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Abstract

The magnetization dynamics of ultrathin epitaxial Fe films on GaAs (001) with different thicknesses
have been investigated by all-optical time-resolved magneto-optical Kerr effect. For the Fe film with
thickness of 8 monolayers, the magnetic damping constants show a large uniaxial anisotropy with an
increase of up to 66% depending on the crystallographic directions. The uniaxial magnetic damping
correlates clearly with the in-plane uniaxial anisotropy field obtained by fitting the dispersion equation.
In addition, the anisotropy of the damping constants is found to disappear for the Fe films thicker than
15 monolayers, suggesting that the anisotropic damping originates from the interfacial effect between Fe

and GaAs.

Index Terms—Anisotropic damping constant, ultrathin film, TR-MOKE, magnetic anisotropy field.
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Magnetic damping constant plays a key role in magnetic procession and spin relaxation process in
magnetization dynamics.! It is one of the key issues for spintronic applications as well. A typical
example is magnetic random access memory (MRAM), in which the critical current density to switch the
magnetization is proportional to the magnetic damping constant. To reduce the critical current of the
STT-MRAM, a magnetic material with small damping constant should be considered. However, a
magnetic material with small damping constant increases spin switching time, and thus reduces the
operating speed. # 3 Therefore, it is of great importance to find a magnetic material with proper damping
constant. In order to investigate the physical mechanisms of magnetic damping, a few works have been
done in recent years.*!* These reports reveal that several factors have impact on the magnetic damping
constant, such as the thickness,® the capping layer,” ® and the magnetic anisotropy of the film.% '° In
addition, external electric field and pulsed laser can also change the damping constant.!'"!* Theoretically,
the intrinsic magnetic damping is proportional to &?/z, where ¢ s the strength of the spin—orbit interaction
and 7 is the electron momentum scattering time.'* ' Generally, the magnetic damping constant is

regarded as an isotropic constant irrelevant to the crystal directions.

At the same time, the Fe/GaAs (001) hybrid structure has been one of the interesting topics.'®!° Over the
last decades, It is a model hybrid ferromagnetic (FM)/semiconductor (SC) system due to the fact that the
lattice mismatch is reasonably low (~1.4%), providing a basis for epitaxial growth.'® In addition, the
respective properties of Fe film and GaAs are widely studied, because Fe is a robust FM material with
high spin polarization while GaAs is the most commonly used III-V SC in device applications. The
interface between Fe and GaAs induces uniaxial magnetic anisotropy for ultrathin Fe film, which is
different from the cubic magnetic anisotropy induced by the crystal structure of Fe film.?’ Several reports
have indicated that the magnetic damping constant is anisotropic in monocrystalline Fe film.?!>3 Recently,
L. Chen et al. reported an anisotropic damping constant with an increase of around 20% in Fe film
measured by spin-orbit ferromagnetic resonance (SO-FMR).!® Here, we investigate the anisotropy of the
damping constant in the Fe/GaAs system with various thicknesses of Fe layer. The anisotropic damping
constant was measured by angular dependent time-resolved magneto-optical Kerr effect (TR-MOKE).
Comparing the damping constant along [110] orientation with that along [110] orientation, we find a

large increase of up to 66% in the Fe film with the thickness of 8 monolayers (MLs). Such an anisotropy



of damping constant is in accordance with the in-plane uniaxial anisotropy of the film and thus we deduce

that the anisotropy of damping constant originates from interfacial effect between Fe and GaAs.

The bilayer Cr(3 nm)/Fe(t) films were deposited on commercially available GaAs (001) substrates by
molecular beam epitaxy (MBE). The thickness of Fe films was selected as t = §, 15, 20, 24, 32, 40 MLs.
To protect the Fe layer from oxidization, a 3 nm Cr capping layer was deposited on the top of Fe layer.
The base pressure of the chamber was below 2x1071% mbar while the Fe and Cr growth pressure were
6x107'° mbar and 1x10° mbar, respectively. During the deposition, the lattice structure of the deposited
layers was monitored by a reflective high energy electron diffraction (RHEED) to insure high quality of

monocrystalline Fe film.

The static magnetic property of monocrystalline Fe film was measured by a vibrating sample
magnetometer (VSM), where the external magnetic field was applied in the film plane. In Fig. 1(a), the
in-plane hysteresis loops of 8 MLs Fe are depicted. The coercivity of 8 MLs Fe is around 12.5 Oe along
[110] orientation of the GaAs substrate while it is about 50.1 Oe along [110] orientation. The
saturation magnetization M; is around 2000 emu/cm’. Magnetization dynamics were investigated by
means of all-optical TR-MOKE. Fig. 1(b) illustrates the schematic configuration of the polar TR-MOKE
measurement and the coordinate system used for analysis. The surface normal of Fe film is defined as z-
axis. The pump beam is incident along negative z-axis while the incident probe beam is about 4° away
from z-axis. The spot diameters of pump and probe beams focused onto the film surface are about 500
pm and 200 pm, respectively. ﬁext is applied obliquely to pull the magnetization of Fe film out of the
sample plane. The effective magnetic field ﬁeff is a vector field composed of the external magnetic
field ﬁext and the magnetic anisotropy field (MAF) of the film. 8y (6) is the polar angel and ¢# (¢) is
the azimuthal angel of ﬁext (ﬁeff). Once pump pulse beam is incident on the sample surface, energy
deposited by the pump pulse leads to a change of the MAF and thus ﬁeff. A transiently induced ﬁeff ’
deviates from the original equilibrium i eff and recovers to 176 sr Within about 10 picoseconds.**
Consequently, the magnetization M is triggered out of equilibrium by ﬁeff’ and starts to relax by
damped oscillation around i eff- Generally, the precessional motion detected by probe beam lasts up to

the nanosecond scale.?>2¢ In the TR-MOKE measurements, the femtosecond pulse laser is generated by



a Ti:sapphire regenerative amplifier with a repetition rate of 1 kHz, a central wavelength of 800 nm, and
pulse duration of about 60 fs, respectively. The pump beam fluence is 15.3 mJ/cm?. All measurements
were performed with an fixed angle 6y = 60° at room temperature. The details of the TR-MOKE setup

were also described in the previous reports.” %’

The sample is placed in XY-plane with [110] orientation pointing to positive x-axis as shown in Fig. 1(b).
The component of Hoxe projected on XY-plane is along [110] or [110] orientations when gy is 0°
or 90° respectively. For TR-MOKE measurement, the damped oscillation curves can be described by the

following phenomenological formula:' 28

Okerr ¢ Ae~tT sin(2uft + ¢@,) + Be ™t/ (1)

where 4, 7, f, and ¢y are the amplitude, relaxation time, frequency and initial phase of the magnetization
precession, respectively. The second term of Eq. (1) represents the background signal due to the
demagnetization recovery.” ' Fig. 2(a) shows the typical TR-MOKE signal of 8 MLs Fe film measured
along [110] orientation. The damped oscillating signals excited by pump laser correspond to the strong
magnetization precession. The external magnetic fields are varied from 1.191 kOe to 6.858 kOe. The red
solid curves are the best fitting results, suggesting that the optically excited procession of magnetization
is a uniform mode. Fig. 2(b) displays the precessional frequencies f'as a function of external field along
[110] and [110] orientations, showing different trend along these two orthogonal orientations. f is
almost linear to external field along [110] orientation, indicating that the effective magnetic field is
mainly contributed by the external magnetic field. However, f behaves nonlinearly with the magnetic
field along [110] orientation, especially in the low field region, suggesting a high MAF along this
orientation. The solid curves in Fig. 2(b) are the calculated results of frequency, and the formula is
expressed as:%

() - s [ 2t - () ] =0 @
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where M; is the saturation magnetization and F is the magnetic energy density. y is the gyromagnetic
ratio and it is defined as y = gug/h where g, up, and A are the Lande’s g-factor, Bohr magneton,
and the reduced Planck’s constant, respectively. g is taken as 2.1 for Fe film in general. The in-plane
magnetic anisotropy of ultrathin Fe film is cubic anisotropy superimposed with uniaxial anisotropy, thus

the total energy density F is modeled by:?



F = —M H[sin8sin8y cos(p — @y) + cosOcosOy] — 2nM?2 — K, )sinb? + K,sin*6cos? @
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where K, K., and K. are in-plane uniaxial, cubic, and perpendicular anisotropy constants, respectively.
The four terms in Eq. (3) represent Zeeman energy, the effective demagnetization energy, the in-plane
uniaxial anisotropy energy, and in-plane cubic anisotropy energy, successively. ¢ is the initial phase of
cubic anisotropy with respect to the positive x-axis, i.e., the easy axis of the uniaxial anisotropy. 8 and ¢
are determined by the minimum of F by using the conditions dF/06 = 0 and 0F /0¢ = 0 when
effective field is in the equilibrium state. Combining with Eqgs. (2)-(3), we obtain the ultimate fitting
formula as shown in Eq. S1. Then, the fitting frequency values are calculated by the best fitting
parameters K,, K. and K. according to Eq. (S1). The effective demagnetization field 4mwM,sf is
calculated by 4nM.r = 4TM; — 2K, / Mg . In terms of the fitting parameter K ., we obtain
ATMorpi110) = 7.29 £ 1.27 kOe and 4mMfp710) = 5.13 £ 2.38 kOe. Generally, the effective
demagnetization field is a constant for in-plane magnetized film. However, the calculated values of
4M,ff along [110] and [110] are not equivalent due to large fitting error, and we will discuss this
later on. Fig. 2(c) shows the effective damping factor oy under different magnetic fields, in which oy is
givenby a.rr =1/ (2mf7). The intrinsic damping factor oo is regarded as a constant due to the natural
property of magnetic material. Theoretically, oy is an ultimate value of o as the external field approaches
to an infinity, and thus it can be extracted approximately at a high field.3*32 As shown in Fig. 2(c) of the
8MLs film, the effective damping factor decreases dramatically with increasing the external field and
eventually keeps unchanged. The invariable o.f is approximately regarded as intrinsic damping o and
thus we extracted average oo along two orthogonal orientations from external field exceeding 5.5 kOe.
The results are ap110; = 0.0123 £+ 0.0015 and agqy9) = 0.0204 £ 0.0023. The intrinsic damping
constant along [110] orientation increases by 66% compared with that along [110] orientation,

indicating that the intrinsic damping constant is not isotropic in the ultrathin Fe film.

To further investigate the anisotropy of damping constant of 8MLs Fe film, the angular dependent TR-
MOKE was performed by changing the angle ¢y of the crystallographic orientation of GaAs with respect
to ﬁext. More specifically, gy is changed from 0° to 360° with step of 10°. The value of external

magnetic field was set as 6.24 kOe to obtain intrinsic damping constant. Fig. 3(a)-(c) provide the decay



time, frequency, and intrinsic damping constant according to Kerr signals measured by rotating the
sample in the XY-plane. The precessional frequencies show a clear two-fold symmetry and the
symmetrical axes are in accordance with the easy and hard axes of Fe film, indicating a high in-plane
MAF. The decay time also presents two-fold symmetry, yet the symmetrical axes tilt around 15°, leading
to a similar oblique two-fold symmetry of intrinsic damping constant. The round angular measurements
of the TR-MOKE enable us to determine unambiguously the uniaxial and cubic components of the in-
plane MAF. In Fig. 3(b), the calculated frequencies are perfectly fitted to the experimental data by

adjusting the value of K,,, K. and K. according to Eq. (S1).

The angular dependent TR-MOKE was also performed for the Fe films with various thicknesses and the
angular dependent precessional frequencies are shown in Fig. S1. Subsequently, the MAF is calculated
by the best fitting parameters Ky, K., and K. The results are plotted in Fig. 4(a), which gives a clear
competitive picture between magnetic uniaxial field 2K./M; and magnetic cubic field 2K./Ms. For the
ultrathin Fe films, the magnetic uniaxial field dominates the in-plane magnetic anisotropy. With the
increase of the thickness of the Fe films, the magnetic uniaxial field decreases dramatically and the
magnetic cubic field increases until a saturated value. The effective demagnetization field behaves
similarly to the cubic field, because both of them are contributed by the bulk state. For Fe film with the
thickness of 8 MLs, we would like to point out that the 4nM.z obtained from fitting fvs p is 7.23 £ 0.11
kOe. However, 4TM,ff(110) = 7.29 £ 1.27 kOe and 47Mff[710) = 5.13 + 2.38 kOe are calculated
by fitting f'vs H (= 0°, 90°). In fact, the effective demagnetization is a constant for in-plane magnetized
film. Obviously, 7.23 + 0.11 kOe is more accurate for the effective magnetization field. For the
ultrathin Fe films, the in-plane MAF is the same magnitude as the external magnetic field. Therefore, the
system is overdetermined in the low external field region and thus fitting /' vs H induces large
experimental uncertainties. Fig. 4(b) presents the intrinsic damping constants along [110] and [110]
orientations for the Fe films with various thicknesses. The intrinsic damping shows a similar behavior to
the magnetic uniaxial with the increase of the thickness of the Fe films. Therefore, we deduce that
uniaxial magnetic damping correlates with the in-plane uniaxial anisotropy field. In addition, S. Pal et al
also reported that the damping constant is a linear relation with the perpendicular magnetic anisotropy

for out-of-plane magnetized [Co/Pd]s, which is in accordance with our results. From the perspective of



electron structure, G. Keith et al reported that the intra-band contribution of Fe film contributed to the
directional anisotropy of the scattering rates by the ab initio density functional electron theory.>* The
interface between ultrathin Fe and GaAs exists strong interfacial spin-orbit coupling.'” Therefore, we
deduce that interfacial spin-orbit coupling enhanced the intra-band contribution of Fe film, leading to

larger anisotropy of the scattering rates and thus anisotropy of the intrinsic damping constant.

In conclusion, the magnetic damping constants of Fe/GaAs films were studied by TR-MOKE. We find a
large uniaxial anisotropy of the damping constant in ultrathin Fe film. The intrinsic damping constant
along [110] orientation increases by 66% compared with that along [110] orientation. However, such
a uniaxial anisotropy of the damping constant nearly disappears when the Fe films are thicker than 15
MLs, indicating that the anisotropy of damping constant originates from interfacial effect between Fe
and GaAs. The large anisotropy of the damping constant in ultrathin Fe films may be beneficial to design

the spintronic devices such as spin-orbit torque MRAM and nano-oscillators.

See supplementary material for: 1. The ultimate fitting formula of the dispersion relation. II. The

precessional frequencies measured by angular TR-MOKE for Fe film with various thicknesses.
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Fig. 1. (Color online) (a) The in-plane magnetic hysteresis loops of the 8 MLs Fe film along [110] (black squares)

and [110] (red circles) orientations. The easy axis is along [110] orientation of the GaAs substrate. (b) Schematic

geometry of the TR-MOKE measurements and the coordinate system used for the analysis.
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Fig. 2. (Color online) (a) Typical time-resolved Kerr rotation curves (open circles) for the SMLs Fe film along [110]
orientation (@ = 90°). The red solid lines are the best fitting results. The external magnetic field is applied from
1.191 kOe to 6.858 kOe, as labeled. The curves are offset for clarity. (b) The precessional frequencies as function of
external magnetic field along [110] orientation (black squares) and [110] orientation (red circles). The solid lines
represent the calculated results. (¢) The magnetic field dependence of the effective damping factor along [110] and

[110] directions. The red and black dash lines are the guides for eyes.
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Fig. 3. Angular dependence of the (a) decay time 7, (b) frequency f, and (¢) intrinsic damping constant ao for 8 MLs

Fe film. ¢z = 0° and ¢ = 90° correspond to [110] and [110] orientations, respectively. The red solid line is the

calculated result of frequency and the dash lines are the guides for eyes. The external field is set as 6.24 kOe to

obtain .
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FIG. 4. (a) The magnetic anisotropy field (MAF) as a function of the thickness of Fe film. 2K,/M; (black squares),

2K/M;s (red circles), and 4nMey (blue diamonds) are magnetic uniaxial field, magnetic cubic field, and effective

demagnetization field, respectively. The dash lines are the guides for eyes. (b) The intrinsic damping constant for Fe

films with various thicknesses along [110] and [110] orientations, corresponding to @z = 0° and @m = 90°,

respectively.
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