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Abstract

:

We experimentally demonstrate that the excitation of a silicon-doped yttrium-iron garnet film by femtosecond laser pulses triggers a magnetization precession with an amplitude determined by the external magnetization direction. The maximum efficiency is achieved at the pump wavelength corresponding to the absorption maximum due to doping with silicon ions. Based on the azimuthal dependences of the precession amplitude and frequency, it is shown that the magnetization dynamics is induced by a thermal disruption of the magnetocrystalline anisotropy. By modeling hysteresis loops, it was found that the silicon doping leads to a decrease in the value of the exchange interaction in the film and an increase in the anisotropy field.
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1. Introduction


With the development of the field of ultrafast magnetism initiated in Ref. [1], the concepts of the optical control of magnetization by femtosecond laser pulses have significantly expanded [2,3]. As a result of the interaction of ultrashort laser pulses with magnetic matter, record speeds of magnetization switching at minimal energy consumption are achieved [4]. Moreover, the industry already produces opto-magnetic devices that use the effects of such interaction: Heat Assisted Magnetic Recording and Heated-dot magnetic recording [5], which, in turn, stimulates further research in this area [6,7].



The possibility of all-optical control of the magnetization by femtosecond laser irradiation has now been experimentally demonstrated on various classes of materials: metal films [8,9], dielectrics [10], semiconductors, and heterostructures [11]. Of particular relevance is the study of ultrafast optical control of magnetization in dielectrics with negligible absorption in the near-infrared spectral range, which are used for fiber-optic communication systems. Yttrium iron garnet (YIG) films have low absorption in this range and exhibit a strong magneto-optical interaction [12]. Optical control of magnetization on a femtosecond time scale in YIG films was demonstrated due to the inverse magneto-optical Faraday effect [13], photoinduced changes in magnetocrystalline anisotropy [14] and due to photoinduced phonon to magnon conversion [15].



Even more effective magnetization control can be expected due to substitution of Fe2+ ions, which is characterized by a strong contribution to single ion magnetic anisotropy [16]. For example, ultrafast all-optical switching at room temperature with unprecedented low thermal loss was shown in Co-doped YIG film [17]. On the other hand, Si-doped YIG has been proposed for optical recording decades ago. The effect was observed when recording with a CW-laser irradiation at low temperatures and is based on the inverse magneto-optical effect, since the dependence of the recording efficiency on the polarization orientation was observed. It has been shown that ferrous iron introduced by substitution with a tetravalent ion, such as Si, Ge, and Sn, affects the absorption in the visible range. At low temperatures, such films are characterized by photoinduced anisotropy and dichroism [18]. Thus, the presence of Si impurities in YIG films can have a significant effect on the dynamics of magnetization on a femtosecond time scale at room temperature and requires a detailed analysis.



In this paper, we focus on the ultrafast photoexcitation of magnetization by femtosecond laser pulses in a Si-doped YIG film at room temperature.




2. Materials and Methods


A Si doped YIG sample was fabricated by liquid-phase epitaxy on a (111) gallium gadolinium garnet (GGG) substrate. The content of silicon is 0.3 formula units, the film thickness is 4.8 µm.



The magnetic properties of the film were determined using the magneto-optical Faraday effect and MOKE imaging with in-plane magnetization. According to the YIG crystallographic symmetry, the influence of cubic anisotropy was expected, and the sample was installed with the possibility to change orientation of the [  1 ¯  11] axis projection on the film plane relative to the X-axis of the laboratory frame, determined by the angle φ (Figure 1a).



2.1. Dynamic Conditions:


The magnetization dynamics was studied by time-resolved spectroscopy [13] in the time range up to 300 ps based on the magneto-optical Faraday effect, corresponding to the out of plane magnetization component Mz. Experimental setup is shown in Figure 1b. The femtosecond laser system («Avesta-project», Russia) was used, consisting of a Ti:Sapphire femtosecond laser with a regenerative amplifier and an optical parametric amplifier (OPA). The laser system provides a pulse of wavelength λ = 800 nm at a repetition rate of 3 kHz with a duration of 35 fs. Small part of the laser radiation at 800 nm was used as probe. The rest was directed to OPA which provided the pump wavelength in the range from 880 nm up to 1020 nm. Both pump and probe beams were focused and spatially overlapped on the sample with the sport diameter of 190 μm and 170 μm and power density of 3.5 mJ/cm2 and 0.1 mJ/cm2, respectively. Angle of incidence for pump beam is 20 degrees, and probe incident along the normal.



The probe and pump radiation were linearly polarized. The polarization plane of the probe radiation was parallel to the X-axis and the applied external magnetic field (p-polarization), and for the pumping radiation, the radiation polarization plane orthogonal to the probe (s-polarization).



A balanced photodetector allowed to simultaneously record the change in the reflection intensity and the angle of the polarization rotation. In order to increase the signal-to-noise ratio the signal was recorded by synchronous amplifier (Lock-in amplifier SR830, Stanford Research Systems). The sample was placed between the cores of an electromagnet providing a DC magnetic field up to 650 mT in the gap.




2.2. Static Conditions


Hysteresis loops at different azimuthal positions were measure using the same set-up with the pump beam blocked. The corresponding domain structure was obtained by a home-made confocal MOKE microscope for the sample preliminary magnetized by an in-plane H of 3 kOe for the same azimuthal position of the sample.





3. Results and Discussion


3.1. Static Conditions


Figure 2c,d shows corresponding images of domain structures. These two types of loops and domain structures repeat every 60 degrees. For 0 degrees azimuth, the loop consists of three subloops in the field ranges ±1.5 ÷ ±0.5 kOe, and −0.5 ÷ 0.5 kOe. For higher fields magnetization amplitude decreases and almost reaches saturation. Residual magnetization forms bubble domains. At 30 degrees, the hysteresis loop is very narrow with the maximum of magnetization around 0.8 kOe. Saturation magnetization is almost coincident with that at zero degrees azimuth. Residual magnetization forms labyrinth domain structure.



The observed static picture with the period of 60 degrees points to the strong cubic anisotropy since the magnetic field H changes its direction from the easy axis to the hard one every 30 degrees. Although slight in-plane magnetic anisotropy also can exist analogously to [19].



To estimate the contribution of doping yttrium iron garnet with tetravalent silicon, we calculated the magnetic hysteresis loop in the software package for three-dimensional micromagnetic modeling OOMMF [20], based on the Landau–Lifshitz–Gilbert formalism for the motion of the magnetic moment:


    ∂ M   ∂ t   = − γ   M ×  H  e f f     +  α   M s      M ×   ∂ M   ∂ t     ,  



(1)




where Ms is the saturation magnetization, Heff is the effective magnetic field determined taking into account the exchange interaction A, cubic anisotropy, the demagnetizing and applied external field H, is the gyromagnetic ratio, and α is the Gilbert damping coefficient. The calculation of the hysteresis loop was carried out by searching for the minimum energy of a magnet under given external conditions. In this case, the Gilbert damping value is fixed at α = 0.5 and does not affect the final result. The calculation uses 3N—the dimensional space of possible magnetization configurations, where N is the number of spins in the simulation. Once a minimum is found along a given direction, a new direction is chosen that is orthogonal to all previous directions, but related to the energy gradient taken relative to the magnetization. The area for calculation was a cube, with the 100 × 100 × 100 nm3. The unit cell size was 5 nm. Cubic anisotropy with the directions [111] and [0–11] relative to the laboratory coordinate system, respectively, was specified in the calculation. The third anisotropy axis is computed as the vector product. The anisotropy energy density for cell i is given by


   E i  =  1 2       μ   0   M s   H i       l 1 2   l 2 2  +  l 2 2   l 3 2  +  l 3 2   l 1 2    ,  



(2)




where l1 = m × u1, l2 = m × u2, l3 = m × u3, for reduced (normalized) magnetization m and orthonormal anisotropy axes u1, u2, and u3 at cell i. Ms is the saturation magnetization in cell i.    H i    is the anistropy field in cell i. For each cell, the axis directions are easy axes if Hi is >0, or hard axes if Hi is <0.



The direction of the external field H is set in the film plane in the range from −3 kOe to +3 kOe with a step of 50 Oe. Figure 2a,b shows by lines the calculated hysteresis loop for the studied sample, which repeats the experimental data. The best proximity to the experimental results was obtained while simulation was carried out with the following parameters: saturation magnetization Ms = 2.8 × 105 A/m, Anisotropy field HA = 6.5 × 104 A/m and exchange interaction value A = 1.3 × 10−12 J/m. For pure YIG, these values are usually considered as follows: Ms = (0.16 ÷ 4) × 105 A/m, anisotropy field HA = 0.2 × 103 A/m and the value of the exchange interaction A = 4 × 10−12 J/m [21]. Thus, in the Si-doped YIG we observed an increase of the anisotropy field and a decrease in the value of the exchange interaction, which can be associated with a change in the symmetry of the crystal upon doping.




3.2. Dynamic Conditions


Figure 3a shows the dependence of pump-induced Faraday rotation angle related to the azimuthal position of the sample in a DC in-plane magnetic field H = 3 kOe. It is important that DC magnetic field at which the measurements were carried out exceeds the HA for this sample, since changing the magnetic domain structure from one type to another by changing the azimuth position was possible only after the sample was magnetically saturated. To study the excitation efficiency of the magnetization precession, the spectral dependence of the amplitude of the photoexcited magnetic moment deviation on the pump wavelength in the range of 880–1020 nm was measured (Figure 3b) in a DC in-plane magnetic field of 3 kOe along the projection of the hard axis onto the plane of the sample. Further, the obtained pump-induced Faraday rotation were approximated by a phenomenological dependence [22]:


  Δ  θ F  =  I 1  · sin   2 π ν Δ t +  φ 0    · exp   −  x   τ 1      +  I 2  · exp   −  x   τ 2      ,  



(3)




where ν and    φ 0   —spin precession frequency and phase;    τ 1   —magnetization precession decay time;    τ 2   —relaxation time of the magnetization, I1, I2—amplitudes, which characterize the precessional motion and thermal relaxation respectively. In this way, we obtained the values of the precession frequencies ν, phases    φ 0   −, and amplitudes for the different wavelength and different azimuthal angles.



In the spectral dependence of the precession amplitude, the maximum was found at 900 nm. Compare now these data for doped YIG with those for pure YIG. For pure YIG, in the wavelength range of 900–950 nm, there is a local absorption peak associated with spin and parity-“forbidden” d-d transitions in the Fe3+ ions and a tail from higher energy charge transfer transitions at 2.8 and 3.4 eV [21]. When doped with silicon, tetravalent silicon ions replace iron ions in tetrahedral positions, lowering the symmetry of the octahedral positions of iron ions surrounding the silicon ion. In addition, to fulfill the conditions of electrical neutrality, the corresponding number of iron ions in octahedral sites must be divalent. It is these changes in the crystal lattice of YIG doped with silicon that cause an increase in absorption (at a Si4+ ion concentration of more than 0.1 formula unit), as well as the phenomena of photoinduced anisotropy and photoinduced dichroism [23]. However, in our experiment, the observed effect is laser-induced, and the peak of the photoinduced response can only be associated with an absorption increase due to silicon.



Consider now the precession parameters. In the case of cubic anisotropy, when the orientation of the magnetic field H relative to the hard axes changes, which occurs with each rotation of the sample through an angle Δφ, a change in the precession frequency should be observed, provided that the field strength H is fixed. From the azimuth dependence of the frequency (Figure 3c), three maxima can be distinguished with a frequency of about 11 GHz, repeating every 120 degrees. Offset by 60 degrees, there are three maxima at a lower frequency, around 10.5 GHz. This dependence is specific for pure YIG films with the [111] orientation and was observed earlier in the study of the frequency and orientation characteristics of the propagation of magnetostatic waves [24]. The reason for the difference in frequency, for example, at 60 and 240 (0 and 180, etc.) degrees is determined by a slight inclination of the magnetic field H from the sample plane. Using the magnetic parameters obtained in the calculation of hysteresis loops, the frequency of laser-induced ferromagnetic resonance was calculated based on following equation [25,26]:


   ν γ  =  1   M s  sin θ        d 2  F   d  θ 2       d 2  F   d  ϕ 2    −    d 2  F   d θ d ϕ     ,  



(4)




where ν is the angular frequency, γ is gyromagnetic ratio, θ and ϕ are polar and azimuthal magnetization angles, respectively. The energy of the ferromagnet F was determined during the calculation as the sum of the external field energy H (Zeeman energy), the energy of the demagnetizing field (magnetostatic energy), and the energy of cubic magnetic anisotropy:


  F = −  1 2  M H + 2 π  M z 2  +  K 1     l 1 2   l 2 2  +  l 2 2   l 3 2  +  l 3 2   l 1 2    ,  



(5)




where K1 is the cubic anisotropy constant. The results of the calculation providing the convergence with the frequency values obtained from the fitting are shown in Figure 3c. The anisotropy constant K1 was 7 × 103 J/m3. It follows from the calculation that the frequency maxima correspond to magnetization along the projections of the easy axes of cubic anisotropy onto the plane of the sample. The inclination of the field H relative to the plane of the sample, required for the corresponding asymmetry of the ν azimuthal dependence, is about 2 degrees.



The maximum (Figure 3d) of normalized spin precession amplitude modulus |I1/Imax| is obtained at 6 azimuth positions of the sample with a step of 60 degrees. The amplitude maxima coincide with the frequency minima, which is typical for laser-induced ferromagnetic resonance (FMR) [27,28]. The asymmetry of the amplitudes at the maxima can be associated with the presence of growth-induced uniaxial anisotropy. The damping constant    τ 1    was 300 ps, and no noticeable dependence of these parameters on the azimuthal position was found. This parameter is related to precession damping (Gilbert damping) and depends on the magnetic properties of a particular sample [29]. The precession phase    φ 0    has three “maxima” every 120 degree (Figure 3d), which corresponds to magnetization along symmetrically located projections of oppositely directed hard axes of magnetocrystalline anisotropy.



We assume that we observe an effect associated with the heating of the sample. The main argument in favor of photoinduced effects is the dependence of the excitation on the polarization orientation of the pump radiation. For our sample, the result of the excitation of the magnetization dynamics does not depend on the orientation of the pump linear polarization. Another argument is an increase in the amplitude of the magnetization precession induced by the laser pulse with an increase in the energy density. Amplitude I1 reflects the efficiency of excitation of precisely laser-induced FMR in the totality of the observed effects (laser-induced dynamics of magnetization, thermalization, cooling of the electronic subsystem). It is a component of the laser-induced Faraday rotation, associated with the precessional motion of the magnetic moment, which is generally determined by the LLG equation [30]. According to this theory, precession in the case of cubic anisotropy can be caused either by a change in the magnitude of the cubic anisotropy field HA or in the demagnetization field. Since the demagnetization field 4πMs = 1130 G is much smaller than the anisotropy field HA in this sample, it is the anisotropy field that makes the greatest contribution in laser-induced precession. A similar process was observed by us earlier, for example, in magnetic multilayer structures with strong TbCo2/FeCo anisotropy [31].





4. Conclusions


When studying magnetization dynamics with a pumping wavelength of 900 nm, corresponding to the transition energy of the Fe2+ ion, the azimuthal dependence of the spin precession excitation efficiency was obtained at room temperature. The maximum efficiency is observed when the field is applied along the projection of the hard axis of cubic magnetic anisotropy onto the film plane. A similar dependence was already observed at slower times in [24], where the dependence of the FMR frequency on sample orientation in an external field was demonstrated, but the change in the FMR frequency was only about 0.3 percent of the absolute value.



According to the simulation of the hysteresis loop, the doping of YIG with silicon ions at a concentration of 0.3 formula units led to a decrease in the value of the exchange interaction and an increase in the anisotropy field can be associated with a change in the symmetry of the crystal upon doping. Previously, laser-induced control of the magnetization in this material was observed only at low temperatures. Thus, doping with silicon ions leads to a decrease in the value of the exchange interaction of the YIG film and an increase in the anisotropy field, but also increases absorption at a wavelength of about 900 nm and makes it possible to increase the efficiency of magnetization control due to ultrafast laser-induced heating at room temperature.
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Figure 1. (a) Schematic of the crystallographic orientation of the sample. In blue—orientation of crystallographic anisotropy axes. The sample rotated around the [111] axis. (b) Geometry of the pump-probe setup. XYZ-laboratory frame. 
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Figure 2. Static conditions. (a,b)—experimentally obtained (red dots) and calculated (solid lines) Faraday rotation angle hysteresis with in-plane magnetization for the azimuthal position φ of the sample of 0 and 30 degrees, respectively; φ = 0 corresponds to the coincidence of the projection of the axis [  1 ¯  11] with the laboratory x axis (c,d)—MOKE images of the domain structure upon preliminary magnetization by a in-plane H of 3 kOe φ = 0 and φ = 30 degrees, respectively. 
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Figure 3. (a) Pump-induced Faraday rotation ΔθF on the delay time for different azimuthal orientations φ of the sample at a magnetic field H = 3 kOe (the graphs are presented with an offset). Symbols represent the experimental data points, and the solid line is the best fit to the data; (b) spectral dependence of the magnetization precession amplitude I1 for various pump wavelengths (line is guide for eye); (c) dependence of the experimental (dot) and calculated (line) precession frequency ν on the azimuthal position of the sample φ. (d) Dependence of the laser-induced normalized modulus of the spin precession amplitude |I/Imax| (in green) and phase    φ 0    (in black) on the azimuthal position of the sample  φ  obtained from fit. Lines are guide for eye. 
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