PDF hosted at the Radboud Repository of the Radboud University
Nijmegen

The following full text is a publisher's version.

For additional information about this publication click this link.
https://hdl.handle.net/2066/216226

Please be advised that this information was generated on 2021-04-15 and may be subject to
change.

PHYSICAL REVIEW B 101, 020413(R) (2020)
Rapid Communications

Far- and midinfrared excitation of large amplitude spin precession
in the ferromagnetic semiconductor InMnAs
A. Gatilova ,1 E. A. Mashkovich,1 K. A. Grishunin,1,2 A. Pogrebna,1 R. V. Mikhaylovskiy,1,3 Th. Rasing,1 P. M. Christianen,4
N. Nishizawa,5 H. Munekata,5 and A. V. Kimel1,*
1

Institute for Molecules and Materials, Radboud University, Nijmegen 6525 AJ, The Netherlands
2
MIREA–Russian Technological University, Moscow 119454, Russia
3
Department of Physics, Lancaster University, Lancaster LA1 1YB, United Kingdom
4
High Field Magnet Laboratory (HFML-EMFL), Radboud University, Toernooiveld 7, 6525 ED Nijmegen, The Netherlands
5
Laboratory for Future Interdisciplinary Research of Science and Technology, Tokyo Institute of Technology,
Yakohama, Kanagava 226-8503, Japan
(Received 5 June 2019; revised manuscript received 25 November 2019; published 28 January 2020)
Ultrafast laser excitation of the ferromagnetic semiconductor InMnAs is shown to trigger spin precession with
the largest amplitude reported for magnetic semiconductors so far. To reveal the electronic transitions mediating
the coupling between light and spins, we compared the spin dynamics triggered by short terahertz (photon
energy 5 meV) and midinfrared (photon energy 500 meV) pulses. The experiments reveal that terahertz pump
pulses excite qualitatively similar spin dynamics, but are 100 times more energy efficient than the mid-IR pulses.
This finding shows that in a semiconductor with hole-mediated ferromagnetism intraband electronic transitions
mediate ultrafast and the most efficient coupling between light and spins.
DOI: 10.1103/PhysRevB.101.020413

Controlling the magnetic state of media with the lowest
possible cost of energy and simultaneously at the fastest
possible timescale is a new and great challenge in fundamental
magnetism. At the same time this is becoming an increasingly urgent issue in technology, where data centers already
consume about 5% of the world electricity production [1].
A femtosecond laser pulse is one of the shortest stimuli in
condensed matter physics. Aiming to understand the dynamics of spins triggered by such a stimulus has launched a new
field of ultrafast magnetism [2] and has led to a plethora
of fundamentally intriguing experimental observations such
as ultrafast all-optical magnetization reversal [3] and highly
efficient terahertz (THz) emission in metallic magnets [4].
Even after almost 20 years of intense research, the majority of
experiments on ultrafast laser-induced magnetization dynamics are still described in terms of a three-temperature model
[5]. The model ignores the electronic structure of magnets
and suggests that the result of laser excitation is insensitive
to the photon energy and only depends on the duration of
the laser pulse and the total energy transferred from light
to magnet. However, recent demonstrations of magnetic spin
response by optical pumping of d-d electronic transitions in
iron garnet [6,7], charge transfer in Sr2 IrO4 [8], as well as f - f
transitions in DyFeO3 [9] and TmFeO3 [10] have naturally
raised questions about electronic excitations mediating the
control of magnetism by light.
Magnetic semiconductors have long been considered as
promising materials for optical control of magnetism [11–13].
The discovery of ferromagnetism in III-V (In,Mn)As and
*
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(Ga,Mn)As diluted magnetic semiconductors with holemediated ferromagnetic exchange interaction [14] initiated
a new boom in the area. High susceptibility of semiconductors to optical excitation, stimulated intense discussions
about opportunities to control their magnetic properties via
a laser-driven modulation of the hole concentration [15,16],
i.e., pumping of electronic interband transitions. It was also
proposed that a laser-induced increase of the kinetic energy of holes in the valence band, which can be triggered
by pumping of intraband electronic transitions, is a major
mechanism responsible for a transfer of angular momentum
from localized spins to the charge carriers [17–19]. However,
the efficiencies of inter- and intraband transitions in optical
control of magnetism in magnetic III-V semiconductors have
never been compared experimentally.
In order to address the roles of inter- and intraband transitions in the optical control of spins in a magnetic semiconductor with hole-mediated exchange interaction, we performed
time-resolved magneto-optical Kerr effect (TR-MOKE) studies of the magnetization dynamics in InMnAs excited by
light with two substantially different photon energies: 500
and 5 meV. In particular, we studied a 29-nm thin film of
p-doped In1−x Mnx As grown on a GaSb/GaAs substrate by
low-temperature beam epitaxy [20] with a Mn concentration x = 0.12. The hole concentration p = 1.5 × 1020 cm−3 ,
as estimated from low-field Hall measurements. According
to static magneto-optic characterization and superconducting
quantum interference device measurements, the film is in a
ferromagnetic state at low temperatures with its magnetization
oriented perpendicular to the sample surface. The sample
undergoes a second-order phase transition from a ferro- to
paramagnetic state at the Curie temperature TC = 65 K. The
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FIG. 1. (a) Schematic representation of the InMnAs band structure (adapted from [26]). Transitions excited by the 1.55 eV probe
pulse, and the 5 or 500 meV pump pulses are shown with red,
green, and blue arrows, respectively; (b) schematic representation
of the TR-MOKE experiment; (c) in equilibrium the magnetization
is aligned along Heff ; (d) reorientation of the effective field after
excitation is caused by the reduction in the demagnetization and
anisotropy; (e) magnetization precession around the new effective
field position and magnetization relaxation with time τrelax .

band-gap energy of InMnAs is about 333 meV, which is
smaller than the band gap of the materials forming the substrate GaSb/GaAs, 0.72 and 1.44 eV (at 300 K), respectively.
The schematic band diagram of InMnAs and the experimentally excited electronic transitions are shown in Fig. 1(a).
To excite interband transitions we applied midinfrared (midmid-IR
IR) pump pulses with a central photon energy hνpump
=
500 meV. The pulse duration was 200 fs. To excite intraband
electronic transitions, nearly single-cycle THz (far-infrared)
pump pulses with a duration 1 ps and the central photon
THz
= 5 meV were used. The probe pulse had
energy hνpump
a duration of 100 fs and a central energy of the photons
hνprobe = 1.55 eV. For the measurements we employed an
amplified Ti:sapphire laser with a repetition rate of 1 kHz.
Generation of the mid-IR and THz pump pulses was achieved
through nonlinear optical processes in an optical parametric
amplifier (OPA) and in a LiNbO3 crystal [21,22], respectively.
The fluence of the mid-IR pump pulses was varied with
neutral density filters, while the fluence of the THz pump was
adjusted using two wire-grid polarizers. The sample was in
a continuous-flow cryostat with optical access via Suprasil
B windows which transmit about 64% and 80% of the THz
and mid-IR radiation power, respectively. The polarization
rotation of the probe beam was measured with the help of a
two-diode balanced detection scheme.
The geometry of the MOKE experiments is shown in
Fig. 1(b). The polarization rotation of the probe pulse, delayed
by the time delay t with respect to the pump pulse, is measured
in reflection geometry. Pump and probe pulses are normally
incident. Thus, the probe pulse is sensitive to the out-of-plane
magnetization component. An applied external magnetic field
Hext under an angle φmid-IR = 11◦ and φTHz = 9◦ from the

surface plane (near hard-axis direction) is tilting the magnetization towards the surface. The equilibrium position of the
magnetization is defined by the effective magnetic field Heff
given by the vector sum of the anisotropy HA , demagnetizing
HD and external magnetic Hext fields [(see Fig. 1(c)]. Laser
excitation of InMnAs is expected to induce not only longitudinal spin dynamics, e.g., ultrafast demagnetization [18],
but also to launch spin precession by changing the direction
of Heff via ultrafast reduction of the HA and HD [23] [see
Fig. 1(d)]. A reorientation of Heff leads to a subsequent
transverse spin dynamics, i.e., oscillations of the spins around

induced by the
a nonequilibrium effective magnetic field Heff
excitation.
Excitation of InMnAs with the help of femtosecond laser
pulse changes the net magnetization of the medium leading
to (i) partial reduction of the magnetization of the material
on a timescale of 1 ps [18] and (ii) further demagnetization
of the medium on a timescale of 100 ps. Moreover, the
laser excitation can also affect magnetic anisotropy either
(i) directly due to ionization of magnetic ions [7,24] or (ii) indirectly owing to the dependency of effective anisotropy fields
on the magnetization. According to the Callen-Callen law,
K1 ∼ M 2 , where K1 stays for an out-of plane anisotropy [25].
Afterwards the net magnetization recovers on a timescale of
1 ns. Therefore, even if one assumes that there is no direct
effect of light on HA , from the Callen-Callen power law it is
clear that laser excitation can result in a large amplitude spin
precession and switching. Although revealing dynamics of HD
and HA can be a difficult task, the experimental procedure of
stroboscopic measurements employed here is sensitive only to

those changes of Heff
that recover in the period between two
pump pulses, 2 ms.
Dynamics of the magneto-optical Kerr effect for different values of the applied external magnetic field triggered
at 55 K by the mid-IR and THz pump pulses are shown
in Figs. 2(a) and 2(b), respectively. All curves are normalized with respect to the magneto-optical signal at equilibrium θK . Remarkably, the dynamics triggered by mid-IR
and THz pump pulses are very similar: ultrafast demagnetization is followed by a relaxation and oscillations of
the magneto-optical signal. The demagnetization, i.e., the
longitudinal dynamics of the magnetization, occurs at two
different timescales: 2 ± 1 ps and 7.5 ± 1.5 ps [see Fig.
S1(b) in [27]]. We note that ultrafast demagnetization is a
particular case of longitudinal magnetization dynamics. The
timescale of this dynamics is defined by the exchange interaction. The strength of this interaction can be expressed
in terms of an effective magnetic field kTC /hγ ≈ 1000 kOe,
where γ = 2.8 GHz/kOe is the gyromagnetic ratio for the
spin of a Mn2+ ion, k is Boltzmann constant, and h is the
Planck constant. Obviously, a magnetic field much lower than
1000 kOe would not be able to affect the longitudinal relaxation. One can see from Figs. 2(a) and 2(b), the dynamics
for delays longer than 10 ps can be substantially changed
by a modest increase of the applied magnetic field from 1.7
to 3.4 kOe. This fact is a strong indication that, similar to
experiments on ferromagnetic metals [28–31], the relaxation
and the oscillations are due to transverse magnetization dynamics. The relaxation time τrelax [see Fig. 2 (c)] decreases
on the applied magnetic field until it reaches the value of
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FIG. 3. (a),(b) The dependence of the precession frequency on
the external magnetic field measured at 26 and 55 K for 1 mJ/cm2
mid-IR and 60 μJ/cm2 THz excitation, respectively. Solid lines
represent the estimated lines of ferromagnetic resonance (FMR) with
given values of |HA + HD |. (c),(d) The precession angle calculated
for the aforementioned FMR lines as a function of the external
magnetic field shown for mid-IR and THz excitation, respectively.

FIG. 2. Time-resolved-MOKE measured at 55 K for different
values of the applied magnetic field upon mid-IR (a) and THz (b) excitation. Solid lines show exponential relaxation of the photoinduced
dynamics. (c) Relaxation time τrelax of the signal extracted from the
raw data after mid-IR and THz excitation at ambient temperatures of
55 and 26 K.

215 ± 8 ps and gets stabilized there: τrelax = 215 + A/Hext .
This time τ = 215 ± 8 ps, which is independent of the applied
magnetic field and ambient temperature, can be assigned to
the recovery of the magnetization due to recombination of
electrons from the excited states and cooling of the sample
[see also Fig. S1(a) in [27]].
To deduce the oscillatory part of the dynamics, we subtracted the exponential decay with the characteristic time τrelax
from the raw data. Regarding very large damping it is safe
to assume that on a timescale of the damped oscillations the

direction of Heff
does not change. The obtained oscillations
were analyzed by Fast Fourier transformation (FFT). The
phenomenological (Gilbert) damping parameter was found to
be α = 1/(tdamp f ) = 0.5 at high fields, where tdamp and f are
the damping time and frequency of the subtracted oscillations.
The obtained central frequency of the oscillations as a
function of the applied magnetic field for two distinct temperatures is shown with dots in Figs. 3(a) and 3(b) for mid-IR and
THz excitation, respectively. For both photon energies the two
distinct regimes of spin precession are seen at the temperature
far below and in the vicinity of TC . Note that the frequency
of the experimentally observed heavily damped oscillations
appears to be in a good agreement with the estimates (solid
lines) obtained from the analytical solution of the LandauLifshitz-Gilbert equation with the help of the Smith-Suhl
formula [32] [see Eq. (S1) in [27]]. In the estimates, the sum of
the residual anisotropy and demagnetizing fields |HA + HD |

is a parameter that determines the oscillations frequency and
the new effective field position at an angle 0 [see Eq. (S2) in
[27]]. Comparing |HA + HD | in Figs. 3(a) and 3(b) shows that
20 times weaker THz excitation leads to a higher reduction of
anisotropy and demagnetizing fields.
The precession angle prec is calculated as a difference
between initial and new effective field position at angles 0
and 0 , respectively:
prec = 0 − 0 ,

(1)

where the 0 value is extracted from polar Kerr measurements
[see Eq. (S3) in [27]]. The dependence of the calculated prec
on an external magnetic field is shown in Figs. 3(c) and 3(d)
for mid-IR and THz excitation, respectively. It is seen that
larger precession angles are achieved in the case of smaller
values of residual |HA + HD |. The large precession angle
prec = 32◦ is determined for Hext = 2.0 kOe at 55 K after
THz excitation.
Figure 4(a) shows the photoinduced change of the polarization rotation θK normalized on the MOKE angle at
equilibrium θK for mid-IR and THz excitation, respectively.
It is seen that for the same experimental conditions (at 26 K
and 3.3 kOe), a mid-IR pulse with fluence 7 mJ/cm2 triggers
the same spin dynamics as a THz pulse with a 100 times
lower fluence: 0.065 mJ/cm2 . Note that in the InMnAs film
the absorbed THz radiation is expected to be smaller than that
of mid-IR light due to the much longer wavelength of the THz.
The observed time traces show no dependence on polarization of the pump pulses for both photon energies, which
suggests a heat-induced nature of the observed dynamics.
To understand the excitation mechanism for both photon
energies, we show in Fig. 4(b) the maximum value of θK /θK
as a function of intensity of the mid-IR and THz pulses,
recalculated to the amount of photons N per magnetic site
(ph/Mn). Although the dependencies of max( θK /θK ) on the

020413-3

A. GATILOVA et al.

PHYSICAL REVIEW B 101, 020413(R) (2020)

FIG. 4. (a) Relative change of the polarization rotation for midIR and THz pump pulses with fluences of 7 mJ/cm2 and 65 μJ/cm2 ,
respectively. (b) The maximum photoinduced change in the Kerr
rotation upon mid-IR (solid blue curve) and THz (solid green curve)
excitation as a function of the number of photons per Mn. The mid-IR
dependence consists of the sum of a saturated and a simple linear
response (dashed blue curves). (c) The maximum photoinduced
change in the Kerr rotation upon THz excitation as a function of
peak THz electric field shown for different temperatures. Solid lines
represent linear fits with the slope 2 ± 0.3.

number of photons for inter- and intraband excitation seem to
be strikingly different, one can also find similarities between
them and interpret the data in Fig. 4(b) in a following way. If
one fits the IR dependence above N = 100 to linear and then
extrapolates the line to the left, it will intercept the ordinate
between 0.3 and 0.4, which is close to the saturation value
obtained for the curve corresponding to the THz pump. It
means that the dependence obtained for mid-infrared pump
can be represented as a sum of a linear increase and a curve
similar to that obtained for the THz pump, with close values
of saturation level and saturating fluence. The linear part can
be attributed to the heating, which is 100 times smaller for
the THz excitation and thus not visible in the experiment. The
part of the dependence which shows the saturation can have
the same origin in both cases. However, despite the suggested
hypotheses, we admit that revealing the origin of the fluence
dependence and how it changes with photon energy remains a
subject for future studies.
Alternatively, one can also interpret the data emphasizing the differences between the outcomes of the midinfrared and THz experiment. We note that the mechanism of

subpicosecond demagnetization of InMnAs induced by femtosecond laser pulses in the midinfrared spectral range was
studied experimentally and theoretically in Ref. [18]. It was
suggested that the mechanism relies on photogeneration of
hot holes, the manifestation of which is represented by the
linear growth of max( θK /θK ) upon an increase of the mid-IR
pump fluence. According to Callen-Callen power law [25],
K1 ∼ M 2 , ultrafast demagnetization also results in a reduction
of HA , and subsequent reorientation of Heff . However, it is
not the primary mechanism that triggers the transverse spin
dynamics. For a very similar magnetic semiconductor GaMnAs [24], it was argued that ionizationlike transition on Mn2+
ions (Mn2+ → Mn3+ ) as a result of interband photoexcitation
changes the orbital momentum of Mn ions and thus affects the
magnetic anisotropy of the compound directly. Saturation of
the aforementioned transitions could be seen in a saturated
curve of the mid-IR dependence shown in Fig. 4(b).
Photoionization Mn2+ → Mn3+ might be efficiently
caused also by THz radiation in InMnAs. In Ref. [33] it was
shown that a THz electric field above a threshold value (about
90 kV/cm) is able to generate electron-hole pairs in p-doped
InAs via impact ionization. The energy required for this photoionization is comparable with the energy of the intraband
transition triggered by THz excitation in our experiment. To
show this, we plot the measured max( θK /θK ) as a function
of THz peak electric field [see Fig. 4(c)] on a logarithmic
scale. On top of the quadratic dependence that is expected
2
in the measurements [N(ph/Mn) ∼ ITHz ∼ ETHz
], a threshold
behavior with a threshold value of 35 kV/cm is seen for data
at all temperatures. Such an electric field is in the ballpark
of electric fields that generate electron-hole pairs in InAs
and thus they must be able to ionize Mn ions in InMnAs as
well. The observed temperature-independent saturation of the
magneto-optical signal can also be explained as a peculiarity
of impact ionization of the Mn2+ ions in InMnAs. Regarding
the limited amount of Mn ions in the material, a THz-induced
increase of the concentration of the ionized ions decreases
the probability of the ionization. However, further studies of
InMnAs with different Mn concentrations are necessary to
verify this hypothesis.
Interestingly, the electron excitation into conduction band
via impact ionization might play a significant role not only
in an ultrafast change of magnetic anisotropy, but also in the
demagnetization process, since a THz pulse with such a small
fluence as 65 μJ/cm2 is able to induce demagnetization of
at least 25% (see Fig. S1(c) in [27]). This statement has to be
verified in further experiments on THz-induced magnetization
dynamics, since it contradicts the contemporary understanding of ultrafast demagnetization in ferromagnetic (III,Mn)V
semiconductors [17].
In summary, we have compared the efficiency of interand intraband transitions in optical control of magnetism in
magnetic semiconductor InMnAs. In particular, it is found
that a THz photon, despite 100 times lower energy, has a
larger impact on the magnetization of InMnAs than a photon
in the midinfrared spectral range. Similarly to the finding
reported recently in Ref. [34], the strength of the effect of
light on magnetism is more a function of the photon flux
than the total energy deposited into the sample. Therefore,
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our finding opens up another avenue in experimental and
theoretical studies of ultrafast laser-induced magnetization
dynamics.
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