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The magnetic anisotropy and magnetization reversal of single crystal Fe films with thickness of 45 monolayer

(ML) grown on Si(111) have been investigated by ferromagnetic resonance (FMR) and vibrating sample magnetometer

(VSM). Owing to the significant modification of the energy surface in remanent state by slight misorientation from

(111) plane and a uniaxial magnetic anisotropy, the azimuthal angular dependence of in-plane resonance field shows a

six-fold symmetry with a weak uniaxial contribution, while the remanence of hysteresis loops displays a two-fold one.

The competition between the first and second magnetocrystalline anisotropies may result in the switching of in-plane

easy axis of the system. Combining the FMR and VSM measurements, the magnetization reversal mechanism has also

been determined.
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1. Introduction

The epitaxial ferromagnetic films on semiconduc-

tor substrates, a prototypical system for magneto-

electronics, and the integration of magnetic devices

in semiconductor technology, have been widely stud-

ied for decades.[1] Especially, the Fe film on Si(111)

substrate has attracted much attention owing to its

some unique features,[2,3] which mainly lie in three

aspects: first, the Si(111) substrate, due to its rich

physics and the accurately controllable step width and

type,[4−6] is often chosen as the step surface to tune

the magnetic properties of ferromagnetic films;[7−9]

second, a (111) oriented single crystal film seems to be

more favorable than (100) or (110) oriented ones for

magnetic softness,[10] since the former provides very

low in-plane anisotropy; third, some interesting mag-

netic phenomena, such as four-fold symmetry of the

in-plane ferromagnetic resonance (FMR) field and in-

verted hysteresis loops, have been observed due to

the extreme sensitivity of magnetic properties to the

small misorientation of Fe films from the (111) plane

and the competitive magnetic anisotropies.[11,16] In or-

der to deeply understand the magnetic properties of

Fe(111) films, the accurate measurement of the mag-

netic anisotropies of Fe(111) films is necessary.

Analysis of the magnetic anisotropy of materi-

als is typically carried out by using the ferromag-

netic resonance (FMR) method. For Fe(111) films

on Si(111) substrates, two alternative approaches are

often adopted by either transverse biased initial in-

verse susceptibility and torque (TBIIST) or directly

reproducing the in-plane hysteresis loops. However,

the former one cannot measure the first-order cu-

bic anisotropy, and the magnetization reversal model

must first be assumed in the latter. Compared with

magnetization curve fitting, the FMR technique yields

precise results, but is irrelative to the magnetization

reversal mechanisms. If we combine the two methods

together, both the magnetic anisotropy and magne-
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tization reversal can be determined. In addition, it

is well known that the magnetocrystalline anisotropy

energy in the (111) plane exhibits six-fold symmetry

only related to the weak second-order cubic anisotropy

constant K2. Hence, the first-order cubic anisotropy

constant K1 is often neglected in analyzing the exper-

imental results.

In the present paper, we have investigated the

magnetic anisotropy and magnetization reversal of

molecular beam epitaxy (MBE)–grown 45-monolayer

(ML) Fe/p(2×2) iron silicide/Si(111) by the FMR and

vibrating sample magnetometer (VSM) methods. A

nominal flat Si(111) substrate (with a miscut angle

of only 0.1◦ along the [11–2] direction) is chosen for

weakening the effect of misorientation from the (111)

plane. The remanence of the system shows an in-plane

two-fold symmetry. However, a six-fold one of the in-

plane resonance field is visible. The energy surface of

Fe(111) in a remnant state has been significantly mod-

ified by the very slight misorientation from the (111)

plane and the in-plane uniaxial magnetic anisotropy.

Meanwhile, the competition between two cubic terms

K1 andK2 may result in the switching of the direction

of the in-plane easy axis. Combining the fitting mag-

netic parameters and magnetic hysteresis loops, the

magnetization reversal mechanism is also determined.

2. Experiments

The growth experiments were performed in an

ultrahigh vacuum (UHV) molecular beam epitaxy

chamber with the base pressure of 2 × 10−10 mbar.

The UHV chamber is equipped with a scanning tun-

neling microscope (STM) and a low-energy electron

diffraction (LEED) system. Substrates were Si(111)

wafers with a miscut angle β = 0.1◦ along the [11–2]

direction. An atomically clean 7×7 Si(111) surface of

the sample was obtained after a well-established flash-

ing procedure. The Fe film with a thickness of 45 ML

was deposited in a two-step process.[10] First, a well

ordered 2×2 reconstructed iron silicide seed layer con-

structed by depositing 1.5-ML Fe annealed to 700 K

for 10 min, was inserted between the substrates and

Fe films in order to prevent the Fe/Si intermixing.[11]

Subsequently, Fe was deposited on the iron silicide

template at room temperature, with the normal inci-

dence direction being perpendicular to the substrate

plane at a deposition rate of 1.5 ML/min. The atomic

density of 1 ML corresponds to 7.8×1014 cm−2, which

is the same as the unreconstructed Si(111) surface.

STM, FMR, and VSM measurements were performed

at room temperature. A coordinate system used in ex-

perimental measurements is defined by the polar an-

gle θ and azimuthal angle φ with respect to the film

normal and step direction in the sample plane, respec-

tively. NaCl with a thickness of 14 ML was deposited

on the sample as a capping layer to protect samples

from being oxidized.[10]

3. Results and discussion

Figure 1(a) shows a large-scale STM image of a

p(2 × 2) reconstructed iron silicide seed layer (evi-

denced by the LEED pattern in the left–upper in-

set of Figure 1(a)), which well reproduces the bare

Si(111) structure of double-layer high (0.31 nm) step

arrays with the average terrace width of 160 nm cor-

responding closely to the nominal miscut of 0.1◦.

The atomic resolution STM image including the is-

land and terrace, as shown in the right–bottom in-

set of Fig. 1(a), indicates that they are composed of

the same p(2 × 2) reconstructed silicide structure.[12]

A three-dimensional (3D) grown inhomogeneous-

shaped bcc–Fe(111) film with azimuth orientations

Fe(111)||Si(111) and Fe[–1–12]||Si[11–2][2] is displayed
in Fig. 1(b). The surface morphology of Fe films con-

sists of small grains (10–25 nm) and completely covers

the iron silicide buffer layer.

Fig. 1. (a) STM image of the p(2× 2) iron silicide buffer

layer. Left–top: LEED pattern taken at the primary

electron energy of 28 eV, right–bottom: atomic resolu-

tion image of the iron silicide. (b) STM image of the

inhomogeneous-shaped bcc-Fe(111) film with a thickness

of 45 ML.
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The magnetic anisotropies of the sample were

measured by FMR at a frequency of 9.0 GHz. An

external field H is applied to the film plane in differ-

ent directions. The azimuthal angle φ dependence of

the FMR spectra and resonance field Hr are displayed

in Figs. 2(a) and 2(b), respectively. The Hr (φ) curve

presents two contributions of both a strong cubic six-

fold symmetry and a weak two-fold one. It indicates

that the in-plane magnetic anisotropy is the super-

position of a dominant six-fold and a small uniaxial

magnetic anisotropy contribution, which is in good

agreement with the crystalline structures of the nom-

inal flat Si(111) plane and single crystal Fe(111) film.

In order to analyze the experimental data, the total

free energy density of the system is written in the fol-

lowing form:[11,13]

E = −µ0MsH · µ+K1α
2
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2
2 + α2
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2
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2

− Ks(µ · ns)
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Fig. 2. (colour online) (a) Experimental FMR spectra. (b)

Experimental and fitted data of resonance field Hr (φ). The

φ = 0 direction is in line with the step direction [–110].

The first three terms are, respectively, the Zee-

man energy, the first- and second-order cubic mag-

netocrystalline anisotropy energies, with µ being the

unit vector of the magnetization vector, Ms being the

saturation magnetization of Fe (taken to be the bulk

value of 1.74 × 106 A/m), and αi being the direc-

tional cosines of the magnetization vector with re-

spect to cubic axes [100], [010], and [001]. The last

three terms refer to the in-plane uniaxial magnetic

anisotropy with its easy axis along the step direc-

tion nu (θ = 90◦, φ = 0◦), the out-of-plane demagne-

tization energy with its hard axis nd normal to the

small vicinal plane rather than the (111) crystallo-

graphic plane, and the surface magnetic anisotropy

with its easy axis ns normal to the (111) plane. The

Ku, Kd, and Ks are constants, and Kd = µ0M
2
s . Fit-

ting the experimental data by using Eq. (1) and stan-

dard FMR conditions, we obtain the following results:

K1 = 4.4×104 J/m3, K2/K1 = 0.05, Ks/Kd = 0.184,

and Ku = −5.9 × 102 J/m3. The negative value

of the in-plane uniaxial magnetic anisotropy constant

Ku indicates that the direction of easy axis is per-

pendicular to the step direction. Similar phenom-

ena have been reported in the system Fe/W(001)[14]

or Au/Co/Cu/Si(111),[15] which have been explained

by the step-induced anisotropy. Garreau et al. re-

ported the uniaxial anisotropy in the Fe(111)/c(8×4)

iron silicide/Si(111) system with random directions of

the easy axis at different Fe thicknesses.[2] They ex-

cluded the origin of uniaxial anisotropy from symme-

try breaking since the distinct samples with the same

nominal thickness present different uniaxial directions.

Here, the samples with different nominal thicknesses

present the same uniaxial directions. Hence, the uni-

axial anisotropy may result from the symmetry break-

ing due to the small vicinality (0.1◦) of the nominal

(111) surface.

The FMR equation of a Fe-(111) surface includ-

ing K1 and K2 terms has been derived by Kohmoto[16]

using an approximate method of effective demagne-

tizing factors, in which the in-plane six-fold oscilla-

tion of resonance field Hr only originates from the K2

term. No angular variation of Hr is expected by K1

term. However, accurate numerical calculation can

make sure that the six-fold symmetry of in-plane res-

onance fieldHr and reduced anisotropy energy Er may

be observed even when K2 = 0, as shown in Fig. 3(a).

This can be explained by considering the competi-

tion between the K1 term and effective demagnetiz-

ing field term
(
Kd −Ks

)
, resulting in a small devi-

ation of magnetization with respect to the Fe(111)

plane in the resonance condition. Furthermore, as

can be seen in Fig. 3, when (K2 = 0), the easy axes

of the system with positive K1 are along six equiva-

lent ⟨11 − 2⟩ directions (one of them is perpendicu-

lar to the step direction). According to the expres-

sion of the second cubic energy term in the (111) film

E
(111)
2 = K2(1 + cos 6φ)/108,[2] a positive value of K2

relates to the easy axis along six equivalent ⟨−110⟩
directions (one of them is parallel to the step direc-

tion), as displayed in Fig. 3 (K1 = 0). Though the

value of K1 is generally one order larger than that of

K2, they have a comparable influence on the in-plane

resonance field. The competitive effects of K1 and K2

terms on Hr may be clearly displayed by defining a

parameter ∆Hr = H0
r −H90

r (the difference of the res-

onance field between the azimuthal angle φ = 0◦ and

φ = 90◦, i.e., parallel and perpendicular to the step

077503-3



Chin. Phys. B Vol. 21, No. 7 (2012) 077503

direction, respectively). If ∆Hr > 0, the easy axis is

along ⟨11 − 2⟩ directions. Otherwise, if ∆Hr < 0 the

easy axis is along ⟨−110⟩ directions. The ∆Hr depen-

dence of K1 and K2 (with Ks/Kd = 0.184, Ku = 0,

and β = 0) is illustrated in Fig. 3(b). The whole re-

gion is divided into two parts with different easy axes

by the thick solid lines of ∆Hr = 0. The six-fold

anisotropy easy axis switches from ⟨−110⟩ in area i to

⟨11− 2⟩ in area ii is displayed.

Fig. 3. (a) In-plane angular dependence of the anisotropy

energy and resonance field; (b) difference ∆Hr between

the parallel resonance field H0
r and perpendicular reso-

nance field H90
r to the step direction as a function of K1

and K2. Ks/Kd = 0.184, Ku = 0, and β = 0.0.

To further investigate the magnetization rever-

sal behavior, the magnetic properties of the samples

are also measured by using the VSM method. Fig-

ure 4 shows four representative hysteresis loops for

φ = 0◦, 15◦, 30◦, and 75◦ (denoted by hollow dia-

monds), indicating that the system is the supposition

of in-plane uniaxial anisotropy and cubic anisotropies.

The loops with low remanence correspond to H paral-

lel to the step direction, while the almost rectangular

loops represent H perpendicular to the step direction,

indicating the direction of easy axis of in-plane uniax-

ial magnetic anisotropy is perpendicular to the step

direction, which is consistent with the FMR measure-

ments.

By using the fitting magnetic parameters and the

coherent rotation model, the calculated magnetization

curves are obtained by minimizing the free energy of

the system, as shown by the solid lines in Fig. 4. For

the field close to the hard axis, there is an excellent

agreement between experimental and calculated data.

A split loop for φ = 0◦ is observed and characterized

by a shift field Hs with the value Hs = Ku/µ0Ms.
[17]

A deviation of 5◦ from the exact hard axis is consid-

ered as the experimental error in the fitting. The in-

plane uniaxial magnetic anisotropy constant can also

be obtained as Ku ≈ 5.2× 102 J/m3, showing a good

agreement with the FMR measurements. While in the

vicinity region of the easy axis, the calculated coerciv-

ity is much larger than the experimental one. In this

case, the magnetization reversal mechanism deviates

from the coherent rotation.

Fig. 4. In-plane hysteresis loops for representative magnetic field angles of (a) 0◦, (b) 15◦, (c) 30◦, and (d) 75◦.
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The comparison of the remanence and coerciv-

ity in the whole azimuthal angular range between

the experimental and simulated data is plotted in

Fig. 5. Despite the big deviation of Hc (φ) curves,

the MR/Ms(φ) curves show a good consistency and

can be well fitted by using a simple equation |sin(φ)|.
Santos et al. presented a similar two-fold symmetry

of the MR/Ms(φ) curve in the Fe(6 nm)/Si(111) sys-

tem, but didn’t explain it.[8] In addition, the six-fold

symmetry of the experimental Hc (φ) curve is visi-

ble in this system. However, in the current sam-

ple, both MR/Ms (φ) and Hc (φ) curves don’t re-

veal six-fold symmetry of the in-plane cubic magnetic

anisotropy. For a nominal flat Fe(111) film, the cubic

Fe anisotropy overwhelms the uniaxial one, the six-

fold symmetry should be revealed both in azimuthal

angular dependence of resonance field and remanence.

In order to clarify the reason behind the anomalous be-

havior of azimuthal angular dependence of resonance

field and remanence in our experiment, a more in-

depth understanding of the origins of remanence and

coercivity is required.

Fig. 5. Azimuthal dependence of the experimental and

calculated (a) remanence and (b) coercivity.

Fig. 6. Reduced energy surface with (a) Ku = 0 and

β = 0, six minima are seen; (b) Ku ≈ 5.2× 102 J/m3 and

β = 0.1o, only two minima are observed.

Remanence is defined as the magnetization value

in a system after an external magnetic field is removed.

Neglecting the thermal activated energy and under the

assumption of single domain state, the magnetic mo-

ments of the system in remanent state would point

to the directions corresponding to the minima in the

energy surface in zero field. Thus, we plot the en-

ergy surface of the Fe(111) film in the vicinity of the

Si(111) plane at zero field with different parameters

in Figs. 6(a) and 6(b), respectively. In the case of

β = 0 and Ku = 0, i.e., a perfect crystalline Fe(111)

film without the uniaxial anisotropy, the six energy

minima displayed by light gray ellipses in Fig. 6(a), is

revealed by the energy contour. The direction of mag-

netization of the system in a remanent state would

only correspond to one of them. The remanence is de-

duced to be the cosine of the angle between magnetic

field direction and the nearest minima for the magneti-

zation. Consequently, a six-fold symmetry of in-plane

remanence is predicted. Considering the effect of the

small miscut angle β = 0.1◦ and the in-plane uniaxial

magnetic anisotropy Ku ≈ 5.2× 102 J/m3, the energy

contour is significantly modified, as shown in Fig. 6(b).

Only two minima are left. Thus, a two-fold symmetry
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of in-plane remanence is displayed, which is consistent

with the experimental observations. The coercivities

depend on both the total energy of system and the

magnetization reversal mechanism. Thus, the six-fold

symmetry of Hc(φ) may not be always observed even

in the case of predominant cubic anisotropy in the

(111) plane. It depends on the effect of the vicinal

plane and the uniaxial anisotropy on the magnetiza-

tion reversal mechanism. In fact, the six-fold Hc(φ)

curves are seldom observed in Fe(111) films since a

small vicinal angle or weak uniaxial anisotropy is usu-

ally sufficient to modify the energy surface of the sys-

tem from six-order symmetry to two-fold one.

4. Conclusion

We have investigated the magnetic anisotropy and

magnetization reversal of 45-ML Fe single crystal film

on Si(111) substrates by using flat ultrathin p(2× 2)

iron silicide as a buffer layer. Due to the significant

modification of the energy surface of the system by the

very slight misorientation from the (111) plane and

uniaxial magnetic anisotropy, a two-fold remanence of

the system is displayed, while the six-fold symmetry

of the in-plane resonance field is still visible. Mean-

while, the competition between first and second mag-

netocrystalline anisotropy may result in the switching

of the in-plane easy axis. The magnetization reversal

mechanism is dominated by coherent rotation for the

field close to the hard axis , and changes into domain

wall motion around the easy axis.
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