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We demonstrate that elastic interactions between nanomagnets in a periodic array 

can determine the magnetic response according to the nanoscale array geometry. 

These findings are attributed to magneto-elastic coupling of the spin dynamics with 

simultaneously excited surface acoustic waves.  Specifically, we observe three 

manifestations of this effect: pinning of the magnetic resonance frequency over an 

extended range of applied magnetic fields, generation of additional modes whose 

frequency can differ by more than 100% from the intrinsic element response, and 

an enhancement of the Fourier amplitude of the magnetic mode at crossovers with 

mechanical modes. Simulations of the dynamics in the presence of coupling 

between magnetic and mechanical degrees of freedom are in good agreement with 

the experiment. This suggests that magnetization dynamics can be controlled by 

rational structural design on the nanoscale even when the magnetostatic interactions 

are negligible. 

PACS numbers: 75.75Jn, 75.78.Jp,  
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Dynamic processes in nanomagnets have received increasing attention both due to their 

potential applications in next-generation spintronic devices for data recording and 

because of fundamental understanding of magnetism that can be gained from small 

single-domain magnetic structures. A variety of techniques including ferromagnetic 

resonance [1], Brillouin light scattering [2], X-ray spectroscopy [3], and the time-

resolved magneto-optic Kerr effect (TR-MOKE) [4-8] have been used to access dynamic 

processes on the pico- and femtosecond time scale. Studies on single nanomagnets as 

well as ensemble measurements have revealed the influence of the two- and three- 

dimensional shape [4,5] and the fabrication process [2] of the individual nanomagnets on 

the spin wave spectrum. It has also been shown that magnetic interactions between 

densely packed magnets result in deviations from single magnet behavior in terms of 

resonance frequency shifts [8] and dynamic dephasing (damping) of the ensemble signal 

[9]. Periodic arrays of non-magnetic materials, on the other hand, were shown to exhibit 

oscillations in their time-dependent reflectivity due to the generation of elastic waves in 

these phononic crystals [10,11]. Several groups have recently observed that acoustic 

waves can trigger magnetization precessions and even switching in continuous magnetic 

films via magneto-elastic coupling [12-18]. However, the interplay between phononic and 

magnetic modes generated in nanostructured array and its effect on the magnetization 

dynamics of a nanomagnet has not been investigated. This question has both fundamental 

and technological importance since densely packed nanomagnet arrays will form the 

basis of bit-patterned media, MRAM, and other spintronic devices. 
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Here, we demonstrate the optical generation and detection of both mechanical and 

magnetic modes in the same nanomagnet array. We show that mechanical surface 

acoustic waves (SAWs) strongly influence the magnetization dynamics of the 

nanomagnets via magneto-elastic coupling.  The interplay between these fundamental 

excitations manifests itself in multiple ways: First, we observe pinning of the magnetic 

resonance frequencies at several points over an extended range of applied field. Secondly, 

new magnetic oscillation modes are generated at frequencies entirely determined by the 

lattice structure of the array and neither shape nor material of the nanomagnets. Finally, 

the Fourier amplitude of the magnetization precession mode is strongly enhanced at 

applied magnetic fields where the SAW and intrinsic magnetic frequency are degenerate. 

This behavior is reproduced with a model that takes into account both mechanical and 

magnetic oscillations. This demonstrates that the magnetic response of a nanomagnet 

array is heavily influenced by its physical geometry and the mechanical properties of the 

substrate.  

The study was carried out on arrays of 30-nm thick nickel elliptic disks with varying 

array pitch p (Fig. 1a) fabricated using electron beam lithography with electron beam 

deposition and liftoff on a (100) silicon substrate with a 110-nm thick hafnium oxide 

antireflection (AR) coating that helps maximize the magneto-optical signal [8,19]. The 

major and minor diameters of the ellipses were 140 and 80 nm, respectively, as measured 

by scanning electron microscopy. Control samples with equally patterned aluminum 

disks and an unpatterned nickel film were also prepared. The dynamic response of the 

nanostructures was measured with a previously described two-color TR-MOKE setup [5]. 

Briefly, 165-fs long pulses from a Coherent Mira Ti:sapphire laser were split into pump 
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(wavelength 400 nm; 1/e2 spot diameter 10 μm) and probe (800 nm; 6 μm) pulses and 

focused on the sample using a 60× microscope objective (N.A. = 0.85). The probe beam 

traveled through a linear polarizer and an optical delay line to provide sub-picosecond 

temporal resolution (Fig. 1b). The changes in both polarization and total reflected power 

of the probe beam were measured using a balanced photodetector configuration, yielding 

both the magnetic (difference signal) and non-magnetic (sum signal) response of the 

sample. In addition to initiating a magnetization precession in the nanomagnets [20], the 

optical pump pulse heats up the nanomagnets and causes impulsive expansion. This 

induces spatially modulated stress in the substrate and launches SAWs propagating along 

its surface as will be shown below. A variable external magnetic field with an in-plane 

component oriented along the major axis of the ellipses and an inclination of 60o relative 

to the sample surface was applied using permanent magnets (Fig. 1b). 

Fig. 2 shows the background-corrected [5] time-resolved optical response of the three 

sample types divided into magnetic (difference signal) and non-magnetic (sum signal) 

channels along with the corresponding Fourier-transformed power spectra. The vertical 

scale of the detected signal is the same for each pair. The nickel film (Fig. 2a) exhibits a 

clean single-frequency oscillation at an applied field of 2 kOe due to magnetic precession 

of the Kittel mode [21]. The absence of any non-magnetic signal illustrates the clean 

separation of channels in the balanced photodetector setup. The colormap in Fig. 2d 

shows the magnetic film response versus applied magnetic field. A single resonance peak 

appears at each field value in excellent agreement with the analytic solution of the Kittel 

mode (dashed line), assuming a Lande factor g = 2.21 and a saturation magnetization Ms 

= 341 emu/cm3. Using Ms as a fitting parameter also accounts for uncertainties in the 
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magnet size, shape, and the magnetic field value at the nanomagnet location. These 

parameters were used in the subsequent micromagnetic simulations. The patterned Al 

disks, on the other hand (Fig. 2b) exhibit a multi-mode spectrum in the non-magnetic 

channel. Only a very small signal in the magnetic channel due to imperfect balancing of 

the photodiodes is observed. The non-magnetic oscillations in sample reflectivity can be 

attributed to surface acoustic waves (SAWs) generated by the pump pulse heating the 

metallic elements in the nanostructured sample analogous to non-magnetic nanostructures 

[10]. For small mass loading, these SAW frequencies can be calculated by the ratio of the 

phase velocity v and the wavelength λ of the acoustic wave in the substrate. Here, λ is 

determined by the periodicity D of the array along various directions [10,11].  The four 

dark arrows in Fig. 2b (right) denote the lowest Rayleigh wave (RW) frequencies 

(corresponding to D = p, , p/2, and ) predicted for v = 2400 m/s in good 

agreement with the experiment. Note that the RW frequencies are predominantly 

determined by the elastic properties of the AR coating layer, where the majority of the 

elastic energy is confined. Due to the elliptic shape of the nanoelements, SAW modes 

along x and y-directions are non-degenerate. However, the splitting is much smaller than 

the width of the Fourier peaks which is confirmed by simulations (see below). In addition 

to the RW frequencies, an additional feature at 17.6 GHz is observed (gray arrow). This 

peak is attributed to the surface skimming longitudinal wave (SSLW) [22] and will be 

discussed below. 

Fig. 2c shows the dynamic response of the patterned nickel disks at an applied field of 2 

kOe. Now we observe oscillations in both magnetic and non-magnetic channels. The 

magnetic signal can be attributed to the interplay between the Kittel mode shifted from 

2/p 5/p
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the film mode due to the internal demagnetization field [4] and elastic waves. The SAW 

frequencies in the non-magnetic channel (indicated with arrows in Fig. 2c) agree with 

those of the non-magnetic nanostructures, validating the assumption of negligible mass 

loading [11,23,24]. This shows that we excited a magnetic response determined by the 

material and dimensions of the individual nanomagnets and a non-magnetic, mechanical 

response determined by the substrate material and the geometric design of the 

nanopatterned array. This is the principal result of this paper. 

In order to investigate the interplay between these physically distinct phenomena, we 

carried out a series of measurements at different applied fields. The results are displayed 

in Fig. 3. As expected, the non-magnetic frequencies are field-independent (Fig. 3a). The 

magnetic channel, on the other hand, shows an unexpected and complex response. Fig. 3b 

shows a normalized colormap analogous to the unpatterned film in Fig. 2d, in which the 

highest Fourier peak at each field strength is assigned a value of 1. In sharp contrast to 

the single, continuous band of Fig. 2d, we find a fragmented, multi-mode response at 

fields >2.5 kOe. At low fields, we observe a single Kittel mode, qualitatively similar to 

the film response (Fig. 2d), but modified by the shape-dependent demagnetization field 

and magneto-static interelement interactions. The latter are much smaller than previously 

reported configurations [8] due to the smaller stray field from the thinner and smaller 

nanomagnets. The low-field behavior is in excellent agreement with simulations that 

include only these magnetic contributions (dashed line). However, at higher fields we 

notice an extended band at ~12.2 GHz where the magnetic response is “pinned” over a 

range of more than 2 kOe. A similar pinning effect is observed at 15.8, 17.7, and 22.3 

GHz. Moreover, we find the generation of additional magnetic oscillations at frequencies 
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far removed (up to 120% larger than the Kittel mode at 3 kOe) from the response 

expected from a single element. 

If we plot the absolute Fourier amplitudes directly obtained from the TR-MOKE signal in 

the “non-normalized” display (Fig. 3d), we can still identify traces of the Kittel mode 

(simulations shown with dashed line). However, regions with the highest Fourier 

amplitudes are seen at 12.2, 15.8, 17.7, and 22.3 GHz. These coincide with the non-

magnetic SAW frequencies and suggest strong coupling between mechanical and 

magnetic degrees of freedom at the crossover points.  

In order to elucidate this coupling mechanism, we implemented a multi-step modeling 

process. First, we obtained the time evolution of the lattice temperature with a three-

temperature model [25] in a nickel elliptic disk with the parameters specified in [26]. At 

the measured pump fluence of 0.78 mJ/cm2, the lattice temperature in the simulation rises 

by 25 K in 8 ps. The subsequent thermal expansion and elastic motion were simulated 

with finite element analysis of the dynamic equation of motion 

ρ ∂2ui

∂t2 =
∂σ ji

∂x jj=1

3

∑ , (1) 

where i, j = 1, 2, 3 denote the Cartesian coordinates, ρ is the density, ui is the 

displacement, and σij is the Cauchy stress tensor. The simulated displacement is 

converted to elastic strain . A unit cell of the simulations 

consists of a nickel elliptic disk on the AR coating layer and substrate with periodic 

boundary conditions on the sidewalls. The simulation parameters are specified in [26]. 

The Young’s modulus E = 161 GPa of the AR coating layer is determined by matching 

the three lowest RW frequencies to the measurements with a least square method. Using 

εij (
rr, t) = ∂ui ∂x j +∂uj ∂xi( ) 2
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the initial magnetization of the nanomagnet calculated with Object-Oriented 

Micromagnetic Framework (OOMMF) [27] and the simulated strain field, we obtain the 

magneto-elastic energy density  

Umel = B1

MS
2 Mi

2εii + B2

MS
2 MiM jεij

j≠i
∑

i
∑

i
∑ , (2) 

where MS is the saturation magnetization, Mi,j are the magnetization component along 

axes i, j, and B1, B2 are the magneto-elastic constants [28]. We verified that additional 

terms due to exchange coupling can be neglected [26]. An additional magnetic field 

contribution due to magneto-elastic coupling is then calculated via the variational 

derivative 
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and added to the effective field for the dynamic simulations of the magnetization 

dynamics with OOMMF. The simplifying assumption of neglecting the back-action of 

the magnetization dynamics on the elasticity has successfully been used previously to 

analyze magneto-elastic dynamics in nickel films [15]. Here, it is also justified by the fact 

that the non-magnetic signal shows no observable change at the crossover points. With B1 

= B2 = 7.85×107 erg/cm3 for polycrystalline nickel [15], the calculated Hmel has an 

oscillation amplitude of 170 Oe at 100 ps after the optical excitation at the center of the 

elliptic nanomagnet along its major axis. The simulated magnetization dynamics in the 

presence of magneto-elastic coupling were Fourier transformed and displayed in Figs. 3c 

and 3e. We find that the simulations are in excellent qualitative agreement with the 
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experiment and confirm that magneto-elastic coupling is at the heart of the complex 

magnetic response of the patterned disk arrays. Specifically, the simulations correctly 

predict the mode pinning at 12.4, 16.0, 17.9, and 21.1 GHz over the wide applied field 

range. Moreover, the simulated non-normalized response correctly reproduces the 

enhanced Fourier amplitudes at the crossover frequencies of the intrinsic magnetic modes 

with the elastic modes (Figs. 3d,e). These are the result of prolonged precession at these 

frequencies, which is also evident from the time traces. Finally, we note that the 

simulations also correctly predict the mode at 17.9 GHz (dashed arrow in Fig. 3b), which 

corresponds to a surface skimming longitudinal wave (SSLW) with predominantly in-

plane displacement and higher phase velocity than a Rayleigh wave [22]. This 

assignment was confirmed with space-time discrete Fourier transform analysis of the 

simulated displacement.  

These results suggest the possibility of tuning the magnetic response of physically 

identical nanomagnets by changing the geometric arrangement of the array. In order to 

demonstrate this design freedom, we investigated an array of identical nickel disks, but 

with larger pitch (p = 282 nm). Experiments and simulations were carried out in the same 

way as for the more densely packed array and are shown in Fig. 4. We find a shift of the 

non-magnetic SAW peaks to lower frequencies due to the larger pitch as predicted by 

v/D. Consequently, hot spots of increased Fourier amplitudes and pinned magnetic 

resonances appear at different crossing points (applied fields) determined by the SAW 

frequencies in both experiment and simulations. The RWs and SSLW are identified as 

solid and dashed arrows in Fig. 4b and are again predicted accurately by the model.  In 

contrast to the strong dependence on pitch, we found no dependence of the magnetic spin 
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wave spectra on optical pump power over a wide range in either experiment or 

simulation. This observation is consistent with a linear dependence of the induced strain 

on pump power. 

We have investigated the dynamic response of densely patterned nickel nanomagnet 

arrays and found that both mechanical and magnetic modes can be excited 

simultaneously by an optical pump pulse. Strong coupling between these phenomena is 

observed when they are brought near degeneracy by an applied magnetic field. In 

particular, increased Fourier amplitudes at the degeneracy points and a pinning of the 

magnetic resonance at elastic modes were observed over a wide field range. Both features 

are attributed to an additional effective field component generated by magneto-elastic 

coupling and were accurately reproduced by simulations. In addition, these mechanical 

modes trigger magnetic oscillations at frequencies far removed from the intrinsic 

response of the individual nanomagnet. The  SAW frequencies are to first order unrelated 

to the shape, size, and material of the nanomagnetic elements and can be tuned 

independently via the array geometry and the choice of substrate material. This opens 

interesting perspectives for the design of nanomagnetic and spintronic devices based on 

densely packed nanomagnets. Even if magnetostatic coupling between elements can be 

neglected (as is the case here), the array geometry can play a crucial role in determining 

magnetic responses. If unwanted, this coupling could be eliminated by an aperiodic 

design of the nanomagnet pattern. Alternatively, the pattern design can be an important 

control parameter. One could generate differing magnetic responses from identical 

elements by varying the array pitch across a sample. One could also take advantage of the 

increased magnetic response at the crossing point to amplify the magneto-optic response 
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from small nanomagnets to generate elastically triggered switching [17,18,29] or assist 

with optically induced magnetization switching [30]. Finally, the coupling strength and 

crossover frequencies can be controlled experimentally by other parameters such as the 

orientation of the applied field which shifts the Kittel-like magnetic response without 

affecting the SAWs. 
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FIGURES 
 

 
 

Figure 1: (a) SEM image of nickel nanomagnet arrays indicating array pitch p and 

orientation of in-plane component of applied magnetic field; (b) schematic side view of 

nanomagnet array showing substrate structure and two-color pump-probe arrangement 

with the differently sized pump and probe pulses.  
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Figure 2 (Color online): (a-c) Background-subtracted TR-MOKE signal measured on (a) 

a nickel film, (b) an array of aluminum elliptic disks, and (c) an array of nickel elliptic 

disks for Happ = 2 kOe. The left and the center columns show the oscillations of the 

magnetic and non-magnetic channels, respectively, plotted on the same scale for each 

sample. The right column shows the Fourier spectra of the magnetic (black) and non-

magnetic (light gray) signals. In (b) and (c), the dark and gray arrows show the predicted 

RW and SSLW frequencies, respectively. (d) Normalized Fourier spectra measured on 

the nickel film at different applied fields. The dashed line represents the fit with the Kittel 

equation. 
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Figure 3 (Color online): Fourier spectra for nickel elliptic disks for p = 212 nm. (a) 

Measured non-magnetic signal. (b, d) Measured magnetic signal. Dashed line is the 

simulation result for nickel elliptic disks without magnetoelastic contribution. The solid 

and dashed arrows in (b) indicate the RW and SSLW frequencies. (c, e) Simulated 

magnetization dynamics including magnetoelastic coupling. The Fourier amplitudes in 

(a), (b), and (c) are normalized for better visualization of oscillation modes. The non-

normalized Fourier spectra in (d) and (e) illustrate the enhanced Fourier amplitude at the 

crossover points at 12.2, 15.8, 17.7, and 22.3 GHz. 

 

 
 

Figure 4 (Color online): Fourier spectra for nickel elliptic disks for p = 282 nm. (a) 

Measured non-magnetic spectra. (b, d) Measured magnetic spectra. The solid and dashed 

arrows in (b) indicate the RW and SSLW frequencies. (c, e) Simulated magnetization 



 18

dynamics with magnetoelastic coupling. The Fourier amplitudes in (a), (b), and (c) are 

normalized. 


