Fig. 24. (a) Sketch map of deposition direction and the external
field Hext orientation ϕ for MOKE measurement. (b) STM images
(150 nm×150 nm) of 60◦ oblique incidence deposited Co film; the
arrow indicates the incident atomic flux direction. (c) STM images
(150 nm×150 nm) of normal incidence deposited Co film. (d) Cartesian
coordinates for Co film and the UMA on Si(111) surface.[73]

The symmetry of the magnetic anisotropy can be ob-
served from the angular dependence of coercivity Hc, as shown
in Fig. 25. In addition to the dominant UMA, we still observed
a weak intrinsic magnetocrystalline anisotropy of Co(111)

film, which results in the six equidistant minima in the angu-
lar dependent coercivity due to the symmetry of the structure,
as indicated by the arrows in Fig. 25. The variation of Hc

is asymmetric about the global minima at ϕ = 90◦ and 270◦,
which indicates that the UMA direction has a small tilt from
one of the easy axes of the in-plane sixfold magnetocrystalline
anisotropy of Co(111) film.
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Fig. 25. Coercive field Hc versus magnetic field direction plot. The
red arrows indicate the six equidistant minima in the angular dependent
coercivity.[73]

In order to specify the two possible origins of the UMA
in the obliquely deposited Co stripes — magneto-elastic ef-
fects due to the internal strain effect and long-range dipolar
interactions between spins controlled by the shape of the de-
posit — we use the surface profile to estimate the morphology-
induced magnetic shape anisotropy. Considering the obliquely
deposited Co film, the shape factor for the surface morphology
is definitely related to its height distribution ε (𝑟), which can
be obtained from the STM images. By properly choosing the
self-correlation function gi j(𝑟),[21] and considering the height
variation for any two points in an STM image and the angle at
the height direction, the film roughness can be described as

gi j(𝑟) =
1
S

∫
S

d2𝑟0
∂ε

∂ i
(𝑟0)

∂ε

∂ j
(𝑟0 +𝑟)[

1+
(

ε (𝑟0)− ε (𝑟0 +𝑟)

r

)2
]1/2 , (13)

where S is the nominal film surface. Obviously, the partial
derivations of the film height ε (𝑟) are of special interest:
∂ε (𝑟)/∂ i and its distribution determine gi j(𝑟). The compo-
nents of shape tensor [𝑁 ] can be written as

Ni j =
1

4πd

∫
S

d2𝑟

|𝑟|
gi j(𝑟), (14)

where d is the film thickness.
Using the above equations, the magnetic shape anisotropy

can be calculated as

Kshape =
1
2

µ0M2
s (Nxx−Nyy), (15)

where Nxx−Nyy is the demagnetization factor.
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Fig. 26. (a) Self-correlation function gi j(r) space arrangement of 60◦

oblique incidence deposited sample and its corresponding STM image.
(b) The x–y plane projection of image (a) gi j(r) space arrangement. (c)
Self-correlation function gi j(r) space arrangement of normal incident
deposited sample and its corresponding STM image. (d) The x–y plane
projection of image (c) gi j(r) space arrangement.[73]

Taking the center point in the STM image as a reference,
we calculate the self-correlation function gi j(𝑟) for all the
points in the image. Figure 26(a) is the gi j(𝑟) spatial arrange-
ment calculated from the corresponding STM image (shown
below) for the Co film with oblique deposited angle of 60◦.
In Fig. 26(b), the projection of gi j(𝑟) on the x–y plane shows
clear striped structures, which results in the easy axis for the
superimposed UMA of the Co film along the grain stripe di-
rection. This conclusion is consistent with the MOKE mea-
surements. Consequently, [𝑁 ] and Kshape can be obtained
through the above equations, thus we obtain Nxx = 0.1195,
Nyy = 0.2279, and Kshape = 1.1×105 J/m3. Figures 26(c) and
26(d) are the calculated results for the Co film deposited at
normal incidence. The striped patterns in the x–y plane projec-
tion of gi j(𝑟) have almost vanished, which indicates that the
morphology of the film is isotropic. The corresponding [𝑁 ]
and Kshape are calculated as Nxx = 0.0109, Nyy = 0.0253, and
Kshape = 1.5× 104 J/m3. The magnitude of Kshape is one or-
der less than the value for the sample deposited at the oblique
incidence. The large difference between the calculated Kshape

for the Co films deposited at oblique incidence and at nor-
mal incidence, and the good agreement of Ku estimated from
both the coherent rotation (Ku = 1.7×105 J/m3) and the self-
correlation function (Kshape = 1.1×105 J/m3) indicate that the
origin of UMA is mainly in the long-range dipolar interaction
between the spins on the surface fabricated at oblique inci-
dence.

3. Manipulating ultrafast spin dynamics of mag-
netic nanostructures

3.1. Tuning magnetic anisotropies of Fe films on Si(111)
substrate via direction variation of heating current

Most recently, the ultrafast spin transport of laser-excited
hot electrons was considered as the dissipation channel of
spin angular momentum to predict the ultrafast magnetiza-
tion dynamics in magnetic layered- or hetero-structures.[46,47]

After laser irradiation, the photo-excited electrons in metals
that have not been cooled to the thermal equilibrium tem-
perature are known as hot electrons. Transport of hot elec-
trons in magnetic materials is spin dependent and has been
modeled as superdiffusive spin transport to elucidate the in-
fluence of the transfer of spin angular momentum or spin
current on the magnetization dynamics on a timescale of a
few hundred femtoseconds.[76] Recent experimental work has
achieved significant progress for the prediction of spin cur-
rent and its considerable contribution to ultrafast demagneti-
zation. Giant ultrafast spin current was confirmed in Fe/Au
and Fe/Ru heterostructures.[48] The demagnetization caused
by superdiffusive spin current was observed not only in Fe/Au
in which the hot electrons move from a magnetic layer to
a non-magnetic layer,[74] but also in Au/Ni, in which the
hot electrons move from a non-magnetic layer to a mag-
netic layer.[75] More interesting cases were reported on the
time-resolved magnetization in magnetic metallic sandwiched
structures Ni/Ru/Fe[76] and [Co/Pt]n/Ru/[Co/Pt]n.[77] The su-
perdiffusive spin current in Ni/Ru/Fe magnetic multilayers re-
sults in an enhancement in the magnetization of the bottom
Fe layer within several picoseconds when the magnetic con-
figuration of the two layers is parallel.[78] The demagnetiza-
tion in multilayer [Co/Pt]n is enhanced by the spin current
when the magnetic configuration for the [Co/Pt]n/ layers is
antiparallel.[77] Hence the ultrafast spin transport has a con-
siderable contribution in the ultrafast demagnetization.

The superdiffusive spin current opens a door to engineer-
ing the spin transfer in magnetic sandwiched structures in the
terahertz regime. However, the space layer between two mag-
netic layers must be a spin transmitter, and the main choice
has been a thin metal Ru film.[76,77] It was pointed out that the
superdiffusive spin current will be weaker by using a metal
film Ta or W, and will be blocked by an insulating layer NiO
or Si3N4.[77,78] Although the magnetic tunneling current has
been identified in magnetic multilayer sandwiched by a thin
insulator Al2O3 or MgO layer,[79,80] ultrafast spin transport in
magnetic tunneling junctions has not been reported yet. Here,
we present a laser-induced ultrafast demagnetization in sand-
wiched CoFeB films with an insulating MgO film as the space
layer.

The laser-induced ultrafast demagnetization of
CoFeB/MgO/CoFeB magnetic tunneling junction is exploited
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by TR-MOKE for both the parallel state (P state) and the an-
tiparallel state (AP state) of the magnetizations between two
magnetic layers. It is observed that the demagnetization time
is shorter and the magnitude of demagnetization is larger in
the AP state than those in the P state. These behaviors are
attributed to the ultrafast spin transfer between two CoFeB
layers via the tunneling of hot electrons through the MgO
barrier. Our observation indicates that ultrafast demagnetiza-
tion can be engineered by the hot electron tunneling current.
It opens the door to manipulate the ultrafast spin current in
magnetic tunneling junctions.
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Fig. 27. TR-MOKE-measured ultrafast magnetization dynamical signal
in CoFeB/MgO/CoFeB film at parallel and antiparallel states. (a) Mea-
surement signal. (b) Normalized curves of TR-MOKE signals (normal-
ized at 2 ps). Full and empty circular dots present the parallel state (P)
and the antiparallel state (AP), respectively. The solid lines are fits to
the experimental data.[81]

3.2. Probing nonlinear magnetization dynamics in
Fe/MgO(001) film by all-optical pump-probe tech-
nique

Nonlinear magnetization dynamics, such as high har-
monic generation, frequency mixing, and bistable response
in ferrites and garnets, have been systematically investigated
by means of FMR due to both the fundamental importance
and the applications in microwave devices.[82,83] On the other
hand, magnetic materials used in spintronic devices are typi-
cally metallic. When the devices are subjected to application
in the high-frequency region, the characterization of the dy-
namic behaviors under strong excitation need to be known.[84]

However, the eddy current limits the application of the tra-
ditional FMR technique to investigate the nonlinear magne-

tization dynamics of metallic spintronic devices. Recently,
TR-MOKE based on an all-optical pump-probe technique has
been employed to explore the dynamic proprieties of ultrafast
demagnetization, magnetization precession, and spin waves in
metallic magnetic systems with subpicosecond temporal reso-
lution in time domain measurement.[85–90] In all-optical TR-
MOKE measurement, the precession motion of magnetiza-
tion in magnetic systems is generated by a femtosecond pump
laser pulse instead of the microwave field, and consequently,
the occurrence of eddy current in metallic ferromagnets can
be avoided. We present an all-optical TR-MOKE investi-
gation of the nonlinear magnetization dynamics in a 10 nm
Fe/MgO(001) thin film.
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Fig. 28. (a) The longitudinal Kerr loop of Fe/MgO(001) film with a
magnetic field along the Fe[100] direction. (b) The normalized rema-
nence of Fe/MgO(001) film as a function of the orientation of an in-
plane magnetic field. (c) The TR-MOKE data of 10 nm Fe/MgO(001)
film under the pump fluence of 16.5 mJ/cm2. Inset is a sketch of the co-
ordinate system. The external magnetic field H with the components Hx
(20 mT) along the X axis and Hz (369 mT) along the Z axis is applied in
the XZ plane during the TR-MOKE measurement. The magnetization
M takes an angle of θ0 with respect to the Z axis.[91]

Figure 28(c) depicts the TR-MOKE measurement with a
pump fluence of 16.5 mJ/cm2. The magnetization dynamic
process can be divided into three parts with different time
regimes marked as I (0–1 ps), II (1–10 ps), and III (10 ps–
5 ns).[90] In regime I, the transient high-temperature in a lo-
cal area of the Fe film produced by a femtosecond laser pulse
gives rise to magnetization loss ∆M within less than one pi-
cosecond, i.e., the ultrafast demagnetization, and the vari-
ation of magnetic anisotropies including magnetocrystalline
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anisotropy and shape anisotropy, which depends on the mag-
netization. Consequently, a precession of the magnetization
around a new equilibrium orientation is induced. Then in
regime II, the magnetic anisotropy of the Fe film recovers to its
initial value in the order of picoseconds when the temperature
is reduced because of the fast thermal diffusion, and conse-
quently the direction of the effective magnetic field is reori-
ented to the initial equilibrium direction. Due to the rapid
change in the orientation of the effective magnetic field in
regimes I and II, the magnetization vector is not in the equi-
librium position and will relax back via a slow magnetization
precession within a couple of nanoseconds in regime III. Thus,
the femtosecond laser is an effective tool to pump a magnetiza-
tion precession in metallic magnetic films for the investigation
of the magnetization dynamics.

Under high excitation fluence, the amplitude of the mag-
netization precession becomes large, and consequently the
nonlinear magnetization precession, e.g., the second harmonic
generation, occurs. Since the second harmonic signal is sev-
eral orders of magnitude weaker than the fundamental signal,
it is difficult to distinguish the signal from TR-MOKE directly.
To characterize the second harmonic generation, the corre-
sponding power spectral density of the magnetization preces-
sion is obtained from the TR-MOKE data of Fe/MgO(001)
film by fast Fourier transformation (FFT). Figure 29(a) shows
the FFT power spectrum of the magnetization precession for
pump-laser fluences varied from 2.5 mJ/cm2to 19.1 mJ/cm2.
When the laser fluence is lower than 2.5 mJ/cm2, only a peak,
which corresponds to the uniform mode of precession, appears
at a low frequency of f1 = 11.4 GHz in the FFT power spec-
trum. Upon increasing the laser fluence up to 7.1 mJ/cm2, a
second peak at a high frequency of f2 = 23.3 GHz is observed
to superimpose onto the uniform mode at a low frequency of
f1 = 11.5 GHz. In the case of the laser fluences of 16.5 and
19.1 mJ/cm2, the frequency of f2 is shifted to 23.0 GHz and
the power density of the second peak is enhanced. The fre-
quencies f1 and f2 are plotted in Fig. 29(b) as a function of
the laser fluence. The values of f1 and f2 are distributed in
the lines of 11.5 GHz and 23.0 GHz, respectively. The range
in which f2 = 2 f1 indicates the occurrence of the second har-
monic generation in Fe/MgO(001) film when the laser fluence
is up to 7.1 mJ/cm2.

Our experiments demonstrate that the all-optical pump-
probe technique of TR-MOKE has the ability to explore the
nonlinear magnetization dynamics in metallic magnetic films.
The optical approach has a spatial resolution down to submi-
cron and the Kerr signal has high magnetic sensitivity down
to a quasi-monolayer thickness. Moreover, the femtosecond
pump laser pulse instead of the combination of high power
microwave source and coplanar waveguide is used to excite
the magnetization precession in metallic systems. All these

advantages of the all-optical TR-MOKE technique provide
the flexibility for exploring nonlinear behaviors in magnetic
confined structures, especially with metallic materials. Our
work provides a guideline for studying nonlinear magneti-
zation dynamics in ferromagnetic materials by using the all-
optical pump-probe technique.
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Fig. 29. (a) Power spectral density of Fe/MgO(001) film obtained by
fast Fourier transform of the TR-MOKE data with the pump laser flu-
ences at 2.5 mJ/cm2, 7.1 mJ/cm2, 16.5 mJ/cm2, and 19.1 mJ/cm2. (b)
Values of the peak in the spectra as a function of the laser fluence. The
f1 and f2 denote the frequencies of the first and the second peaks in
panel (a).[91]

4. Summary and perspectives
We adopted a novel method to tune the terrace width

of the Si(111) substrate by varying the direction of the heat-
ing current, and consequently manipulating the magnetic
anisotropy of magnetic structures on the stepped substrate by
the decoration of its atomic steps.

We presented the laser-induced ultrafast demagnetization
of the CoFeB/MgO/CoFeB magnetic tunneling junction by
TRMOKE. The demagnetization time is shorter and the mag-
nitude of demagnetization is larger in the AP state than those
in the P state. Our observation indicates that ultrafast demag-
netization can be engineered by the hot electron tunneling cur-
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rent and opens a door to manipulate the ultrafast spin current
in magnetic tunneling.

All these advantages of the all-optical TR-MOKE tech-
nique provide the flexibility for exploring nonlinear behaviors
in magnetic confined structures, especially with metallic ma-
terials. Our work provides a guideline for studying nonlinear
magnetization dynamics in ferromagnetic materials by using
the all-optical pump-probe technique.
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