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We demonstrate a variety of precessional responses of the magnetization to ultrafast optical excitation
in nanolayers of galfenol (Fe,Ga), which is a ferromagnetic material with large saturation magnetization
and enhanced magnetostriction. The particular properties of galfenol, including cubic magnetic anisotropy
and weak damping, allow us to detect up to six magnon modes in a 120-nm layer, and a single mode with
effective damping aer = 0.005 and frequency up to 100 GHz in a 4-nm layer. This is the highest frequency
observed to date in time-resolved experiments with metallic ferromagnets. We predict that detection of
magnetization precession approaching THz frequencies should be possible with galfenol nanolayers.
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Within the last decade magnetization precession has
become an actively exploited tool in nanoscale magnetism.
The precessing magnetization of a ferromagnet is an effec-
tive, tunable, and nanoscopic source of microwave signals.
Generation of microwave magnetic fields by precessing
magnetization is already implemented in magnetic storage
technology, such as microwave-assisted magnetic record-
ing (MAMR) [1] by means of spin-torque nano-oscillators
[2]. Spin waves or magnons, i.e., the waves of precess-
ing magnetization, are information carriers and encoders
in magnonics [3] aimed to substitute conventional CMOS
technology. The precessing magnetization is also an effec-
tive tool to generate a pure spin current in a nonmagnetic
material by means of spin pumping [4].

The common way to excite magnetization precession
in a ferromagnet is the technique of ferromagnetic res-
onance (FMR). A monochromatic microwave magnetic
field drives the magnetization precession, the frequency
of which is tuned into resonance with the microwaves
by an external magnetic field. This technique, which can
provide comprehensive information about the main pre-
cession parameters, is not adaptable for practical use with
nanostructures due to the need of bulky electromagnetic
resonators and waveguides. An alternative approach is
broad-band excitation induced by dc current [5], picosec-
ond magnetic field pulses [6], ultrashort laser pulses [7],
and strain pulses [8]. In those cases, the parameters of the
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excited magnetization precession, i.e., the spectral content,
lifetime, spatial distribution, and their dependences on
external magnetic field, are determined by the proper-
ties of the ferromagnetic material and the design of the
nanostructure [9]. The ability to control these dynamical
parameters is of crucial importance for nanoscale mag-
netic applications. For practical use, an ideal combination
of dynamical parameters includes a tunable and narrow
spectral band in the GHz and THz frequency ranges; large
saturation magnetization and high precession amplitude
for high microwave power; and ultrafast triggering for
high-frequency modulation. Achieving this combination
has been an unmet challenge until now. High precession
frequency, f > 10 GHz, can be reached by using ferri-
magnetic materials [10,11], but the weak net magnetization
limits their functionality. In the case of metallic ferro-
magnets with large net magnetization, the direct way to
achieve high-frequency precession is to apply a strong
external magnetic field, B, which, however, drastically
decreases the precession amplitude. Earlier experiments
on the excitation of magnetization precession in metal-
lic ferromagnets by femtosecond optical pulses [7,12—18],
i.e., the fastest method of launching precession, report
also high values of the effective damping coefficient oer =
Qmtf)~! > 0.01 (z is the precession decay time). Thus,
the excitation and detection of sub-THz narrow-band
precession in metallic ferromagnets remains extremely
challenging.

In the present letter, we report the results of ultrafast
magneto-optical experiments with nanolayers of (Fe,Ga),
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i.e., galfenol. This metallic ferromagnet with large net
magnetization is considered as a prospective material for
microwave spintronics due to the narrow ferromagnetic
resonance [19,20] and enhanced magnetostriction [21],
which allows manipulation of the magnetization direction
and precession frequency by applying stress, i.e., without
changing the external magnetic field [19,22]. Our study
extends significantly the application potential of galfenol.
We show that in a galfenol layer with a thickness of sev-
eral nanometers, the femtosecond optical excitation leads
to the generation of single-mode magnetization preces-
sion with frequency f > 100 GHz and large amplitude.
Despite the strong interaction between the magnetization
and the lattice, we observe a weak damping of precession
with aegr & 0.005. Thus, we demonstrate the possibility to
achieve the desirable combination of sub-THz magnetiza-
tion precession with large amplitude and tunable narrow
spectral band. Moreover, we show that, depending on the
nanolayer thickness, we can excite multi- or single-mode
magnetization precession: in a thick 120-nm galfenol layer
we observe multimode precession and resolve up to six
precessional localized magnon modes. This allows con-
trol of the precession spectral content and spatial profile
by adjusting the film thickness and excitation regime.

The samples studied are four Feyg;Gag 9 nanolayers
with thicknesses d = 4, 5, 20, and 120 nm grown by mag-
netron sputtering on (001) semi-insulating GaAs substrates
and covered by a 3-nm cap layer of Al (4-nm Feg g1 Gag 19
layer) or Cr (other nanolayers) to prevent oxidation. A 150-
nm-thick SiO; cap is deposited on the galfenol nanolayers
with a thickness <20 nm for amplification of the magne-
tooptical Kerr effect [23]. Room-temperature experiments
are carried out with an external magnetic field B applied
in the layer plane. The in-plane direction of B is defined
by the azimuthal angle ¢ [see the schematic in Fig. 1(a)].
In all studied layers, the easy axes of magnetization are
in the layer plane and close to the [100]/[010] crystallo-
graphic directions, while the hard axes are along the [110]
and [110] diagonals. All nanolayers possess a weak uniax-
ial in-plane anisotropy, which is typical for thin galfenol
films on GaAs substrates [22]. We have checked that the
SiO, cap does not affect the anisotropy parameters of the
layers.

The magnetization precession is excited by 150-fs pump
pulses from a mode-locked erbium-doped ring-fiber laser
(80-MHz repetition rate, 1050-nm wavelength). The pump
beam, focused to a spot of 20 um diameter with an
energy density of ~1 mJ/cm?, launched the magneti-
zation precession by ultrafast changes of the magnetic
anisotropy altered by the optically induced heating [24].
The magnetization response is monitored using 150-fs lin-
early polarized probe pulses of 780-nm wavelength from
another ring-fiber-laser oscillator focused to a 5-um spot
in the center of the pump beam. For monitoring the time
evolution of the magnetization precession, we utilize the

transient polar magneto-optical Kerr effect (TPMOKE)
and detect the rotation of the polarization of the probe
beam reflected from the (Fe,Ga) layer by means of a differ-
ential scheme based on a balanced photoreceiver. In the
used detection scheme, the signal is proportional to the
changes of the magnetization projection AM,, where z is
the normal to the (Fe,Ga) layer. Simultaneously by mon-
itoring the signal from a single photodiode of a balanced
photoreceiver, we measure the intensity modulation of the
probe pulse, AI(#). The temporal resolution is achieved
by means of an asynchronous optical sampling system
(ASOPS) [25]. The pump and probe oscillators are locked
with a frequency offset of 800 Hz. In combination with
the 80-MHz repetition rate, it allows measurement of the
time-resolved signal in a time window of 12.5 ns with time
resolution limited by the probe-pulse duration.
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FIG. 1. Multimode magnon excitation; 7 = 290 K. (a) Tempo-

ral evolution of the magnetization precession (main panel) and
modulation of the probe pulse intensity AZ(f) (right inset) in a
120-nm-thick Fegg;Gag 19 layer. The schematic in the left inset
shows the in-plane magnetic field configuration. (b) FFT of the
TPMOKE signal shown in (a) performed in a time window of
4 ns, with the start point at = 0 (blue curve) and 7 = 0.6 ns
(red curve); vertical bars point at the frequency of resonance
modes with n = 0,1,2,3...(c) Measured (symbols) and calcu-
lated (lines) dependences of resonance frequency on the mode
number for several in-plane magnetic fields.
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For the measurements at magnetic fields B > 1 T, the
samples are mounted in an optical cryostat with a super-
conducting solenoid. In this case, the temperature of the
sample is 150 K. The source of the laser pulses is a regen-
erative amplifier RegA (wavelength 800 nm, repetition rate
100 kHz) and a standard scanning delay line is used to
monitor the temporal evolution of the magnetization.

Figure 1 shows the experimental results for the thick-
est d = 120 nm Feg g Gay, 19 layer obtained at o5 = —7/8,
when the precession amplitude is maximal. The inset in
Fig. 1(a) shows the signal Al(#), which demonstrates a
rapid decrease of the reflectivity at # = 0 due to the optical
excitation of the electron gas in the metallic galfenol layer
accompanied by permittivity changes. The energy passed
from hot electrons to the lattice within several picosec-
onds [26] leads to an increase of the lattice temperature
and to a modification of the magnetic anisotropy [24]. This
launches the magnetization precession, which is monitored
by the TPMOKE signal and shown in the main panel of
Fig. 1(a). The magnetization precession decays in a time
much less than 1 ns, which is consistent with the result for
(Fe,Ga) films reported earlier [24,27]. However, in contrast
with the previous experiments, temporal beatings with a
long-living tail are clearly observed. The FFT of the mea-
sured signal obtained in a time window of 4 ns is shown in
Fig. 1(b). The blue line possesses a band spectrum where
overlapping peaks are marked by integer numbers. Six
spectral bands with frequencies f,(n = 0...5) are recog-
nized in the spectrum. We attribute these bands to standing
spin-wave (magnon) modes. This conclusion is based on
a comparison of the experimental dependence of f, on
n, shown in Fig. 1(c) by symbols, with the well-known
dispersion relation for magnon modes [28,29]:

fo — fo < B(B)Dq, (1)

where g, is the wavevector of the mode n = 0,1,2,3, ...,
D is the exchange spin stiffness, and g is a field-dependent
coefficient determined by the anisotropy parameters of the
ferromagnet. The detailed analysis of the data shown in
Fig. 1(c) in combination with the azimuthal dependence
fo(B) can be found in the Supplemental Material [30]. The
best fit of the experimental data shown by solid curves in
Fig. 1(c) is obtained for the pinning boundary conditions
[gn = 7 (n + 1)/d], which are reasonable for an iron-based
ferromagnetic film grown on GaAs [31] and covered by a
3d antiferromagnetic metal (Cr) [32]. The respective value
of D = 1.5 x 1077 Tm? (21 pJ/m) is in perfect agreement
with the spin-stiffness coefficient measured for galfenol in
the FMR experiment [33].

It is interesting that the FFT obtained in a temporal win-
dow, which starts 600 ps after the pump pulse [red line
in Fig. 1(b)] shows only two spectral lines with frequen-
cies corresponding to n = 0 and 2. We may conclude that
different magnon modes have different decay times and

that modes with uneven n decay more quickly than modes
with even n. The explanation of such behavior is related
to the magnon decay mechanisms, which are widely dis-
cussed in the literature [9] but still not fully understood.
Two-magnon scattering [34] and the related selection rules
could be the explanation, but this requires a comprehensive
theoretical study, which is beyond the scope of the present
work.

The precession kinetics change drastically in thin
nanolayers with d = 4, 5, and 20 nm. Figure 2 shows the
temporal evolutions (left panels) and their FFTs (right pan-
els) of magnetization precession measured for B = 200 mT
applied at ¢ = —m/8. Only one spectral line is observed
in the magnon spectrum, which corresponds to the fun-
damental mode with n = 0. The precession damping is
well described with a single exponential decay with con-
stants T = 1.05, 0.85, and 0.6 ns, which correspond to
aer = 0.008, 0.01, and 0.014 for the 4-, 5-, and 20-nm lay-
ers, respectively. The intensity signals measured in these
three nanolayers also differ from the signal measured in
the layer of 120-nm thickness. The inset in Fig. 2(c) shows
Al (f) measured in the thinnest 4-nm nanolayer simultane-
ously with the TPMOKE signal shown in the main panel.
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FIG.2. Single-mode magnon excitation; 7 = 290 K. Temporal

evolutions (left panels) and corresponding spectra (right panels)
of the magnetization precession for Fey g Gag 9 layers with dif-
ferent thickness measured at B = 200 mT and g = —7/8. The
inset in (c) shows the AI(f) signal measured in the 4-nm layer at
the same experimental conditions.
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It demonstrates an instant decrease of AI(¢) at t = 0 with
the subsequent slow recovery as for the 120-nm layer,
but possesses pronounced oscillations with frequency f =
44 GHz, which is independent of the external magnetic
field. These oscillations are due to dynamical interference
induced by reflection of the probe pulse at the picosecond
strain pulse generated in the galfenol layer and propagat-
ing in the GaAs substrate [35], the so-called dynamical
Brillouin oscillations.

Figure 3 shows the field dependences of the main param-
eters of the magnetization precession in the thinnest 4-nm
layer. The precession frequency gradually increases with
magnetic field [Fig 3(a)], while the precession amplitude
in contrast decreases with the increase of B [Fig. 3(b)].
However, the optically excited magnetization precession
remains easily detectable, even at high magnetic fields.
Figure 3(c) shows the TPMOKE signal measured in the
4-nm layer at B = 3 T by means of the RegA setup. The
precession frequency is f = 108 GHz, which corresponds
to the maximum precession frequency in the present work.
The FFT spectrum shown in the inset of Fig. 3(c) con-
tains also a Brillouin line at 44 GHz. The presence of
this frequency in the spectrum of the TPMOKE signal is
due to imperfect balancing of a photoreceiver at the low
repetition rate of a regenerative amplifier, when the single-
laser pulses should be balanced. Single-mode excitation
is observed for the filtered signal (high-pass filter with
50 GHz cutoff frequency) shown in Fig. 3(d). The decay
time of the magnetization precession in the 4-nm layer
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FIG. 3. (a),(b) Dependences of the frequency (a) and nor-
malized amplitude (b) of the magnetization precession in the
4-nm-thick Fey g Gag 19 nanolayer; squares and stars correspond
to the data measured by the ASOPS system and by scanning
delay line with excitation by the RegA, respectively. Solid line in
(b) shows the dependences calculated in accordance with Eq. (3).
(c) TPMOKE signal and its FFT spectrum (inset) measured in the
4-nm-thick Feg g1 Gag 19 nanolayerat B =3 T and 7' = 150 K. (d)
Temporal evolution of the magnetization precession obtained by
high-pass filtering of the signal in (c): dots, experimental data;
red line, fit with a single-frequency decaying sine function; inset
is the corresponding FFT spectrum.

at f = 108 GHz is 7 = 0.29 ns, which corresponds to an
effective damping parameter o = 0.005.

The line in Fig. 3(d) is a fit to the experimental data by
an exponentially decaying sine function:

AM, = Aexp (—t/7) sin (wt + V), 2)

where w = 2nf (f is obtained from the FFT spectrum).
The fitting parameters 4, t, and ¥ are the amplitude,
decay time, and the initial precession phase, respectively.
The dependence of the amplitude, 4 on B for the thinnest
(Fe, Ga) nanolayer is shown by symbols in Fig. 3(b). It
is seen that A decreases with increasing B, but in our
experiment it is still possible to detect the precession with
frequency higher than 100 GHz at B =3 T.

The main experimental results of the present work are
the demonstration of excitation of a multimode quantized
precession spectrum in a thick, 120-nm, (Fe,Ga) layer, and
a long-living single-mode magnetization precession with a
frequency >100 GHz in a thin, 4-nm, (Fe,Ga) nanolayer.
Our qualitative explanation for these experimental facts is
based on a comparison of the optical penetration depth in
(Fe,Ga) with the layer thickness, d. The penetration depth
for the pump light is n ~ 20 nm, which is larger than the
thickness of the films where only one magnon mode is
excited. This is confirmed by detection of the Brillouin
oscillations in A/(¢) and, thus, partial transparency of the
thin galfenol layer for the probe light, which is assumed
to have the same penetration depth as the pump pulse.
In this case, the optical excitation, which kicks the mag-
netization precession, is almost homogeneous along the
thickness of the nanolayer. This results in the excitation
of only the ground magnon mode, while the higher-order
magnon modes are not excited due to their sign-changing
spatial profile [7]. In contrast, in thick films n < d, and
the excitation is inhomogeneous, being stronger near the
surface, resulting in the efficient excitation of high-energy
magnon modes. The efficiency of such excitation should
decrease with the increase of n, which is clearly observed
in Fig. 1(b): the spectral amplitude of the magnon spectral
line decreases by more than 1 order of magnitude with »
increasing from 0 to 5. It is important to note that due to
the shallow penetration depth of the probe pulse, both even
and odd magnon modes contribute to the TPMOKE sig-
nal and we see a monotonic decrease of the magnon-mode
amplitude with an increase of its number.

We now consider the observation of precession with
frequency approximately equal to 100 GHz. Fitting the
measured temporal signal shown in Fig. 3(b) with a sin-
gle harmonic function gives a decay 7 = 0.29 ns and a
respective value for aer = 0.005. This value is close to the
smallest damping parameters measured in pure Fe on semi-
conductor substrates by the FMR technique [36—39], but
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has not been reported in experiments using ultrafast opti-
cal excitation of the magnetization precession in metallic
ferromagnetic materials so far.

We perform a theoretical analysis of the precessional
response of the magnetization and its dependence on mag-
netic field strength and direction using the approach pre-
sented in earlier work [24], which considers launching
of the magnetization precession by ultrafast modification
of the magnetic anisotropy. The comprehensive study of
the angular dependences f(¢3) and A(gp, B), which can
be found in the Supplemental Material [30], allows us
to obtain the main parameters of the 4-nm layer: sat-
uration magnetization puoMy = 1.72 T, cubic anisotropy
coefficient K; = 15 mT, and uniaxial anisotropy coefficient
K, = 5 mT. We also confirmed experimentally that for the
used pump excitation density, the demagnetization is negli-
gible [30]. The optically induced changes of the anisotropy
coefficients are estimated by using the data from Ref.
[24]: AK| = —3.7 mT and AK,, = —0.8 mT. The respec-
tive dependence of the precession amplitude on magnetic
field calculated at ¢ = —m/8 is shown by the solid line
in Fig. 3(b). A good agreement between the experimental
dependence, which is normalized accordingly, and the the-
oretical curve is clearly observed. Moreover, for relatively
small changes of the anisotropy coefficients, and neglect-
ing demagnetization, we can simplify the dependence
A(pp, B) to

s (AK;/2)sindpp — AK, cos2¢p

~/B(B + poMy)

)

This expression is valid with high accuracy at B > 200
mT. As one can see from Eq. (3), the precession ampli-
tude is maximal at g = —7/8 (—37/8, 57 /8, and 71 /8),
and remains nonzero with an increase of magnetic field
due to the field-independent AK; and AK,. At B=9 T,
when the precession frequency approaches the terahertz
range (f = 300 GHz), the estimated precession amplitude
AM. /My =3 x 10™* is expected to be easily detectable.

It is worth noting that in the 4-nm layer, oy demon-
strates a pronounced angular dependence and is 1.5 times
smaller at ¢p = w/4 than at pg = —m/8 [30]. Unfortu-
nately, the small precession amplitude at B || [110] does
not allow us to detect the magnetization precession at high
magnetic fields applied along this direction. The angular
dependence of oy may be attributed to the anisotropic
Gilbert damping, which has been previously observed in
Fe nanolayers and is actively studied nowadays [37—39].
The angular dependence of the Gilbert-damping coefficient
obtained from o.g(¢p) confirms this assumption [30].

In conclusion, we demonstrate multimode excitation
of magnetization precession in Feyg;Gag 19 layers with a
thickness of 120 nm and single-mode precession in thin
Feo.1Gag 19 nanolayers. We show that the parameters of

(Fe,Ga) provide the possibility to detect magnetization pre-
cession with frequency higher than 100 GHz, and small
effective damping parameter e = 0.005. These are record
values for experiments using optical excitation of magneti-
zation precession in metallic ferromagnets. In combination
with the high responsiveness to optical excitation, this
makes galfenol a prospective material for ultrafast photo-
magnonics, which utilizes spatially localized femtosecond
optical excitation for the generation of propagating spin
waves [40—42]. Due to the large saturation magnetization,
the precession amplitude of 10~3M observed at high mag-
netic fields generates an ac induction of 1 mT, which may
be exploited for nanoscale generators of microwave mag-
netic field [43] and pure spin currents [44]. Our analysis
shows that 100 GHz is not the limit for the detectable mag-
netization precession and the THz range can be achieved
by applying an appropriate external magnetic field.
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