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ABSTRACT

We have investigated the magnetic damping of precessional spin dynamics in defect-controlled epitaxial grown Fe3O4(111)/Yttria-stabilized
Zirconia nanoscale films by all-optical pump-probe measurements. The intrinsic damping constant of the defect-free Fe3O4 film is found to
be strikingly larger than that of the as-grown Fe3O4 film with structural defects. We demonstrate that the population of the first-order per-
pendicular standing spin wave (PSSW) mode, which is exclusively observed in the defect-free film under sufficiently high external magnetic
fields, leads to the enhancement of the magnetic damping of the uniform precession (Kittel) mode. We propose a physical picture in which
the PSSW mode acts as an additional channel for the extra energy dissipation of the Kittel mode. The energy transfer from the Kittel mode
to the PSSW mode increases as in-plane magnetization precession becomes more uniform, resulting in the unique intrinsic magnetic damp-
ing enhancement in the defect-free Fe3O4 film.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5091503

The photo-induced precessional spin dynamics in various mag-
netic materials has attracted significant attention since the observation
of the uniform magnetic precession (Kittel mode) and the correspond-
ing first-order perpendicular standing spin wave (PSSW mode) in Ni
films by the all-optical pump-probe technique.1,2 After excitation by a
femtosecond laser pulse, besides the uniform Kittel mode, different
spin wave modes can be stimulated including first-order PSSW and
Damon-Eshbach dipolar surface spin waves (DE modes).3 At the same
time, all-optical pump-probe measurements allow the determination of
the magnetic Gilbert damping a,4,5 which is a key parameter for mag-
netic data recording and the next-generation spintronic memory devi-
ces such as Magnetoresistive Random Access Memory (MRAM).6,7

Therefore, understanding and controlling the magnetic damping is of
crucial importance. Among many factors affecting the magnetic damp-
ing, structural defects are crucial because they are generally inevitable
when preparing films or devices. It was proposed theoretically that
defects scatter the Kittel mode into short wavelength spin waves via

two magnon scattering, producing an extrinsic contribution to mag-
netic damping.8 This extrinsic mechanism was verified by the fact that
in thin NiFe films, the ferromagnetic resonance (FMR) linewidth
increases with the decreasing thickness.9 Also, the magnetic damping
was found to significantly increase due to interfacial defects in ultrathin
Fe/Cr layers.10 It is reported that the antisite disorder can increase the
intrinsic Gilbert damping in L10 FePt films in which the spinflip scat-
tering plays a dominant role.11 Thus, it can be expected that the mag-
netic damping should become smaller with reduced structural defects.
Although the damping coefficient is inversely proportional to the Co
layer thickness in Co/Pd multilayers,12 a thickness-dependent study of
magnetic damping in Fe3O4/MgO films has shown a strong increase in
effective damping from 0.037 up to 0.2 with the increasing film thick-
ness from 5nm up to 100nm,13 and the mechanisms of this observa-
tion are unknown. As a half metal, Fe3O4 is one of the promising
materials for spintronics due to nearly 100% spin polarization and
highly efficient spin injection and transport. Fe3O4 contains defects
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including antiphase boundaries (APBs) and twin defects.14,15 APBs are
structural defects formed during the film growth originating from the
mismatch between Fe3O4 films and substrates.16 The low formation
energy of APBs means that they are commonly observed in thin film
Fe3O4 samples.17,18 In addition to APBs, it was demonstrated that the
as-grown films can also have significant numbers of twin defects.19 The
influence of the defects in Fe3O4 thin films has not been investigated,
and very few studies on the magnetization dynamics and magnetic
damping of Fe3O4 thin films have been reported.20,21

To explore the effects of the structure on magnetic damping, the
defect-controlled epitaxial Fe3O4(111) nanoscale films on a Yttria-
stabilized Zirconia (YSZ) substrate were prepared by pulsed laser
deposition (PLD) growth and annealing. Using the time-resolved mag-
neto-optical Kerr effect (TR-MOKE), we find that the PSSW mode
only exists in the annealed defect-free Fe3O4 film, and numerical simu-
lations support this finding. More importantly, in contrast to the gen-
eral belief, the magnetic damping of the defect-free Fe3O4 film is
found to be significantly larger than that of the as-grown film with
defects. We find that the nonuniform PSSW mode is an extra energy
dissipation channel in addition to the uniform Kittel mode in the
defect-free Fe3O4 film. The PSSW mode is only populated when the
in-plane magnetization precession is uniform under a high magnetic
field. Our work demonstrates that the PSSWmode draws energy from
the Kittel mode and then leads to the enhancement of the magnetic
damping of the uniform magnetic precession.

To compare the defect conditions between the two as-grown and
annealed films, transmission electron microscopy (TEM) observations
have been performed. We find that the annealed Fe3O4 film contains a
lower density of defects, including APBs and twin defects, compared to
the as-grown film. The cross-sectional TEM images of the as-grown and
annealed Fe3O4 films are shown in Figs. 1(a) and 1(b), respectively (details
are given in the supplementary material). The thickness L of the as-grown
film and annealed films is about 80nm and 50nm, respectively.

The schematic pump-probe TR-MOKE setup and the sample
geometry in the external field are illustrated in Figs. 1(c) and 1(d).

TR-MOKE results for both the as-grown and annealed Fe3O4 samples
are presented in Figs. 1(e) and 1(f) under a pump beam fluence of
5.09 mJ cm�2. The photo-induced magnetic precession is described using
a phenomenological formula: DhK/

P2
i¼1Ai expð�t=siÞsinð2pfitþuiÞ

þBðtÞ, where si and fi are the relaxation time and the precession fre-
quency, respectively. ui is the initial phase of magnetization precession
and B(t) represents the background accounting for the slow recovery of
the magnetization, which is very weak in our measurements due to the
low pump beam fluence. A beating can be clearly seen from the Kerr rota-
tion oscillations of the annealed film in Fig. 1(f) (open circles). Therefore,
a sum of two damped sinusoidal functions is used to give the best fit of
the data as shown in solid lines in Fig. 1(f). In the case of the as-grown
sample, only a single damped sinusoidal function (A2 ¼ 0) is needed in
order to give the best fit (solid lines) to the results (open circles) as shown
in Fig. 1(e). The best fit curves demonstrate the fitting function a good
representation of the experimental results. The first dominating mode
(i¼1) observed in both films is the magnetic uniform precession mode
obeying the Landau-Lifshitz-Gilbert (LLG) equation while the second
mode (i¼2), which only presents in the annealed film, is the first-order
PSSW.We note that the possibility of a DEmode is excluded as discussed
in the supplementary material.

Fourier analysis is used to explore the observed multiple-mode
oscillations which are presented in Fig. 2. Figure 2(a) presents the
Fourier spectrum for the as-grown film showing a single precession
mode, the Kittel mode. Figure 2(b) presents the Fourier spectrum of
the annealed film. In addition to the main peak denoting the Kittel
mode (1st mode), two extra high-frequency modes are observed. The
second mode (red dashed line), which only becomes profound at high
external fields, is the PSSW mode. The amplitude of the Fourier

FIG. 1. (a) and (b) TEM images of (a) the as-grown Fe3O4/YSZ(111) interface and
(b) the annealed Fe3O4/YSZ(111) interface. (c) and (d) Schematic pump-probe
TR-MOKE setup and sample geometry. (e) and (f) Measured transient Kerr signal
of as-grown Fe3O4 (e) and annealed Fe3O4 (f). The Kittel mode is observed in both
films, while the PSSW mode is exclusively observed in annealed Fe3O4. The red
solid line in (e) and (f) shows the best fitting using single and double damped sinu-
soidal formulas, respectively. The applied field range is from 3616Oe to 5404 Oe.

FIG. 2. Fourier spectrum of as-grown (a) and annealed (b) Fe3O4. The Kittel mode
is recognized as the main peak. In the annealed film, the second mode (red dashed
line) originates from the PSSW. The field independent high-frequency third mode is
the CAP mode (blue dashed line) from the Fe3O4/YSZ interface. (c) f1 of the Kittel
mode of both the as-grown film (blue triangles) and the annealed film (red circles).
f2 of the PSSW mode observed in the annealed film is also plotted (pink squares).
The solid lines represent the fitting curves. The dashed gray line represents the
estimated PSSW mode in the as-grown film which is not observed. (d) Numerical
simulation of magnetization dynamics in the as-grown (blue) and annealed (red)
Fe3O4 thin films. The inset shows the corresponding Fourier spectrums.
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spectrum of the PSSW mode increases as the external magnetic field
increases, indicating that the excitation of PSSW modes gets stronger
as the sample magnetization becomes more uniform. The frequency of
the Kittel mode in the as-grown film is plotted as a function of the
external field strength in blue triangles in Fig. 2(c). The frequencies of
the Kittel mode and PSSW mode in the annealed film are plotted vs
the field strength in red circles and pink squares in Fig. 2(c), respec-
tively. The third mode [blue dashed line in Fig. 2(b)] with a frequency
of 95.8GHz shows no magnetic-field dependence and therefore is not
of a magnetic origin. This third mode is a coherent acoustic phonon
(CAP) mode from the interface between the Fe3O4 film and the sub-
strate. The nonappearance of the CAP mode in the as-grown film may
be due to phonon diffraction caused by defects. The Kittel and the
PSSW frequencies in Fig. 2(c) are fitted using Eqs. (S8) and (S10)
derived from the LLG equation. The fitting processes are detailed in
the supplementary material. The fits are in agreement with the values
(data points) extracted from damped sinusoidal fitting and plotted in
solid lines in Fig. 2(c). The best fitted values of the perpendicular
anisotropy constant Ku and cubic anisotropy constant Kc are obtained
for both samples and are comparable with other studies on Fe3O4 thin
films.21,22 The extracted value of the exchange stiffness constant Aex

from the PSSWmode fitting is (1.476 0.15) lerg/cm which is reason-
ably close to the reported value of Aex ¼ 1.19 lerg/cm estimated for
the exchange coupling constant of Fe3O4.

23 If we substitute Ku, Kc, L,
and Ms of the as-grown film as well as the extracted Aex from the
annealed film into Eq. (S10), the field dependence of the frequency of
the PSSW mode in the as-grown film is estimated and plotted as the
dashed line in Fig. 2(c). The difference in the PSSW mode between
two samples comes from the different film thicknesses between them.
However, this PSSW mode is not observed, neither in the TR-MOKE
results [Fig. 1(e)] nor in the corresponding Fourier spectrum [Fig.
2(a)]. Therefore, the PSSW mode is only observed in the annealed
Fe3O4 film and is not present in the as-grown film due to magnon
scattering induced by a high density of defects in this sample. The fact
that the PSSW mode is not observed in the low field region can be
attributed to magnon scattering due to the magnetic inhomogeneities.
In support of the experimental data, a model based on the Landau-
Lifshitz-Bloch (LLB)24–27 equation has been used to provide further

insight into the cause of the additional peaks seen in the Fourier
spectrum.

The relaxation time s1 of the Kittel mode for both the as-grown
and annealed samples is obtained from the best fit of Eq. (1) as a func-
tion of external field strengths and presented as blue triangles and red
circles in Fig. 3(a), respectively. The relaxation time s2 of the second
mode, the PSSW mode, observed in the annealed sample is also
obtained and presented as pink squares in Fig. 3(a). The PSSW mode
emerges in the annealed film only when the applied field is sufficiently
large. In Fig. 3(a), the relaxation time of the Kittel mode, s1, increases
with the field strengths in the as-grown sample. This is as expected
since the relaxation time is negatively correlated with the energy dissi-
pation rate of each spin wave mode, and the energy dissipation rate
decreases when the magnetization becomes more uniform. In the
annealed film, however, the relaxation time of the Kittel mode
decreases with the field strengths. This is in contrast to the observation
in the as-grown film. There are less lattice defects in the annealed film,
which means that the contribution of magnon scattering on the energy
dissipation rate is not as strong as that in the as-grown film. However,
one still expects that as the external field increases, the magnetization
precession becomes more uniform and makes its energy dissipation
rate decrease rather than increasing. The fact that the precessional
energy dissipates quicker with the increased field strength indicates
that there must be an additional channel. This additional channel is
responsible for the extra energy dissipation from the Kittel mode, and
this channel draws more energy from the Kittel mode as the external
field strength increases. On the other hand, PSSWmodes are observed
only in the annealed sample. The relaxation time, s2, of the PSSW
mode increases dramatically with the external field strength while s1
of the Kittel mode decreases. This suggests that the PSSW mode acts
as the additional channel responsible for the extra energy dissipation
of the Kittel mode. In this case, the energy is transferred from the
Kittel mode to the PSSW mode during magnetization precession in
the annealed sample. This energy transfer between two modes
increases as the in-plane magnetization precession becomes more uni-
form. It should be noted that the relaxation time of the Kittel model
decreases with a larger field for the annealed sample, which may also
result from that the effective damping reaches the intrinsic damping

FIG. 3. Extracted s1 of the Kittel mode
from the as-grown Fe3O4 film (blue trian-
gles) and annealed Fe3O4 film (red
circles) and s2 of the PSSW mode from
the annealed film (pink squares). Solid
lines are guides to the eye. (b) and (c)
Normalized time-domain fitting curves of
the PSSW mode (c) and Kittel mode (d);
dashed lines are the envelop curves to
monitor the amplitude decay. (d) aeff of
the as-grown (blue) and annealed (red)
Fe3O4 films. From the single exponential
decay fitting (solid lines), the intrinsic
damping a0 of both films is estimated.
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value as shown in the following discussion. However, the PSSW mode
acting as an additional energy dissipation channel is clarified.

The effective damping constants aeff are derived from the Kittel
mode using28,29 aeff ¼ 1/2pf1s1, where f1 and s1 are the frequency and
relaxation time of the Kittel mode, respectively. The variations of the
damping with the external field strength for the as-grown and
annealed films are shown in Fig. 3(d). The effective damping constant
aeff in both films decreases significantly with the increasing applied
field. This field dependence of the effective damping is commonly
observed and explained. The effective damping constant consists of
intrinsic and extrinsic components and the extrinsic damping mainly
comes from magnetic inhomogeneity or two magnon scattering. In
the low magnetic field region, the effective field is dominated by the
spatially fluctuating anisotropy field which leads to increased damping,
while in the high field region, the effect of the anisotropy field becomes
weak since the external field dominates and hence the effect of the
magnetic inhomogeneity decreases along with the damping con-
stant.30–32 In our measurement, the effective damping constant of the
as-grown film is larger than that of the annealed Fe3O4 film at small
external field strengths. This is consistent with the larger damping
associated with lattice defects introduced by APBs or other defects pre-
sent in the as-grown film. However, an intriguing finding is that as the
external field strength becomes larger, aeff of the as-grown film
becomes smaller than aeff of the annealed film. In light of the fact that
the measured effective damping parameter usually decreases dramati-
cally with the increase in the applied field and eventually reaches a
constant value,30,31,33,34 a phenomenological fitting using single expo-
nential decay is applied to describe the field dependence of aeff as
shown in aeff ¼ a0 þ aext expð�bHÞ, where a0 denotes the intrinsic
damping. The second term aext expð�bHÞ represents the extrinsic
damping term which is dependent on the applied field. The best fit-
tings as shown in Fig. 3(d) give the value a0 ¼ 0.0396 0.004 for the
as-grown film and a0¼ 0.0636 0.010 for the annealed film. The
intrinsic damping constant a0 of the defect-free annealed Fe3O4 film is
thus 62% higher than that of the as-grown film with a high density of
defects.

As discussed, the energy is transferred from the Kittel mode to
the PSSW mode at large external fields. To visualize this energy trans-
fer, the time sequences of the Kittel and PSSW modes under the high-
est external field strengths are simulated using the extracted
parameters (relaxation time, frequencies, and initial phases) and plot-
ted in Figs. 3(c) and 3(d), respectively. Comparing the two sets of time
sequences from bottom to top as the field increases from 3616Oe to
5401Oe in Figs. 3(c) and 3(d), the decay of the PSSW mode slows
down while the decay of the Kittel mode gradually speeds up. Without
the PSSW mode, the decay of the Kittel mode is expected to decrease
with the increase in the external field strength, as in the case of the as-
grown film. The existence of the PSSW mode has reversed this trend
by providing an extra energy dissipation channel, which contributed
to the intrinsic damping in the annealed Fe3O4 film.We therefore pro-
pose that this unexpected enhancement of magnetic damping in the
annealed film is related to the emerging of the first-order PSSWmode,
which draws the energy from the Kittel mode and speeds its relaxation
process. This energy transfer process may be attributed to two poten-
tial mechanisms: nonlinear spin wave transition35 and two magnon
scattering.36 The physical picture to explain the difference in magnetic
damping of these two Fe3O4 films is illustrated in Fig. 4. In the as-

grown film, only the Kittel mode exists and PSSWmodes are not pop-
ulated even in the high field region due to the magnetization inhomo-
geneity caused by defects. The magnetic damping follows the usual
trend and approaches to its intrinsic value as the extrinsic contribution
reduces in the high field region. In the annealed film with no structural
defects, a first-order PSSW mode is populated in the high field region.
The amplitude of this PSSW mode increases and its relaxation time
decreases with the external field strength, which indicates that the
energy drawn into the PSSW mode increases. This suggests that the
uniformity of in-plane magnetization is the key to populate higher
energy magnon, PSSW modes,37 across the film thickness. The more
uniform the magnetization is the more energy the PSSW mode draws
from the Kittel mode, which leads to a larger intrinsic damping of the
Kittel mode in the defect-free films.

In summary, the dynamic damping properties of the epitaxial
grown Fe3O4 thin films with controlled atomic scale structures have
been studied by an all-optical TR-MOKE technique. In addition to the
dominating uniform magnetization precession Kittel mode, the first-
order PSSW mode is observed exclusively in the annealed film with a
low density of defects when the applied field is sufficiently strong. The
amplitude of the PSSW mode increases and its relaxation time
decreases as the external magnetic field increases. Furthermore, the
extracted intrinsic magnetic damping constant of the defect-free film
is much larger than that of the film with defects. This enhancement is
attributed to the PSSW mode, which provides the additional channel
for the extra energy dissipation of the Kittel mode. During the magne-
tization precession of the defect-free Fe3O4 film, energy is transferred

FIG. 4. Left panel: without defect-induced magnon scattering, the PSSW is
observed in the annealed Fe3O4 film along with coherent Kittel magnetic preces-
sion. The Gilbert damping is enhanced due to the additional energy dissipation
channel from the Kittel mode to the PSSW mode. Right panel: only the Kittel mode
is observed because of the existence of magnetic inhomogeneity (red symbols).
The energy dissipation channel from the Kittel mode to the PSSW mode no longer
exists leading to a smaller damping compared to the defect-free film.
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from the Kittel mode to the PSSW mode and this energy transfer
between two modes increases as in-plane magnetization precession
becomes more uniform, resulting in the enhanced intrinsic magnetic
damping. Our work demonstrates that the defect-free film structure is
essential for the population of the PSSW modes, and at the same time,
the existence of these PSSW modes provides an additional channel for
the energy dissipation of the Kittel mode, which leads to the enhanced
intrinsic magnetic damping in the epitaxial defect-free Fe3O4 thin
films. This result offers new insights into engineering the magnetic
damping for potential spintronics applications employing Fe3O4 as a
functional material.

See the supplementary material for the details of sample prepara-
tion, TR-MOKE setup, TEM images, data fitting process, exclusion of
DE mode, numerical simulations, hysteresis loops, and CAP mode.
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