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1. Introduction

Efficient control of magnetization is a key requirement to high 
performance of magnetic memory and other advanced spin-
tronic devices [1]. Femtosecond optical pulses are proved to 
be a tool for ultrafast magnetization control [2, 3]. Mostly, 
magnetic thin films with strong perpendicular magnetic 
anisotropy are studied to simultaneously satisfy the require-
ments for storage density and thermal stability [4].

At the same time, spin dynamics induced by femtosecond 
laser pulses in structures with in-plane anisotropy is of a par-
ticular interest for studies of ultrafast processes in the vicinity 
of spin reorientation transitions (SRT). The proximity to 
the magnetic phase transition of order-order type increases 

the spin system sensitivity to external impacts and creates 
favorable conditions for observation of optically induced phe-
nomena. Usually either materials with natural SRT (induced 
by temperature changing) [5–7] or heterostructures based on 
them [8, 9] are studied.

In recent years the interest in spin reorientation dynamics 
increased due to the prospects of stress-mediated magneto- 
electric memory cells (MELRAM) [10–12]. Rare-earth inter-
metallic heterostructures with giant magnetostriction like 
TbCo2/FeCo are considered as candidates for MELRAM 
application. Their magnetic system consists of exchange-
coupled ferromagnetic and ferrimagnetic nanolayers with 
uniaxial magnetic anisotropy artificially induced during the 
layers deposition in a DC magnetic field. The technology 
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Abstract
The magnetic moment dynamics excited by 35 fs laser pulses in TbCo2/FeCo heterostructure 
is experimentally investigated by pump-probe technique. The studies are carried out in two 
typical geometries with magnetizing field perpendicular and along to the easy magnetization 
axis. In the ‘easy axis’ orientation, high-frequency oscillations of magnetic moments odd with 
respect to the sign of the magnetizing field are observed using the magneto-optical Kerr effect. 
In the perpendicular ‘hard axis’ orientation corresponding to the spin reorientation phase, 
the experiment shows oscillations that are even with respect to the field. The maximum angle 
of Kerr rotation as a function of the magnetizing field strength depicts a specific hysteretic 
loop that reveals ultrafast optical control of uniaxial magnetic anisotropy originally induced 
during deposition of the heterostructure in a DC magnetic field. The results provide new ways 
of ultrafast control of magnetic states in exchange coupled intermetallic heterostructures 
designed for spintronic applications.
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allows one to vary magn etic and magneto-elastic parameters 
of such structures in a wide range [13]. An example of the 
complex nanostructure with technologically determined 
magnetic parameters is of a basic interest for studying ultra-
fast dynamics in spin systems. In this work, we studied the 
magneto-optical response of intermetallic rare-earth multi-
layer nanostructure to a 35 femtosecond optical pulse. Special 
attention is paid on conditions of spin reorientation where 
competition between Zeeman interaction and uniaxial anisot-
ropy takes place.

2. Methods

In this work, we studied the magneto-optical response of 
intermetallic rare-earth multilayer nanostructure to a 35 fem-
tosecond optical pulse. The experiments were carried out on 
the sample consisting of a stack composed of 14 alternating 
exchange-coupled layers (TbCo2)—2.4 nm and (FeCo)—
1.5 nm on a silicon oxide substrate (the same sample family 
that was first reported in [14]). This nanostructured film was 
deposited onto the silicon by radio frequency (RF) sputtering 
using a rotary turn table in a Leybold Z550 equipment, while 
applying a DC magn etic field on the substrate in order to 
induce uniaxial magnetic anisotropy in the layer plane [15]. 
The base vacuum in the chamber prior sputtering was 3 × 10−7 
mbars. During the sputtering operation, a pure Argon flow is 
maintained with a flow rate adjusted to reach the desired depo-
sition pressure; in order to obtain the correct stoichiometry 
from the composite targets, Ar pressure is 10−3 mbars with a 
250 Watts RF power for the TbCo alloy, and 2 × 10−3 mbars 
with a 440 Watts for FeCo. The thickness is adjusted with the 
angular speed of the rotary table. This scheme allows for pre-
cise and reproductible layer thicknesses. When the number of 
layers is from 10 to 20, the properties of the sample do not 
noticeably change.

Magnetic properties of the samples were tested for in-plane 
orientations of magnetic field using a vibration magnetometer 
ADE EV9 with resolution of 1 ÷ 5 µemu. Magnetization 
curves (figure 1(a)) demonstrate unambiguously strong in-
plane anisotropy. The anisotropy field strength defined as 
saturation field for ‘hard axis’ geometry was found as Ha  =  8 
kOe. Saturation magnetization is equal to Bs  =  5.7 kG. For the 
direction of magnetization along the ‘easy axis’, coercive field 
is determined as Hc  =  0.38 kOe.

For optical excitation of the spin system, an amplified 
titanium-sapphire femtosecond laser was used. At the output 
of the amplifier, the radiation had the following parameters: 
a wavelength of 800 nm, a repetition rate of 3 kHz, a pulse 
duration of 35 fs. The output beam was split into the exci-
tation (pump) and the probe channels. The energy density 
on the sample surface in the pump and in the probe pulses 
was about 0.85 mJ cm−2 and 0.085 mJ cm−2, respectively. 
The spot diameter of both the pump and probe is 200 µm. 
Angles of incidence of the pump and probe beams onto the 
sample surface were 20° and 45° respectively as it is shown 
in figure 1(b). The sample was placed between the poles of an 
electromagnet, which allowed application of magnetic field 
up to 5.5 kG in the optical plane of incidence at 45 degrees to 

the film plane. The polarization of both the pump and probe 
beams was linear, the electric field vector lay in the joint plane 
of incidence (p-polarization). Orientation of magnetic field 
was fixed in the same plane. By rotating the sample around 
the normal to the surface, we directed the easy magnetization 
axis of the structures either along the joint plane of incidence 
(‘easy axis’ geometry) or perpendicular to that plane and thus 
perpendicular to the magnetic field (‘hard axis’ geometry). 
Only ‘easy axis’ geometry is shown on the figure 1(b). Two 
types of experiments were carried out: (I) the delay time was 
changed for a fixed magnetic field; (II) at a fixed delay time, 
the magnetic field was changed. In this way, dynamic hyster-
esis loops were measured. All experiments were performed at 
room temperature. For detection of magnetic moment oscil-
lations, a balanced photodiode was used, which makes it 
possible to detect simultaneously the angle of rotation of the 
polarization plane and the intensity of the reflected wave. To 
improve the signal-to-noise ratio, an opto-mechanical chopper 
was used for modulating the intensity of the pump wave in 
combination with a lock-in amplifier.

3. Results

Figure 2 presents excitation–relaxation temporal dependences 
of the polarization rotation angle when the magnetization 
easy axis lies in the plane of incidence (‘easy axis’ geometry). 
Under femtosecond pulse excitation, all curves start with ini-
tial spike of polarization rotation [16]. After that, total slow 
relaxation occurs much longer than the maximal delay time 
that is 800 ps in our experiments (not shown here). On the 
background of slow relaxation, oscillations are observed. They 
relax much faster than transient background relaxation takes 
place. Temporal dependences are odd regarding to magnetic 
field direction: the magnetic field reversal results in change of 
the rotation angle sign. Hysteresis loops are also odd respec-
tively to the magnetic field (see figure 2(b)). Magneto-optical 
loops are almost rectangular. For the time range of oscillations 
attenuation (t  =  150 ps), the rotation angle tends to the transi-
tory values a little lower than for the moment correspondent to 
the maximum oscillations amplitude (t  =  20 ps).

When the easy magnetization axis lies perpendicular to the 
plane of incidence (‘hard axis’ geometry), magnetic system 
undergoes SRT under variation of magnetic field strength [17, 
18]. The spin reorientation is caused by competition between 
uniaxial anisotropy and Zeeman interaction of magnetic 
moment with an external magnetic field. When the magnetic 
field is stronger than the anisotropy field H  >  Ha, the magnetic 
moment is parallel to H (collinear phase). When H  <  Ha, the 
magnetic moment deviates from the magnetic field towards 
the easy magnetization axis (angular phase). The projection of 
the magnetization on the easy axis depicts a specific hysteretic 
loop.

Figure 3 presents excitation–relaxation temporal depend-
ences of the polarization rotation reproducing magnetization 
hysteresis loop in the angular phase. Contrary to the ‘easy 
axis’ geometry, in the ‘hard axis’ geometry the polarization 
rotation loop in figure 3(a) is even. Since the anisotropy field 
is stronger than the applied magnetic field, the hysteresis 
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loop presented in figure  3 is not limiting but a partial one. 
The curves of relaxation of the polarization angle presented 
in figures 3(c) and (d) are also even regarding to the magnetic 
field sign and depend strongly on the direction of magnetic 
field variation (shown by arrows in figure 3(a)). Oscillations 
appear practically against the background of the zero signal; 
relaxation of oscillatory part of magneto-optical signal occurs 
on the same time scale that the total magneto-optical signal. 
For the maximal value of the rotation angle shown in the hys-
teresis loop in figure 3(a) as points M1 and M2, the temporal 
depend ences are very unstable; data of the sequences of iden-
tical measurements in point M1 are shown in figure 3(b).

It is important to emphasize that the observed behavior 
possesses a threshold; oscillations appear only for the pump 
power over 0.85 mJ cm−2.Change of the probe polarization 
from ‘p’ to ‘s’ did not affect the results.

We can suggest a qualitative explanation for the observed 
phenomena as a result of pump-induced thermal effect on the 

anisotropy field. The origin of the uniaxial anisotropy in the 
structure under consideration is exchange interaction between 
rare-earth (TbCo2) and 3d (FeCo) layers [15]. One can sup-
pose that a rapid increase of spin temperature of 3d electrons 
under an optical pump [19] should disrupt interlayer inter-
action and affect anisotropy induced by application of mag-
netic field during deposition of the multilayer structure. In the 
‘hard axis’ geometry, the main feature of the photo-excitation 
of spin system is a symmetrical hysteretic loop presented in 
figure 3(a). This behavior of spin oscillations can be explained 
by symmetry of photo-induced torque T. Perturbation of 
the aniso tropy field ∆Ha

My
M
−→y  generates two components 

of the torque: Tz ∝ −(MxMy)∆Ha and Tx ∝ (MzMy)∆Ha . 
Dependence of Tz on the angle ϕ between hard axis and pro-
jection of magnetic moment on the sample plane is shown 
in figure 4(a). If positive magnetic field is of maximal value 
for the experimental conditions, then the angle ϕ is close to 
ϕ/4. When the magnetic field decreases, magnetization rotates 

Figure 1. (a) In-plane magentization along ‘easy’ and ‘hard’ anisotropy axes; (b) magneto-optical pump-probe experimental schematic.

Figure 2. ‘Easy axis’ geometry. (a) Dependence of the Kerr rotation angle on the delay time for different values of magnetic field strength; 
(b) Kerr rotation hysteresis loops at maximum of the first oscillation (t  =  20 ps) and after oscillations attenuation (t  =  150 ps).
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towards the easy axis. The subsequent change of sign of the 
magnetic field changes the sign of projection Mx. For strict 
orientation of the magnetic field normally to the easy axis, two 
opposite projections My  are energetically equivalent. But a 
small deviation (about 1°) of the field from the normal selects 
one preferable sign of My . Such an orientation corresponds 
to a stable state while the opposite orientation is metastable. 

These states are separated by an energy barrier. An orientation 
that is stable for one direction of magnetizing field becomes 
metastable for the opposite one. Projection of Mx reverses 
without change of sign of My  if a negative magnetizing field 
is not too strong. Thus, the torque Tz changes the sign. When 
the field reaches its critical value, the projection My  switches 
from metastable to stable state as it is illustrated in figure 4 

Figure 3. ‘Hard axis’ geometry. (a) Kerr rotation hysteresis loops at maximum of the first oscillation (t  =  20 ps); dependences of the Kerr 
rotation on the delay time for different points on the Kerr hysteresis loop shown in the picture (a); instability in point M1 is illustrated by 
consecutive identical scans (b); data measured in points A, B, C, D (c) and in points 1, 2, 3, 4 (d).

Figure 4. (a) Hysteretic dependence of the photo-induced torque Tz on angle ϕ between the ‘hard axis’ and projection of the magnetic 
moment on plane of the sample: M1 and M2 switching points from metastable to stable states. (b) Schematic presentation of the magnetic 
moment precession in opposite transitive effective field Heff . The initial photo-induced projection My  is even relatively to magnetizing field 
but direction of precession is odd.
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(line T2(ϕ), point M1). As a result, the signs of Tz for nega-
tive and positive magnetic field coincide. Further increase 
of negative field brings Tz to the initial value characteristic 
for the strongest positive field. Variation of the field strength 
in the opposite direction from negative to positive maximal 
value repeats the field dependence of Tz in mirror manner (line 
T1(ϕ) in figure 4), and forms a symmetric hysteretic loop. The 
torque projection Tz excites the normal component of the  
magnetic moment accompanied by the hysteretic polar Kerr 
effect. The similar behavior is expected for Tx projection that 
excites the longitudinal x-component of magnetization associ-
ated with the meridional Kerr effect. At the switching points 
M1 and M2 the magnetic system is unstable, which is reflected 
in the instability of the Kerr rotation observed experimentally. 
In real samples, the switch is not sharp because of a reversal 
of magnetization by the domain wall’s motion.

In the ‘easy axis’ geometry, variation of the anisotropy 
field creates Ty  component of the torque Ty ∝ (MzMx)∆Ha 
that is even relatively to the sign of the magnetizing field. It 
determines the same initial phase of the photo-excited pre-
cession. The same initial phase of y -projection (blue arrow) 
corresponds to change of sign for both x and z dynamic pro-
jections when the magnetic field is reversed (see figure 4(b)). 
These projections are responsible for the odd photo-induced 
meridional and polar Kerr effect, respectively.

4. Conclusion

The results of spin excitation studies in the ‘hard axis’ geom-
etry reveal pump-induced disruption of the anisotropy field. 
Taking into account the origin of uniaxial anisotropy created 
in the heterostructure due to exchange coupling between rare-
earth and 3d layers one can suppose an impact of the pump 
on the interlayer exchange. The feature of spin excitation in 
the ‘easy axis’ geometry is long time relaxation of the photo-
induced transitive state of the magnetic system (analogously 
to the observed earlier in the in-plane magnetized FePt film 
[20] and CoFeB [21]). This feature can be also related to the 
method of creating the uniaxial aniso tropy by application of 
a magnetic field during the process of deposition of the mag-
netic structure at room temperature. Thermal perturbation of 
the field induced stable electronic states can be qualitatively 
different when the magnetic field is applied in parallel or 
perpend icular directions. Microscopic analysis of the aniso-
tropic relaxation of the transitive states is however out of the 
scope of this report. In conclusion, we note that the presented 
results point to ultrafast (less than 20 ps) optical control of 
field induced magnetic anisotropy in an intermetallic hetero-
structure that is of interest for applications as a mechanism of 
fast switching of magnetic states near SRT.
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