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Abstract 
We study experimentally and theoretically the dynamics of spin relaxation motion excited by a 
femtosecond pulse in the TbCo2/FeCo multilayer structures with different ratios of TbCo2 to FeCo 
thicknesses rd = dTbCo2 /dFeCo. The main attribute of the structure is in-plane magnetic anisotropy that is 
artificially induced during sputtering under a DC magnetic field. The optical pump-probe method 
revealed strongly damped high-frequency oscillations of the dynamical Kerr rotation angle, followed by 
its slow relaxation to the initial state. Modeling experimental results using the Landau–Lifshitz-Gilbert 
(LLG) equation showed that the observed entire dynamics is due to destruction and restoration of 
magnetic anisotropy rather than to demagnetization. For the pumping fluence of 7 mJ cm−2, the 
maximal photo-induced disruption of the anisotropy field is about 14% for the sample with rd = 1 and 
decreases when rd increases. The anisotropy relaxation is a three-stage process: the ultrafast one occurs 
within several picoseconds, and the slow one occurs on a nanosecond time scale. The Gilbert damping 
in the multilayers is found to be one order of magnitude higher than that in the constituent monolayers. 
 
Keywords: ultrafast magnetization dynamics, magnetic anisotropy, spintronics, pump-probe, Landau–
Lifschitz–Gilbert equation 
 
1. Introduction 
The manipulation of the spin system parameters in magnetic structures underlies the principle of modern 
spintronic devices. The operation rate of devices based on switching of magnetic states is determined 
by the precession frequency and relaxation time of the spin system. These two parameters can be selected 
appropriately depending on the type of device. In particular, the elements of magnetic random-access 
memory (MRAM) and spin valves require high damping (short relaxation time) of the precession [1, 2]. 
On the contrary, spin-wave logic devices [3, 4] and spin-torque nano-oscillators [5, 6] require low 
damping. The limit for operation rate of all spintronic devices is ferromagnetic resonance (FMR) 
frequency [7].  
To achieve a switching frequency that meets modern requirements, the relaxation times must be so short 
that traditional methods of measuring based upon FMR have become inapplicable due to a huge 
broadening of the resonance line. In this case, the magneto-optical technology using femtosecond laser 
radiation provides adequate methods for recording and analyzing ultrafast spin processes [8, 9]. 
Moreover, advances in ultrafast control of magnetic media with femtosecond laser pulses has begun a 
new era of opto-magnetism, allowing the development of new devices that operate at high frequency 
and low power consumption, which cannot be achieved with other techniques.  
Optical spin manipulation is most often implemented through ultrafast demagnetization [10–13]. At the 
same time, femtosecond radiation has a wide range of mechanisms for affecting the spin system. In 
particular, in a number of systems, the result of optical impact is ultrafast disruption of magnetic 
anisotropy: in substituted yttrium iron garnet films [14, 15], thin iron films [16], galfenol films [17].  
Among the systems where magnetic anisotropy plays a crucial role for the device functionality are 
intermetallic multilayers. The most studied ferromagnetic (FM)/nonmagnetic (NM) multilayers with 
perpendicular anisotropy are used for MRAM with ultrafast recording [18]. The FM/NM and FM/FM 



structures with in-plane anisotropy are used as spintronic THz emitters [19,20]. The FM/FM structures, 
such as TbCo2/FeCo multilayers with in-plane anisotropy are very prospective for creation of 
magnetoelectric random access memory (MELRAM) with ultra-low energy consumption about a few 
attojoule per bit [21]. The principle of operation of such devices is based on spin reorientation transitions 
(SRT) in the magnetic constituent, induced by short strain pulses generated by piezoelectric constituent 
elastically coupled with the structure. The switching rate between magnetic states in the MELRAM cells 
was estimated as fractions of a nanosecond. However, the limit of the operation rate determined by 
dynamic behavior of the spin system under ultrafast excitation is still an open question for these types 
of multilayers.  
The aim of this work is to reveal the general patterns of the spin dynamics of TbCo2/FeCo multilayers 
under ultrafast optical impact. For this, the samples with different ratios of thicknesses of TbCo2 and 
FeCo layers and different total number of the bilayers were studied. Experimentally, dynamics of the 
Kerr rotation angle was studied by the optical pump-probe method. Modeling of the experimental results 
using the Landau–Lifshitz–Gilbert (LLG) equation shows that the observed dynamics occurs due to 
destruction and restoration of magnetic anisotropy rather than due to demagnetization. 
 
2. Materials and methods 
A series of N×[TbCo2/FeCo]/Ru multilayer structures with an interlayer exchange are studied. The 
samples differ in the number of double layers N, and in the thicknesses of TbCo2 and FeCo layers. The 
structures were deposited on top of SiO2 substrate and an Ru cap layer is used to prevent oxidation. 
Deposition was performed by RF sputtering in a constant magnetic field used to induce uniaxial 
magnetic anisotropy in the plane of the structure [22]. A change in layer thickness leads to a change in 
the magnitude of the induced magnetic anisotropy [23, 24]. For reference, FeCo and TbCo2 layers were 
also fabricated. The thicknesses of the layers in each sample were controlled by the sputtering operating 
mode. Parameters of the samples are given in table 1.  
The magnetic properties of the samples were investigated using a vibration magnetometer. For these 
measurements, an external magnetic field was applied in the plane of the film either along the direction 
of the easy magnetization axis (in the following ‘easy axis’ configuration) or at 90 degrees to it (in the 
following ‘hard axis’ configuration). Magnetization hysteresis loops are shown in figure 1. 
Interestingly, ordering in TbCo2/FeCo structures is ferri-magnetic, while both TbCo2 and FeCo at room 
temperature reveal FM order [25, 26]. The magnetizations of the TbCo2 and FeCo layers are opposite. 
In all studied samples, the compensation point is below room temperature, and the resulting 
magnetization of the structure is directed along the magnetization of FeCo. The exchange coupling of 
the layers maintains the antiparallel orientation of the magnetizations, and the static and dynamic 
behavior of the system at not too strong magnetic fields and practically attainable frequencies is similar 
to the FM coupling, which is confirmed by the magnetization curves shown in figure 1. The description 
of the dynamics of such systems in the FM model is typical for ferrites. 
The shape of the loops confirms unambiguously the in-plane uniaxial anisotropy of the structures. The 
values of saturation magnetization Ms and anisotropy field HA obtained from the loops are given in table 
1. 
For the easy axis direction of magnetization, the loops are rectangular, and coercivity of A, B, C samples 
is small within the error bar. The highest saturation magnetization Ms is observed for the sample C, and 
lowest Ms is observed for the sample D, the difference is about 2.5 times. The lowest anisotropy field 
is obtained for the sample A, about twice higher HA is observed for the samples B and C, while in the 
sample D the anisotropy field is much higher. Both TbCo2 and FeCo reference films have anisotropy 
fields lower than multilayer structures. The magnetization of FeCo film is the highest one among all the 
samples studied, while the magnetization of TbCo2 film is comparable to those of multilayer structures. 
The optically induced magnetization dynamics in the TbCo2/FeCo structures were studied by the pump-
probe technique. The geometry of the experiment is shown in figure 2. The z axis of the laboratory frame 
is directed along the sample normal, and the x axis was chosen along the easy magnetization axis. An 
external magnetic field H was applied during the measurement at an angle of 45° to the plane of the 
sample, with a projection onto the easy axis of magnetization. The laser pulses with duration of 35 fs, 
central wavelength of 800 nm and repetition rate of 3 kHz were split into pump and probe channels in a 
10 to 1 ratio (laser system includes a TiF-20F femtosecond Ti: Sapphire laser and a regenerative 
amplifier designed by ‘Avesta-project’, Russia). The pump-probe temporal delay t is controlled by a 



delay line in the pump optical path. The P-polarized pump and probe beams were focused onto the 
sample with fluence of about 7 and 0.7mJ cm−2, respectively. The angle of incidence for the probe beam 
was 45°, and for the pump pulse it was 20°. All measurements were performed at room temperature. 
  
Table 1. The samples structures and static magnetic parameters. 
 

Sample Structure rd Ms, kemu cm−3 HA, kOe 
A FeCo 2 nm/2×[ TbCo2 

4 nm /FeCo 4 nm]/ TbCo2 
4 nm/FeCo 2 nm/Ru 4 nm 

1 0.63 1.1 

B FeCo 2 nm/2×[ TbCo2 
4.8 nm/FeCo 4 nm]/TbCo2 
4.8 nm/FeCo 2 nm/Ru 4 nm 

1.2  0.48 2 

C FeCo 4 nm/6×[ TbCo2 
4.2 nm/FeCo 4 nm ]/Ru 4 nm 

1.05 0.8 1.9 

D FeCo 1 nm/14×[ TbCo2 
2.4 nm/FeCo 1.5 nm]/FeCo 1 nm 

1.6 0.48 8 

FeCo layer  10 nm n/a 1.5 0.1 
TbCo2 layer  10 nm n/a 0.65 0.2 

 
 
 
 

 
 

Figure 1. Magnetization hysteresis loops of the samples of 
multilayer structures and reference thin films in the ‘easy axis’ (a), 
(c) and ‘hard axis’ (b), (d) configurations of magnetic anisotropy. 
The insets show the magnetization measurements geometry. 

 
 
 



 
Figure 2. The pump-probe experimental geometry. 

 
The detection of magnetization dynamics in this geometry is based on the time-resolved magneto-optical 
Kerr effect (TR-MOKE) [16, 27, 28]. The geometry used allowed detecting the simultaneous dynamics 
of the polar and longitudinal Kerr effects (TR-PMOKE and TR-LMOKE). The polarization rotation 
angles ∆θK(t, H) for TR-LMOKE and TR-PMOKE are proportional to in-plane and out-of-plane 
components of magnetization Mx and Mz, respectively.  
In the experiment, the temporal dependences of the photoinduced Kerr polarization rotation angle ∆θK(t, 
H) and the intensity of the reflected probe beam ∆R(t) were detected simultaneously by an optical bridge, 
consisting of the Wollaston prism and the balanced photodetector, at the external magnetic field with 
different magnitudes. The data processing details are given in the appendix. Within the experimental 
geometry, contribution of two effects into the total Kerr effect as  

 can be determined. The fitted data yielded 
k = 0.7 for all the samples. 
 
3. Results and discussion 
The results of the photoinduced polarization rotation angle dynamics ∆θK(t, H) of all samples studied 
are shown in figure 3. In the pure FeCo and TbCo2 films, strong oscillations with low damping were 
observed. On the contrary, in all TbCo2/FeCo multilayers, oscillations were strongly damped and 
became undistinguished after two (samples A,C) or even one period (samples B,D). An estimate of the 
magnetic moment precession frequency upon destruction of the magnetic anisotropy by an optical pulse 
gives the value of about 20 GHz for the maximum value of the external magnetic field, used in the 
experiment. The numerical model of the photoinduced spin dynamics is based on the LLG equation in 
angular representation: 

    (1) 
 
 
 
 
 



 
Figure 3. Results of experiments (points) and modeling (lines) of photoinduced magnetization dynamics 
for various values of the external magnetic field in multilayer structures (a)–(e) and in reference layers 
(f), (g). The graphs (a)–(e) are presented with an offset along the OY axis. Colors in all graphs 
corresponds to the magnetic field values given in the inset. 
 
In which, the angular variables φ and θ determine projections of the magnetic moment Mx = Ms sin θ 
cos φ, My = Ms sin θ sin φ, Mz = Ms cos θ; F is the free energy density, γ is gyromagnetic ratio, ∆ = 
Ms2 (1 + α2) sin2 θ and α is the Gilbert spin relaxation parameter. Ultrafast disruption of magnetic 
anisotropy in a thin cobalt film as a result of photoinduced excitation was first shown in [29]. The same 
effect was assumed for intermetallic heterostructure in [30]. In the framework of phenomenological 
theory used in micromagnetism, and assuming the ultrafast disruption of magnetic anisotropy, we can 
write down the FM free energy density F. It consists of four terms: magnetic anisotropy energy with the 
time dependent anisotropy field HA(t), energy of magnetic moment M interactions with external field 
(Zeeman energy), determined by Hx and Hy, and demagnetizing field (magnetostatic energy) 
determined by Mz projection: 

    (2) 
 
To describe the process of anisotropy relaxation after optical impact, we used the three–exponential 
decay time dependence of the anisotropy field on time: 

   (3) 



where τth is the thermalization time, that is the time of the initial partial recovery of spins, electrons and 
lattice to equilibrium with each other and usually estimates for magnetic metals as 1–4 ps [31–33]. The 
fitting procedure was as follows. First of all, we estimated the largest time constant τ2 from the long-
time-scale dependences. The estimation gives the values of 1 ÷ 4 ns. For the thermalization time we 
took the average value obtained from the fit of initial part of the relaxation dependences τth = 2.4ps, 
which gives us the amplitude Ath = 1%. After that, for each sample, a complete simultaneous fit using 
equations 1-3 was performed with 3 fitting parameters: A1, τ2 and A2. While introducing the additional 
term A1e−t/τ1, we refer to the latest work [34] where the experimental timescale was divided into two 
time ranges corresponding to the range of the transient changes of the magnetic parameters following 
the excitation (<0.5 ns), and the range of parameters corresponding to the cooled film (>0.5 ns). 
Parameters Ath, A1 and A2 are the amplitude of the anisotropy disruption. We consider the sum of these 
amplitudes Ath + A1 + A2, expressed as a percentage, as a fraction of the total anisotropy disrupted by 
optical excitation.  
 
The values of saturation magnetization Ms and the anisotropy field HA were obtained from 
magnetometry (see table 1) and inserted into equations (2) and (3). For each sample, the simultaneous 
fit was performed over five experimental dependences for different values of external magnetic field 
using equations (1)–(3). The calculated parameters were the Gilbert damping α, time constants and 
amplitudes of the two stages of the anisotropy recovery. The results are shown in figure 4. 

 
 
Figure 4. Dependences of the anisotropy field HA (a), Gilbert damping parameter α (b), anisotropy 
disruption amplitudes A1(c), A2(d) and thermal relaxation time constants τ1 (e) and τ2 (f) on the ratio rd 
= dTbCo2 /dFeCo. The calculation parameters for pure TbCo2 and FeCo layers are given for reference as 
stars. For all samples τth = 2.4 ps. 
 
 
For multilayers, magnetic anisotropy is determined by the thickness ratio rd = dTbCo2 /dFeCo [23, 24] and 
increases with rd increase in the range of rd = 1.4–1.5 (figure 4(a)). The dependence of the anisotropy 
HA(dr) is explained by the fact that its value is determined by the rare earth component. Therefore, the 
higher the ratio rd = dTbCo2 /dFeCo, the greater the amount of Tb and the anisotropy. The suppression of 



the anisotropy expressed as the amplitudes A1,2 is weaker, the larger its value. Time constants behaves 
differently. τ1(dr) = 90 ps and is a constant within the error bar for all samples. τ1(dr) in multilayers, 
apparently, does not obey any rule being more close to this value in the reference TbCo2 film.  
 
This means that not only rd, but other factors come into play. This can be a different number of layers, 
which can also be responsible for an increase of Gilbert damping for the same sample. The Gilbert 
damping α shows a trend to increase with the rd increase analogously to the anisotropy field dependence, 
but with a drop out of point B of the dependence (figure 4(b)). In magnetic multilayers, the presence of 
sharp interfaces causes a local increase of the interaction between spin waves and conduction electrons. 
This leads to an increase of the Gilbert spin-damping parameter near an interface [35]. In all multilayers 
studied here, the value of Gilbert damping is about an order of magnitude higher than in both TbCo2 and 
FeCo single layers. Such an increase is typical for multilayers and can be measured with classical FMR 
[2, 35, 36] or optical pump-probe experiments [37, 38]. For low-excitation case, the main sources of the 
damping constant increase are: inhomogeneity and defects at the interfaces, spin transport and dephasing 
of spin waves through the interfaces. For high-excitation case, when hot electrons are generated by 
optical pulse, one can expect additional contribution from increased incoherency of spin transport and 
spin scattering at the interfaces. 
Comparison of the experimental data with the results of calculations shows that the amplitudes of the 
anisotropy disruption A1 and A2 differ and decrease with an increase of the ratio rd. This corresponds to 
the highest sensitivity of the monolayer FeCo to the optical pumping. The slow thermal relaxation of 
the anisotropy decelerates when the ratio rd increases. It is worth emphasizing the correlation between 
amplitudes A1,2 and anisotropy: the higher the anisotropy, the smaller the amplitudes. In other words, 
the stronger the anisotropy, the less it is suppressed.  
In spin dynamics processes, impulse demagnetization δm(t) and suppression of the anisotropy δHA(t) 
participate jointly in the excitation of magnetization precession. In the geometry under consideration, 
the excitation is carried out by the y-component of the torque, in which demagnetization and anisotropy 
disruption enter additively as follows: 
 

   (4) 
 
Thus, we have to explain our choice in favor of the anisotropy. In our previous work we studied the spin 
dynamics in a similar structure but in the ‘hard axis’ configuration and magnetic field lying in the sample 
plane [30]. In this configuration within the LLG approach, demagnetization does not participate in the 
precession excitation. This way, the whole spin dynamics are described only in terms of the anisotropy 
suppression. 
Additionally, in the hard axis configuration, magnetic field induced SRT occurs within the range of 
external magnetic field −HA < H < HA. In this SRT range, the direction of magnetization is determined 
by the competition between the magnetic field and the anisotropy field. In this case, the pulsed disruption 
of anisotropy deflects the in-plane magnetization in the direction of the field. This makes it possible to 
probe spin dynamics for different mutual orientations of magnetization and magnetic field by changing 
only the magnetic field. 
Thus, our complete studies in configurations of ‘easy axis’ and ‘hard axis’ and conditions of rotation of 
magnetization within the SRT range allow us to describe spin dynamics in uniaxial intermetallic 
heterostructures within a unified approach of disruption of magnetic anisotropy. 
 
4. Conclusions  
Application of the optical pump-probe technique for studying ultrafast spin dynamics made it possible 
to obtain some general conclusions on the behavior and parameters of spin relaxation in TbCo2/FeCo 
multilayers of various structure. The main role of magnetic anisotropy disruption in the optical excitation 
of the spin system is confirmed by comparison of the experimental results with modeling. In particular, 
the stronger the anisotropy, the less it is suppressed, that does not hold for magnetization. The anisotropy 
relaxation passes in three steps. The ultrafast one, caused by the spin-electron-phonon thermalization, 
occurs in τth = 2 ps. The further time range can be divided into two subranges: of τ1 = 100 ps when the 
system is still hot and of further few nanoseconds when the system almost completely cools down. The 



maximum amplitude of the photoinduced disruption of the anisotropy field Ath + A1 + A2 is about 14% 
for the pumping fluence of 7 mJ.cm−2. The experimentally estimated spin precession frequency is about 
20 GHz for the maximum value of the external field used in the experiment. The Gilbert damping in the 
multilayers is one order of magnitude higher than that in the constituent layers. The obtained results can 
serve as reference data in the development of spintronic devices based on TbCo2/FeCo nanostructures. 
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Appendix. Experimental data processing 
A typical photoinduced signal ∆S(t), obtained during the experiment at two opposite directions of the 
external magnetic field +H and −H, is shown in figure A1(a). The oscillating photoinduced polarization 
rotation ∆S(t) is observed against the background of exponential decay, which we associated with 
thermal contribution because the magnitude of it does not depend on the field H [39]. 
 

 
Figure A1. (a) Experimental photoinduced polarization rotation ∆S(t) at a 
magnetic field H of +6.5 and −6.5 kOe; (b) An isolated mean signal independent 
on the magnetic field and its two-decay fit; (c) Experimental photoinduced 
intensity of the reflected probe beam ∆R(t) and its two-decay fit. 

 
Due to the symmetry of the experimental setup, Mz(+H) = −Mz(−H) and −Mx(+H) = Mx(−H), it is 
possible to exclude contribution to ∆S(t) that do not depend on the magnetic field. In order to use in the 
analysis only the signal depending on the magnetization, the signal difference was obtained for 2 
orthogonal directions of the field [14, 28]. So, the Kerr rotation due to the dynamics of the magnetization 
vector is determined as   

,    (A.1) 
 
where ∆S(t)Hindep — contribution in ∆ΘK(t, H), independent on amplitude and direction of external 
magnetic field H. It was obtained as: 



   (A.2) 
 
 
This field-dependent part of photoinduced signal is the subject of modeling for all samples described in 
the article. It is also worth noting that the photoinduced background signal ∆S(t)Hindep (figure A1(b)) was 
observed both in the photoinduced polarization rotation ∆S(t) (figure A1(a)) and in the photoinduced 
reflection coefficient dynamics ∆R(t) (figure A1(c)). These dependences were fitted by a two-
exponential dependence, the first time for each of the curves was tens of picoseconds, and the second 
time was hundreds of nanoseconds. The nature of these dependencies is beyond the scope of this article. 
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