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Abstract. The ultrafast dynamics of the magneto-optical response triggered in the
ferromagnetic semiconductor CdCr2Se4 by an intense nearly single cycle THz pulse is
investigated. The dependence on the strength and the polarity of the external magnetic field,
and the polarization of the THz pulse can be explained by a phenomenological expression that
attributes the observed dynamics to the Cotton-Mouton eﬀect at THz frequencies.

1. Introduction
Over the past 10 years a plethora of intriguing examples of ultrafast optical control of magnetism were
demonstrated. These include ultrafast demagnetization [1], all-optical magnetic recording [2] and high
efficient spintronic THz emitters [3]. Most of this work concerned magnetic metals or dielectrics. It is
interesting that the idea to control magnetism by light was first suggested for magnetic
semiconductors, inspired by the discovery of the Ruderman-Kittel-Kasuya-Yosida (RKKY)
mechanism [4] of the exchange interaction. This naturally led to speculations about optical control of
magnetism in magnetic semiconductors by injecting photocarriers [5]. Ultrafast quenching of
ferromagnetism induced by an optical laser pulse was demonstrated in the diluted semiconductor
InMnAs [6]. Recent experiments also revealed that optical pumping of electronic transitions can excite
magnetization dynamics [7,8], but the majority of the experiments have been explained with the help
of the three-temperature model [9]. This raises the questions about the role of the electronic structure
and the wavelength of light in the optical control of magnetism. To answer this question terahertz
(THz) spectroscopy oﬀers an attractive possibility to study solid state systems in a spectral range
where light-matter interaction is defined by low-energy electronic transitions and phonons [10].
Inspired by this opportunity, we studied the THz induced dynamics in the ferromagnetic
semiconductor CdCr2Se4 spinel.
2. Experimental setup
In this paper we investigate the single sublattice ferromagnetic semiconductor CdCr2Se4 with a Curie
temperature 130 K [11]. The 100-nm thick polycrystalline film was obtained by vacuum deposition on
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a borosilicate glass substrate of thickness 140 µm. Here, the ferromagnetic order originates from
superexchange interaction of Cr3+ ions provided by Cd. CdCr2Se4 possesses an in-plane magnetic
anisotropy with a relatively small coercive field of the order of tens of Gauss [12]. The bandgap for
the cryogenicly cooled sample is around 1.2 eV.

Figure 1. (a) THz pump – optical probe experimental setup. (b) Front view of the sample. The
terahertz pump electric field Epump, the optical probe electric field Eprobe and the external magnetic
field Hext are denoted by arrows. (c) Mapped THz electric field waveform. The corresponding FFT
spectrum is shown in the inset.
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In order to study dynamical eﬀects induced by intense THz radiation on the magnetism in the
semiconductor, we performed time-resolved pump-probe measurements. In the measurements we used
a nearly single cycle THz pulse with the electric field up to 500 kV/cm as a pump and a near infrared
laser pulse as a probe.
For that we placed a beam splitter (ratio 1:100) right after the 4 mJ pulse energy, 1 kHz repetition
rate Ti:sapphire amplifier, to split the output beam into two parts. The schematic of the experimental
setup is shown in figure 1a. The stronger pulse (pump) is used to generate THz radiation by means of
optical rectification in a LiNbO3 crystal [13]. Afterwards, the THz pulse was broadened and tightly
focused on the sample using a set of parabolic mirrors. The weaker (probe) pulse travels through the
hole in the last parabolic mirror, so that both THz and probe pulses are directed collinearly onto the
sample (see figure 1a). Both pulses are linearly polarized. To control the polarization direction of the
THz pump we imply two wire grid polarizers. The THz polarization angle ψ is shown in figure 1b.
The probe beam polarization rotation induced by the THz pulse was measured by an ordinary balanced
detection scheme. An external magnetic field Hext was applied at an angle of approximately 7° with
respect to the sample and inducing both an in-plane and an out-oﬀ plane component of the
magnetization. All experimental measurements were performed at 6 K in a helium ﬂow cryostat, far
below the Curie temperature of the spinel. The measured THz waveform with corresponding Fourier
spectrum is shown in figure 1c. The procedure of THz electric field calibration can be found
elsewhere [14].
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Figure 2. The static magneto-optical Faraday
rotation measurement.
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In order to characterize the magneto-optical properties of the CdCr2Se4 spinel, we performed static
optical Faraday rotation measurement at 800 nm wavelength. The external magnetic field was tuned in
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the range from -1.5 kG to +1.5 kG. In figure 2 it is seen that at fields above 0.5 kG, the sample rotates
the polarization over a fraction of a degree. A saturation of the magnetization is observed at
approximately ±0.3°. This agrees well with previous observations [12].

Polarization rotation (mdeg)

3. THz induced magneto-optical signal
In order to study the dynamics triggered in the sample with the help of the intense THz pulse, we
performed time-resolved measurements of the probe polarization rotation. The typical dependence
showing the time-resolved signal as a function of time delay between the THz and probe pulses is
shown in figure 3. It is seen that the signal is present only in a short time window comparable with the
duration of the THz pulse. The shape of the signal almost follows the THz waveform (see figure 1c).
Hence, we can conclude that the THz induced polarization rotation linearly depends on the THz field
strength. The same figure shows the curves measured at two values of the external magnetic field. The
external field of 0.66 kG corresponds to the value of a nearly saturated magnetization and the value of
2.1 kG is well above the saturation. It is seen that changing the field strength by a factor of 3 does not
really change the amplitude of the signal. From that we can conclude that the signal does not depend
on the external magnetic field strength.
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Figure 3. Transient polarization rotation at the
external magnetic field strength Hext = 0.66 kG
(blue curve) and 2.1 kG (red curve).
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However, this result does not exclude that the signal may depend on the magnetization of the
medium. With the purpose to understand if the signal depends on the magnetization, we repeated the
measurements for two polarities of the magnetic field. The results are shown in figure 4. It is seen that
changing the polarity of the magnetic field changes the signal’s phase (see figure 4a) over
180 degrees. To better see this eﬀect of polarity, we calculated the sum and the diﬀerence of the
signals measured at two opposite polarities of the external magnetic field. In particular, the sum was
calculated as ∆θsum = θ(H+) + θ(H-), where θ(H+) corresponds to the probe polarization rotation with
the positive external magnetic field polarity and θ(H-) is the rotation in the case of the opposite
polarity. Accordingly, the diﬀerence was calculated as ∆θdiff = θ(H+) - θ(H-). As a result, we revealed
in figure 4b that the THz induced signal is odd with respect to the magnetization.
As the next step, we reveal how the THz induced signal depends on the polarization orientation of
the THz pump. The polarization of the THz beam ψ was rotated from -90° to +90°. The results of the
measurements are shown in figure 5a. It is seen that the orientation of the THz polarization greatly
aﬀects the dynamics of the magnetization. To better show this polarization dependence, we plot the
peak amplitude at two specific points in time P1 and P2 as shown in figure 5a. The P1 and P2
amplitudes as a function of the pump polarization angle are shown in figure 5b. It is seen that
changing the polarization in the range from -90° to +90° changes the polarity of the induced eﬀect.
Note, that the maximum amplitude is observed when the in-plane component of the external magnetic
field is perpendicular to the magnetic field of the THz pulse. And opposite, that at 0°, when the inplane component of the external magnetic field is parallel to the magnetic field of the THz pulse, the
signal is null.
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Figure 4. (a) Transient polarization rotation in magnetic fields of opposite polarity. (b) Odd (red
curve) and even (blue curve) dynamics with respect to the external magnetic field.
P1

(a) 50

P2
(b)
90 deg
70 deg
50 deg
30 deg
10 deg

Polarization rotation (mdeg)

30
20

10

10
0
0

-90 deg
-70 deg
-50 deg
-30 deg
-10 deg

-10
-20
-30

Amplitude (mdeg)

40

5

0
-90

-45

0

45

90

-5

-10
-40

P1 Amplitude
P2 Amplitude
Sin Fit

THz polarization angle (deg)

-50
0

6

12
Delay (ps)

18

24

Figure 5. (a) Transient polarization rotation upon changing the angle of the THz polarization ψ from –
90° to +90°. (b) The amplitudes P1 and P2 as a function of the THz polarization angle. The black
curves are sinusoidal fits.
Thus we can construct a phenomenological expression for the observed eﬀect. Taking into account
that the medium is centrosymmetric and bringing together all the findings listed above, one can
conclude that the THz induced change of the symmetric part of the optical susceptibility in the lowest
order with respect to the THz fields must be written as

ε ijs (ωTHz ) = χ ijkl H k (ωTHz ) M l (0) ,

(1)

where χijkl is a phenomenological tensor and Hk(ωTHz) is the magnetic field of the THz pulse. As you
can see, the contribution to the symmetric part of the optical susceptibility is odd with respect to the
magnetization Ml(0). Also this contribution does change sign upon changing the polarity of the THz
magnetic field. Note that one can neglect terms linear with respect to the electric field of the THz
pulse Ek(ωTHz), because the studied medium is centrosymmetric.
Finally, the probe polarization rotation can be seen as a result of diﬀerent absorption of two linearly
polarized waves with polarizations along the x– and the y–axes, respectively. Strong linear dichroism
and birefringence at THz frequencies in similar HgCdCr2Se4 ferromagnetic semiconductor reported in
[15] agree well with this. Hence, the probe polarization rotation can originate from χxyxy. This
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phenomenon is very similar to the Cotton-Mouton eﬀect with the only diﬀerence that now the
magnetic field oscillates at the THz frequency. This is why we call it a THz Cotton-Mouton eﬀect. It is
also interesting to note that in contrast to the time-resolved studies with the pump in the visible and
near infrared spectral ranges, here we did not observe any demagnetization of the material. This is
quite surprising, because the semiconductor has a rather large concentration of holes. One would
expect that THz radiation can efficiently heat the holes and cause demagnetization, similarly to the
cases of ferromagnetic metals [16]. This observation can be explained by the fact that the eﬀective
mass of holes is quite large. This means that the THz photon energy is not sufficient to accelerate the
heavy carriers and they are barely THz sensitive.
4. Conclusions
To conclude, we have studied the ultrafast dynamics of the magneto-optical response triggered in the
ferromagnetic semiconductor CdCr2Se4 by an intense nearly single cycle THz pulse. It is shown that
the magneto-optical signal can be substantially changed under the action of the THz pulse. Step by
step analysis of the sensitivity of the THz induced dynamics to the strength of the external magnetic
field, the polarity of the field and orientation of the magnetic field of the THz pulse, reveals a
phenomenological expression that can explain the eﬀect. From the expression it is seen that the
observed dynamics can be explained as a Cotton-Mouton eﬀect at THz frequencies. We also would
like to note that we did not reveal any demagnetization induced by the THz pulse. Regarding the fact
that the semiconductor in its ground state has already free charge carriers (holes), one would expect
that the THz pulse must heat the free carriers. In accordance with the conventionally accepted threetemperature model such a heating must result in demagnetization of the ferromagnet. As no
demagnetization is observed, it indicates that the conventional model is not applicable to this material.
Most likely, this is related to a large eﬀective mass of the holes. As a result of it, the THz field is
unable to efficiently accelerate and thus increases the temperature of the carriers. Our recent findings
show that the same value THz field can efficiently demagnetize and trigger magnetization dynamics in
another magnetic semiconductor InMnAs. Such a qualitative difference in the behaviour of the THz
induced dynamics is explained by the fact that the effective mass of holes in InMnAs is at least 10
times smaller than in the spinel.
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