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The magneto-optical Faraday eﬀect, played a
crucial role in the elucidation of the electromagnetic nature of light. Today it is powerful means
to probe magnetism and the basic operational
principle of magneto-optical modulators. Understanding the mechanisms allowing for modulation of the of magneto-optical response at THz
frequencies may have far reaching consequences
for photonics1 , the ultrafast optomagnetism2–4 ,
magnonics5,6 as well as for future development of
ultrafast Faraday modulators. Here we suggest a
conceptually new approach for an ultrafast tunable magneto-optical modulation with the help of
counter propagating laser pulses. Using terbium
gallium garnet (Tb3 Ga5 O12 ) we demonstrate the
feasibility of such a magneto-optical modulation
with a frequency up to 1.1 THz, continuously
tunable by means of an external magnetic field.
Besides the novel concept for ultrafast magnetooptical polarization modulation, our findings reveal the importance of accounting for propagation eﬀects in the interpretation of pump-probe
magneto-optical experiments.
For light propagating along the z axis through a homogeneous and isotropic medium the Faraday polarization
rotation Θ0 is defined as:
Θ0 = d ·

π · α · Mz (B0 )
,
λ · n0

(1)

where d is the eﬀective travel distance of light inside the
medium, λ is the wavelength of light in vacuum, n0 is the
refractive index at this wavelength, Mz is the magnetization along the z-axis at the applied magnetic field B0
and α is a magneto-optical constant of the medium. In

paramagnetic and diamagnetic media the Faraday eﬀect
is described in terms of the Verdet constant defined as
V = π · α · χ/(λ · n0 ), where χ is the magnetic susceptibility so that Θ0 = d · V · B0 . The ultrafast modulation
of the Faraday eﬀect was demonstrated using THz magnetic fields7–9 and optical excitation of THz oscillations
of magnetization Mz .10,11
It was shown that the Faraday eﬀect can be
enhanced12,13 in the magneto-optical medium with the
introduced inhomogeneity of the complex refractive index ñ = n + iκ along the z direction of light propagation.
The Faraday eﬀect can be modulated in time, if the inhomogeneity is intrinsically nonstationary and moving in
the medium. The laser induced acoustic solitons are an
example of the propagating optical inhomogeneities created by a pulsed stress.14–17 In this case, the frequency
of the Faraday modulation Ω is determined by the speed
of sound and resides in a GHz range. An inhomogeneity moving with a relativistic speed can be created by an
intense laser pulse, which due to the optical Kerr eﬀect,
induces a linear dichroic region.18 Employing the inhomogeneities moving with the group velocity of the laser
pulse should result in much higher modulation frequencies.
In order to test this approach, we performed timeresolved magneto-optical studies in the Faraday geometry, in which an intense femtosecond laser pulse (pump)
with a central photon energy of 1.55 eV propagates
through and interacts with a medium. The much weaker
pulse (probe) interacts with the medium excited by the
pump. Employing the linearly polarized pulses with duration ∆=70 fs, we measured the temporal evolution of
the pump induced Faraday rotation and transient tran-
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missivity of the probe pulses as sketched in Fig. 1 (a)
(see also Methods). We chose a (111) cut terbium gallium garnet (Tb3 Ga5 O12 ) single crystal with a thickness L=1 mm. Tb3 Ga5 O12 is a building block of most
magneto-optical modulators and optical isolators since
it exhibits one of the highest Faraday rotations19 and a
high transparency in the visible spectral range.20,21 The
scheme of the electronic structure of the Tb3+ ion and
the states of the ground multiplet 7 F6 in Tb3 Ga5 O12 have
been thoroughly studied21 and are shown schematically
in Fig. 1 (b). The main magnetic resonances are expected to be due to the lowest states of the ground state
multiplet 7 F6 as shown schematically in Fig 1 (b). The
photon energies of the probe pulse were 1.24 eV, 2.48 eV
and 3.1 eV (see all photon energies with respect to the
electronic structure of the Tb3+ ion in Fig. 1 (b)).
Figure 2 (a) demonstrates a typical time dependence of
the pump induced Faraday rotation and transient transmissivity of the probe with a photon energy of 3.1 eV
(a wavelength of 0.4 µm) at B0 =5 kG and temperature
T =1.7 K. It is seen that the Faraday rotation discloses
oscillations which persist only in a limited time window:
at a time delay of ∆τ ≈ 13 ps the signal is abruptly
quenched.
We found that by pumping the sample with circularly polarized pulses the paramagnetic resonance22,23
can be excited (Supplementary materials B). Note that
while the high frequency oscillations abruptly quench at
∆τ =13 ps, the oscillations corresponding to the paramagnetic resonance in Tb3+ last for a much longer time
delay (Supplementary materials B). Furthermore the fast
Fourier transform (FFT) spectrum in Fig. 2 (b) of the
signal shows that the dominating oscillation frequency
cannot be attributed to either the pump induced coherence between levels of the ground multiplet 7 F6 of the
Tb3+ ion (1.36 and 2.25 THz) or phonon modes (5.1
and 5.4 THz).21,24–26 Note that the highest frequency
observed in the experiment is about 7.27 THz (Supplementary materials G) indicating that the temporal resolution is at least 140 fs. This is much shorter than the
pulse duration, which can be mistakingly deduced from
the overlap in Fig. 2 (a) if propagation eﬀects are not
taken into account (Methods). The quenched oscillations
cannot be assigned to any of the transitions within the
ground multiplet 7 F6 of the Tb3+ ion in Fig. 1 (c).21,27
To elucidate the nature of the quenched oscillations
we measured the Faraday rotation of the transmitted

probe for diﬀerent magnetic fields at T =1.7 K (Fig. 3
(a)). The quench was always observed at the time delay of ∆τ ≈13 ps independently of magnetic field. The
aforementioned oscillations dominated the signal. Their
frequency varies from 0.1 THz to 1.1 THz with increasing the magnetic field from 100 G to 70 kG (Fig. 3 (b)
and Supplementary materials A). It is remarkable that if
these oscillations originated from a spin resonance, such
a frequency change would correspond to an enormous
eﬀective g-factor geﬀ = 55. From Fig. 3 (b) and Supplementary material B it can be inferred that the frequency
shows a completely diﬀerent dependence on magnetic
field and has a much larger eﬀective g-factor in comparison with that associated with the electronic transition
in the ground multiplet of the Tb3+ ions.22,23,28 In fact,
the magnetic field dependence of the frequency scales as
the sample magnetization.
Figure 3 (c,d) shows the temperature dependence of
the oscillation frequency measured at B0 =30 kG. A
strong decrease from 1.1 THz to 0.1 THz upon a temperature increase from 1.7 K to 100 K is observed. If
the modulation frequency is proportional to the magnetization, it has to follow the Curie-Weiss law, i.e. be
inversely proportional to the ambient temperature. A
linear fit of the inverse frequency as a function of temperature (inset in Fig. 3 (d)) yielded the Curie-Weiss parameter ΘCW = −8.2 K, which matches well with that
reported earlier.27 All these observations support a linear relation between the oscillation frequency and the net
magnetization of the medium.
The origin of the large THz oscillations is further elucidated in measurements of the their frequency at several
probe wavelengths λ (Fig. 3 (e,f)). The dependence of
the oscillations on the probe wavelength is a clear signature of inhomogeneous excitation and light propagation
eﬀects14,29,30 (see Supplementary materials D).
To explain the observed oscillations, we propose the
model of a counter propagating dichroic region induced
by the pump via the optical Kerr eﬀect. If the probe
pulse is behind the pump, then the part of the pump
reflected from the second face of the crystal can counter
propagate through the probe which via the optical Kerr
eﬀect acquires polarization rotation.18
If the proposed interpretation is true, the observed
modulation of the Faraday rotation has to be quenched
as soon as the time delay between the two pulses becomes
so long that the probe pulse cannot encounter with the
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counter propagating pump any longer. Taking into account the group refractive index of the probe npr and
the pump npu in Tb3 Ga5 O12 (Supplementary material
F), we calculated the maximum time delay ∆τ at which
the probe can still interact with the counter propagating
pump via the optical Kerr eﬀect (Methods):
∆τ =

2L · npu
.
c0

(2)

Equation (2) gives ∆τ =13.1 ps, which agrees well with
the time at which signal is abruptly quenched in the experiment (Fig. 3 (e)). A slight deviations from this time
are due to small noncollinearity of the pump with respect
to the sample normal.
The concept as shown in Fig. 4 accounting for
the interaction between the probe and the reflected
counter-propagating pump anticipates that the transient
magneto-optical response should oscillate with the frequency (Methods)
Ω=

2B0 c0 V+
,
(npu + npr )

(3)

where V+ = Vpu + Vpr , with Vpu ,Vpr being the Verdet
constants at wavelength of the pump and probe pulses.
From the definition of the Verdet constant it follows that
the frequency is proportional to the net magnetization
of the medium. This is exactly what is observed in
our experiment (Fig. 3 (a-d)). Moreover, using Equation (3), we calculated the Verdet constant V+ corresponding to the frequencies of the Faraday modulation
at B0 =10 kG (Methods). The results are plotted in the
inset of Fig. 3 (f). The calculated values are in a good
agreement with 1/λ2 dependence of the Verdet constant
reported earlier20 (see line in inset of Fig. 3 (f)).
The phase of the oscillations strongly depends on both
the pump polarization and the external magnetic field polarity (Supplementary materials E,F), which agrees with
the proposed model (Methods). The measured amplitude
of the ultrafast modulation depends linearly on the pump
fluence (Supplementary materials C). We also checked
that the delay time at which the signal is quenched and
the frequency of the modulation are independent on the
fluence.
The modulation of the Faraday eﬀect can be achieved
for any counter propagating pulses. The pump can modulate the Faraday rotation of the probe which arrives to
the sample before the pump and reflected from the rear
face of the crystal. In this case, measuring the Faraday

rotation of the reflected probe at the negative time delay, one should observe the modulation signal. In fact,
we observed this strong signal at the negative time delays
that underpins our interpretation (see details in Supplementary material G).
Finally, we note that pump-probe magneto-optical experiments is one of the main tools in the rapidly developing but also often controversial research area of ultrafast
magnetism.3,11 The eﬀects of propagation reported here
manifests itself as oscillations of the Faraday rotation, the
frequency of which is a linear function of the net magnetization. As a result, these oscillations can be mistakenly
assigned to a collective mode of a spin excitation. Therefore our work has also important implications for interpretations of pump-probe magneto-optical experiments
in transparent media.
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FIGURE LEGENDS

1.

Geometry of the experiment and electronic
structure of the Tb3+ (a). (a) Experimental geometry used to measure the pump induced Faraday rotation
of the transmitted probe. External magnetic field B0
is applied along [111] crystal axis, which coincides with
the normal to the sample. Probe incidence is along the
normal, while the pump incidence angle is 5◦ from the
normal. λ/2, WP, BD are half wave plate, Wollaston
prism and balanced photodiods, respectively. (b) Electronic structure of the Tb3+ ion in Tb3 Ga5 O12 21 along
with photon energies of the pump and probe pulses used
in experiment. The photon energies of the probe pulse
were 1.24, 2.48, 3.1 eV. The lowest states of the ground
multiplet 7 F6 of Tb3+ ion causing the main magnetic excitations are shown separately. Γi represents states21 of
the local group symmetry D2 . ΩCF is frequency of the
electronic transition in the ground multiplet.

5
2.

Experimental observation of the ultrafast Faraday modulation. (a) Typical temporal response of the
pump induced polarization rotation of the probe pulse
at B0 =5 kG and T =1.7 K. The double arrow shows the
limited time window of the observed oscillations. Inset
shows temporal response of the pump induced transmissivity changes of the probe. Thick line shows calculated
form of the temporal overlap in the vicinity of the 0 ps
(Methods). (b) FFT spectrum of the signal shown in
panel (a) without the overlap region.

3.

The frequency of the magneto-optical modulation. (a) Transient Faraday rotation at diﬀerent magnetic fields for T =1.7 K (b) Magnetic field dependence of
the frequencies of oscillations Ω/2π (Blue spheres). Black
circles are for Tb3+ excitation. Lines are normalized sample magnetization vs magnetic field from Ref. 23 and 28
(Ref. A and B, respectively). The dashed line represents
the slope of the curve corresponding to gef f = 55. (c)
Transient Faraday rotation at diﬀerent temperatures for
B0 =30 kG. (d) Temperature dependence of the modulation frequency at B0 =30 kG. Line is a guide to the eye.
Inset shows the temperature dependence of the inverse
frequency of the modulation on temperature (circles) and
linear fit with the Curie-Weiss dependence (line). (e)
Transient Faraday rotation for several probe wavelengths
λ at B0 =20 kG and T =1.7 K. (f) Magnetic field dependence of the modulation frequency for λ equal to 0.4, 0.5
and 1 µm. Inset shows the wavelength dependence of the
calculated Verdet constant at B0 =10 kG (balls) and that
retrieved from Ref. 20 (line). The calculated values are
in a good agreement with 1/λ2 dependence (see Methods). The pump pulses were linearly polarized and had
a fluence of F=10 mJ/cm2 .

4.

Scheme of the ultrafast magneto-optical modulation via counter-propagating laser pulses. The
probe pulse initially linearly polarized along the x axis
enters the medium after the linearly polarized pump
pulse and propagates along the z axis. An external

magnetic field is applied along the z axis. At certain
point the probe pulse encounters the back reflected
pump pulse.
The optical Kerr eﬀect, resulting in
acquiring additional polarization rotation by the probe
pulse, depends on mutual orientation of polarization of
the two counter propagating pulses at the moment of
encounter defined by the time delay between them.

METHODS

1.

Experimental technique

For the time-resolved magneto-optical studies we employed a Ti:sapphire regenerative amplifier laser system
with a pulse width of 70 fs and a repetition rate of 1 kHz.
The incident pump and probe pulses were linearly polarized by Glan-Thompson polarizers. The relative orientation of the pump and probe polarization planes was
controlled by achromatic half-wave plates. The magnetooptical measurements were performed on a 1 mm thick
single crystal plate of undoped Tb3 Ga5 O12 cut perpendicularly to the (111)-plane. The sample was mounted
in a superconducting split coil magneto-optical cryostat
providing magnetic fields up to 70 kG and temperatures
down to 1.7 K. The experiment was carried out in the
transmission geometry with the magnetic field applied
parallel to the [111] direction of the crystal. By changing
the time delay between the pump and probe pulses, the
pump induced polarization rotation and the transmissivity changes of the probe beam were measured. The
probe beam incidence was along the sample normal. The
incidence angle of the pump pulse was about 5 degrees
away from the normal (Fig. 1 (a)). The wavelength
of the pump pulse was set to 0.8 µm (photon energy
1.55 eV), whereas the probe pulse wavelength was at
0.4 µm, 0.5 µm, 1 µm (photon energy 3.1 eV, 2.47 eV,
1.24 eV, respectively). Spot diameters of both beams
were kept approximately at a size of 200 µm. In one set of
the measurements rotation of the polarization plane and
transmissivity changes of the probe beam were measured
by means of a pair of balanced photo diodes. Signals
were detected using a lock-in technique with the laser
repetition rate as the reference frequency.
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2.

Temporal overlap width calculation in the thick medium

f (τ ) =
∫ L∫
=

(

)

(
)
+∞
znpr
znpu
Ipu t −
dtdz,
Ipr t − τ −
c0
c0
0
−∞
(4)
where Ipr and Ipu are envelopes of the optical intensities
of probe and pump with a temporal width of 100 fs, npr
and npu are the group refractive indices of the probe and
pump pulses, accordingly. The result of the calculation
for the Gaussian pulses by means of equation (4) is shown
in the inset of Fig. 2 (a) by the orange line.

3. Theoretical formalism for the magneto-optical
modulation

To derive the ultrafast Faraday modulation signal introduced in the manuscript we made use of a simple model accounting for the probe beam propagating
through a counter propagating Kerr nonlinearity induced
by the pump. The Kerr nonlinearity is linear dichroic region with respect to the probe.18 This results in the pump
induced polarization rotation θ of the probe by the optical Kerr eﬀect proportional to:
Θ(τ ) ∼ Ip sin(2∆ϕ),

(5)

where ∆ϕ is angle between linear polarization azimuths
of the pump and probe pulses, τ is the time delay between
the pump and probe pulses, Ip is intensity of the pump
pulse. The coordinate where the two pulses encounter
inside the crystal (x = 0 is taken at the rear face of the
crystal) is written:
L(npr − npu )
c0 τ
x=−
+
.
(npr + npu )
(npr + npu )

(6)

Here npr and npu are the group refractive indices of the
probe and pump pulses, respectively. Equation (6) allows us to estimate the time of the quench in experiment
(equation (2)). The optical paths of the pump and probe
pulses before encounter occurring in the crystal depend
on the time delay between them. One can calculate that
the these paths for the pump and probe pulses, respectively, are equal to:

c0 τ
2Lnpr
+
(npr + npu ) (npr + npu )
2Lnpu
c0 τ
=
−
.
(npr + npu ) (npr + npu )

∆xpu =

To calculate the temporal overlap of the two laser
pulses in the thick medium one has to make convolution
not only in time but also in space:

∆xpr

(7)

Note that ∆xpu + ∆xpr = 2L. In magnetic field both
pulses acquire a polarization rotation. The polarization
rotation of the probe and pump pulses at the moment of
the encounter are written as follows:
2Vpr B0 Lnpu
c0 τ
− Vpr B0
(npr + npu )
2n̄g
2Vpu B0 Lnpu
c0 τ
+ Vpu B0
,
= Φpu +
(npr + npu )
2n̄g

ϕpr = Φpr −
ϕpu

(8)

where n̄g = (npu + npr )/2, L is the thickness of the
sample, Φpr and Φpu are the initial polarization angles
of the probe and pump, respectively, Vpr and Vpu are
the Verdet constants at the wavelength of the probe and
pump, respectively. Substituting ∆ϕ = ϕpu − ϕpr from
equation (8) to equation (5) one obtains probe polarization rotation for the fixed initial polarization of the probe
Φpr = 0:
Θ(τ ) ∼ Ipu sin 2∆ϕ =

(

)
B0 c0 V+ τ
−
n̄g
)
(
B0 c0 V+ τ
.
− Ipu cos 2(Φpu + LB0 V ∗ ) sin
n̄g
= Ipu sin 2(Φpu + LB0 V ∗ ) cos

(9)

Here substitutions are made for V+ = Vpu + Vpr and
V ∗ = 4[npu Vpu + npr Vpr ]/[npr + npu ]. From equation (9)
one can find the frequency of the ultrafast modulation:
Ω=

4.

B0 c0 V+
n̄g

(10)

The pump polarization dependence of the modulation

It is seen from equation (9) that the signal contains
two components cos(Ωτ ) and sin(Ωτ ) which depend differently on the pump polarization angle Φpu . Supplementary materials E shows the probe modulation for different Φpu at B0 =35 kG and T =1.7 K. One sees that
the amplitude of the modulation is unchanged while
the phase changes with changing the pump polarization.
To check whether the observed behavior is consistent
with our model, we performed a fit of the time traces
in Supplementary materials E as suggested by equation (9). One can see that this form describes perfectly
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the experimental data shown in Supplementary materials E. Indeed, the experimental signal is proportional to
sin(Φpu ) cos(Ωτ ) + cos(Φpu ) sin(Ωτ ).

formula for the wavelength dependence of the Verdet constant from Ref. 20:

V =
5.

The Verdet constant calculation

Equation (10) permits one to estimate the Verdet constant from our measurements:
V+ =

Ω(npr + npu )
.
2B0 · c0

(11)

Using the corresponding frequencies of the modulations
at a magnetic field of 10 kG for wavelengths of the probe
of 0.4 µm, 0.5 µm, and 1 µm, we calculated the Verdet
constant V+ (see inset of Fig. 3 (c)). To compare the
calculated values of the Verdet constant V+ we used the

λ2

E
+ V0 ,
− λ20

(12)

E is a proportionality factor, λ0 is the band-gap wavelength, V0 is an oﬀset value. We used the Curie-Weiss
law to recalculate the parameter E from the temperature of 300 K to 2 K in our experiment. The parameter
was taken from Ref.20. Fixing the value E at the temperature of 1.7 K and assuming λ0 to be independent
on temperature we fitted the experimentally calculated
Verdet constants from equation (11) by equation 12. The
result of the fit in the inset of Fig. 3 (f) demonstrates a
very good quantitative agreement.
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