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 ABSTRACT 

We investigate the spin wave (SW) modes in high-aspect-ratio single-crystal 

ferromagnetic nanowires (FMNWs) using an all-optical time-resolved magneto-

optical Kerr effect (TR-MOKE) microscope. The precessional magnetization 

dynamics in such FMNWs unveil the presence of uniform and quantized SW

modes that can be tuned by varying the bias magnetic field (H). The frequencies of

the modes are observed to decrease systematically with a decreasing magnetic 

field, and the number of modes in the spectrum is reduced from four to three for

H < 0.7 kOe. To understand these results, we perform micromagnetic simulations

that reveal the presence of edge, standing wave, and uniform SW modes in the 

nanowires (NWs). Our simulations clearly show how the standing wave and

uniform SW modes coalesce to form a single mode with uniform precession

over the entire NW for H < 0.7 kOe, reproducing the experimentally observed 

reduction in modes. Our study elucidates the possibility of manipulating the SW

modes in magnetic nanostructures, which is useful for applications in magnonic

and spintronic devices. 

 
 

1 Introduction 

Ferromagnetic nanowires (FMNWs) constitute an 

important class of magnetic materials with potential 

in high density storage media, microwave devices, spin 

wave (SW) waveguides, and spin pumping aides  

in the field of spintronics [1–5]. Understanding the 

magnetization dynamics and fundamental physics of 

SWs inside such systems is a pre-requisite for their 

application in magnonic and spintronic devices. In 

particular, the manipulation of SWs in FMNWs is 

essential for efficient pumping of spin currents.   

The magnetic properties of such nanostructures are 

modified when they are in an array (such as nanowire 

(NW) arrays) owing to the inter-wire magnetostatic 

interactions [6]. In addition, the shape anisotropy and 

magnetocrystalline anisotropy of the material influence 

the magnetic properties. This makes the investigation 

of magnetization dynamics in FMNW arrays a topic 

of great fundamental and technological interest.  
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In the past, extensive theoretical studies [7, 8] and 

various experimental studies have been performed  

to understand the SW spectrum in such NW arrays. 

Brillouin light scattering (BLS) was one of the first 

techniques employed to detect discrete SW spectra in 

NWs of finite width in different materials [9], which 

was later theoretically confirmed [10]. Ferromagnetic 

resonance (FMR) studies [11] also revealed characteristic 

discrete resonance frequencies of Co, Ni, and NiFe 

NWs. Rigorous studies of NW arrays were performed 

to explore the different anisotropy contributions and 

their effects on magnetic properties [6, 12–17]. Studies 

of spatial profiles of the SW modes in cylindrical NWs 

using micromagnetic simulations under the application 

of spin-polarized dc current revealed the existence of 

edge and uniform modes [18, 19].  

Most previous studies indicated the discrete and 

unique nature of SW modes in FMNW arrays. Despite 

all the previous studies, control of the number of 

modes in FMNW arrays is yet to be demonstrated. 

Such an ability to externally control the number of 

modes in the SW spectrum is crucial for designing 

nanoscale magnonic filters and coherent spin sources. 

The aspect-ratio (length/width ratio) and crystalline 

quality of NWs influence the magnetic properties, 

and hence the magnetization dynamics in such NW 

arrays. Focusing on these aspects, in this paper we 

investigate the ultrafast magnetization dynamics in 

high-aspect-ratio single-crystal Ni NWs. In such  

high quality NWs, we obtain characteristic discrete 

(quantized) SW modes that could be reproduced 

using micromagnetic simulations. We demonstrate 

how these characteristic modes evolve with the bias 

field. In particular, we show that by only changing 

the bias field, an overlap between the standing wave 

mode and the uniform mode can be accomplished, 

thereby reducing the number of SW modes in the 

NW array.  

2 Sample fabrication and characterization 

The Ni NWs employed in this investigation were 

synthesized by electrochemical deposition in nano-

porous templates, a unique method to fabricate high- 

aspect-ratio NWs. Metal Ni was electrodeposited inside 

the 35 nm wide and 50 μm long pores of an anodic 

alumina (AAO) template. For this purpose, one side 

of the AAO template was covered by a 200 nm thick 

silver layer deposited by thermal evaporation. The 

silver layer served as the working electrode with a 

saturated calomel electrode and a platinum foil as the 

reference and counter electrodes, respectively, in the 

three electrode electrochemical bath with 300 g·L–1 

NiSO4·6H2O, 45 g·L–1 NiCl2·6H2O, and 45 g·L–1 H3BO3 

electrolytic solution. A pulsed potential of –1 V in  

the working electrode (with respect to the reference 

electrode) with 80% duty cycle and pulse period of 1 s 

was employed to achieve uniform filling of the pores 

of the AAO template. Prior to measurements and 

characterizations, the excess coating of the Ni over 

the AAO was removed by mechanical polishing. We 

performed structural characterization of the Ni NWs 

to ensure their quality. X-ray diffraction of the arrays 

of NWs (shown in Fig. 1(a) along with the scanning 

 

Figure 1 (a) X-ray diffraction pattern of arrays of Ni NWs showing an orientation along the (220) axis along with a TEM image of the 
NWs embedded in the template in the inset. (b) TEM image of a single NW in the inset along with typical electron diffraction pattern 
obtained from the NW showing single-crystallinity. (c) Hysteresis loops for the Ni NW array along the LA and two typical SA 
directions. 



 

electron micrograph of NWs embedded in the 

template) showed their single-crystalline nature with 

orientation along the (220) plane. Transmission electron 

microscope (TEM) images along with the electron 

diffraction patterns (Fig. 1(b)) further confirmed the 

single-crystalline nature. The electrical and magnetic 

quality of such NWs has been established earlier by the 

observation of typical ferromagnetic electrical con-

duction at low temperatures [20, 21], phase transition 

at high temperatures [22], and electrical noise studies 

[23]. The detailed characterization and previous studies 

attest the high quality of the NWs arrays employed in 

this study.   

The easy axis and magnetocrystalline anisotropy  

of the NWs embedded inside the templates and lying 

vertically on the substrate plane, as shown by the 

scanning electron micrograph in the inset of Fig. 1(a), 

were studied using a vibrating sample magnetometer 

(VSM; Lakeshore model 7407) at room temperature. 

A magnetic field up to ±16 kOe was applied in steps 

of 50 Oe in two different orientations during the 

measurements: 1) parallel to the long-axis (LA) of the 

NWs and 2) perpendicular to the long axis of the NWs. 

From the VSM results, as presented in Fig. 1(c), we 

observe that the long-axis is the easy axis of magne-

tization. To check if there is any magnetocrystalline 

anisotropy present, magnetic hysteresis loops were 

measured in different directions along the short-axis 

(SA) of the NW. Two typical short-axis loops are 

presented in Fig. 1(c). The loops are identical, implying 

the presence of zero or negligible magnetocrystalline 

anisotropy in the NW array. 

3 Probing magnetization dynamics 

The ultrafast magnetization dynamics was investigated 

by an all-optical excitation and detection method. We 

used an optical pump-probe technique coupled with 

a microscope and a magneto-optical detection method 

for this purpose. The magnetization dynamics in the 

samples were excited by a femtosecond laser pulse 

with a high fluence, while a time-delayed laser beam 

with a low fluence was used to probe the dynamics 

by determining the magneto-optical Kerr effect (Kerr 

rotation or ellipticity) as a function of the time-delay 

between the pump and probe beams. A schematic of 

the experimental setup, measured autocorrelation 

signal of the laser pulse, raw time-resolved data, and 

corresponding SW spectrum is presented in Fig. 2.  

The magnetization dynamics of the Ni NW arrays 

were measured by a two-color all-optical time-resolved 

magneto-optical Kerr effect (TR-MOKE) microscope 

based on a mode-locked Ti-sapphire oscillator (Tsunami, 

Spectra-Physics), as described in Refs. [24] and [25]. 

We used the second harmonic of the Ti-sapphire 

oscillator (λ = 400 nm, pulse width = 100 fs, repetition 

rate = 80 MHz, spot size = 1 μm) with a fluence of 

~16 mJ·cm–2 for pumping the samples, while the fun-

damental laser pulse (λ = 800 nm, pulse width = 88 fs, 

repetition rate = 80 MHz, spot size = 800 nm) with a 

fluence of ~2 mJ·cm–2 was used to probe the dynamics. 

The pulse width of the fundamental light (λ = 800 nm) 

was measured using an intensity autocorrelator (model: 

APE pulseCheck USB 15), while that of the second 

harmonic pulse (λ = 400 nm) is an estimated value. 

The bias field (H) was tilted at ~15° from the normal to 

the sample to create an out-of-plane component of 

the demagnetizing field within the sample along the 

direction of the pump pulse. This demagnetizing field 

is rapidly modified by the pump pulse to exert a torque 

on the magnetization and a resulting precessional 

magnetization dynamics in the sample. The resulting 

change in the magneto-optical Kerr effect in the probe 

beam was measured by a balanced photodiode detector, 

which offers very high measurement sensitivity due 

to elimination of background and a phase sensitive 

detection using a lock-in amplifier. For Ni, the Kerr 

ellipticity is greater than the Kerr rotation, and hence 

the former was measured in our experiment by intro-

ducing a quarter wave plate before the balanced photo- 

diode detector. A typical time-resolved Kerr ellipticity 

data from the Ni NW array with individual wire 

diameter d ~ 35 nm at H = 1.0 kOe with different tem-

poral regimes is presented in Fig. 2(b). In the top most 

panel, the data is shown for a short period of time. A 

sharp decrease in the Kerr ellipticity occurs at zero 

delay corresponding to an ultrafast demagnetization 

within about 400 fs. This demagnetization process 

occurs during the thermalization of the hot electrons. 

Different physical mechanisms are considered to play 

an important role for the demagnetization process. 

This includes the excitation of Stoner pairs [26], the 



spin-orbit coupling [27], the coupling with the electro-

magnetic field via a terahertz emission [28], and the 

scattering of spins with impurity centers or phonons 

[29]. Following the spin thermalization the magnitude 

of the magnetization partially recovers, while the spin 

and lattice temperatures reach an equilibrium within 

about 8 ps. Depending on the sample anisotropy and 

the exchange coupling with the surrounding, a pre-

cession of the magnetization vector around the effective 

field is introduced. The magnetization precession 

appears as an oscillatory signal above the slowly 

decaying part (time constant of ~640 ps) of the time- 

resolved Kerr ellipticity signal. The precessional 

dynamics were extracted after eliminating the demag-

netization and subtracting a bi-exponential background 

from the time-resolved data as appears in the middle 

panel of Fig. 2(b). Finally, a fast Fourier transform 

(FFT) was performed on the time-resolved Kerr 

ellipticity data obtained over a long time to obtain the 

SW spectra of the sample as shown in the bottom 

panel of Fig. 2(b). 

3.1 Field-dependent evolution of spin wave 

We further investigate the variation of the SW spectra 

with the bias field as shown in Fig. 3. The upper 

panel of Fig. 3(a) presents the SW spectra obtained 

experimentally for H = 1.0 and 0.4 kOe. Down to H = 

0.7 kOe, four distinct modes are observed. However, 

as H is reduced below 0.7 kOe, modes 1 and 2 can 

still be identified clearly whereas modes 3 and 4 are 

not discernible and instead, a broad peak appears,  

as shown in the upper right panel of Fig. 3(a). The 

frequencies of all these modes decrease with decreasing 

H as can be seen from Fig. 3(b). The highest frequency 

mode, mode 4, is fitted with the Kittel formula [30] 

and the fit is shown in Fig. 3(b) by the solid line 

k eff
( 2π )

2π
H H M

              (1) 

This gives an effective saturation magnetization (Meff) 

value of 460 emu·cc–1, anisotropy field Hk of 0 (both 

of which agree with the VSM measurements), and 

 

Figure 2 (a) Top panel: schematic showing the measurement geometry with the applied bias field H. The (A – B) signal corresponds to 
the Kerr ellipticity and the (A + B) signal corresponds to the total reflectivity. Bottom panel: a typical autocorrelation signal of the probe
pulse (λ = 800 nm) along with a magnified view of the overlap of pump and probe beams through the microscope objective onto the 
sample surface. (b) Top panel: typical time-resolved Kerr ellipticity data from the Ni NWs showing ultrafast demagnetization and fast
remagnetization. Middle panel: time-resolved Kerr ellipticity data recorded over a long time. Bottom panel: spin wave spectrum as 
obtained using fast Fourier transform of the time-resolved data presented in the middle panel. The bias field (H) value is fixed at 1 kOe.



gyromagnetic ratio γ of 17.6 MHz·Oe–1. Modes 1 and 

2 can also be fitted with the Kittel formula but with a 

reduced Meff of 100 and 170 emu·cc–1, respectively. The 

reason for this reduced Meff value will be discussed 

later.  

3.2 Micromagnetic simulations 

In order to understand the origin of these modes, we 

performed extensive three-dimensional micromagnetic 

simulations of NW arrays using the OOMMF software 

[31]. Simulations were performed by discretizing a 

hexagonal array of NWs with cuboidal cells with cell 

sizes of 2 nm × 2 nm × 2 nm. We used the material 

parameters obtained from the Kittel fit to mode 4 in 

the simulation. The typical value of exchange stiffness 

constant A = 9 × 10–7 erg·cm–1 for Ni was assumed, 

with shape anisotropy being already included in the 

calculation of the demagnetizing field of the system. 

The dynamic magnetization was averaged over the 

entire sample volume and images of the same were 

recorded until the precession reduced to zero. By 

simulation, we could qualitatively reproduce the 

experimental modes at similar frequencies. In the 

lower panel of Fig. 3(a), we show the simulated SW 

spectra for H = 1.0 and 0.4 kOe, and a very good 

qualitative agreement between the experimental and 

simulation spectra is observed for these two different 

field values. As displayed in Fig. 3(b), we obtained a 

good agreement between the experimental and simu-

lated data in the field evolution of mode frequencies 

over the entire applied field range.  

To further understand the nature of the SW modes,  

we have investigated the spatial maps of power and 

phase distributions of the resonant modes calculated 

using our own software code [32, 33]. Schematic 

illustrations of the nature of different observed modes 

(edge mode, uniform precession mode, and standing 

wave mode) are presented in Fig. 4(a). Figure 4(b) 

shows spatial profiles of the power and phase of the 

simulated modes for H = 1.0 and 0.4 kOe (with the 

view plane in the Z–X plane). The lowest frequency 

mode, mode 1, is identified as the edge mode of the 

NWs. Mode 2 is also an edge mode but with an extended 

profile. Hence, both modes 1 and 2 are strongly 

localized in or near the demagnetized regions at the 

edges, as illustrated schematically in Fig. 4(a). This 

justifies the reduced Meff value used for modes 1 and 

2 in the Kittel fit as shown in Fig. 3(b). However, the 

nature of mode 3 is completely different. It basically 

forms a standing wave pattern with mode quantization 

number n = 5, but its power reduces significantly in 

the central regions of the NWs. 

However, mode 4 varies significantly with H. For 

H ≥ 0.7 kOe, it shows a uniform precession at the 

central parts of the NWs with standing wave for-

mation at the ends. As H decreases, modes 4 and 3 

become very close and they eventually merge together 

to form a single mode. This can be explained more 

clearly if we concentrate on the static magnetic con-

figurations (ground states) of the array for different 

bias fields. For higher H, we observe from the ground 

states in Fig. 5 that the spins in the central region of 

the NWs are aligned along H whereas spins in the 

end regions are not. As a consequence, in the spatial 

 

Figure 3 (a) Typical experimental (upper panel) and simulated (lower panel) SW spectra for Ni NWs with d ~ 35 nm at H = 1.0 and 
0.4 kOe. (b) Dependence of the experimental (filled symbols) and simulated (open symbols) SW mode frequencies on the bias field
value H along with the Kittel fit (lines) according to Eq. (1). 



map of the uniform mode, for H = 1.0 kOe, we see the 

strongest power at the center. When H is reduced, 

this demagnetization region penetrates even deeper, 

and hence decreases both the power and frequency of 

the uniform mode significantly. Although this non- 

uniformity in spin structure is adequate to influence 

the uniform mode, it is not strong enough to affect the 

standing wave mode and hence its frequency does 

not decrease as fast as that of the uniform mode. As 

an upshot, with decreasing H, these two modes come 

too close to be distinguished resulting in a broad peak 

in the spectrum, and in the power and phase maps 

we see the presence of a standing wave mode (n = 10) 

on top of the uniform mode. We have further pre-

sented in Fig. 5 the simulated magnetostatic field 

distributions for the NW array used. From the 

Figure 4 (a) Schematic of different spin wave modes (edge mode, uniform precessional mode, and standing wave mode) observed in
the NW array. H denotes the applied bias field. (b) Power (Pw) and phase (Ph) distributions of different modes with the view plane in
the Z–X plane for H = 1.0 and 0.4 kOe along the Z-axis. The color scales for power and phase distributions are shown above the images.

 

Figure 5 Ground states and magnetostatic fields for NW arrays under two different bias fields. The color-maps used for the ground 
state images are shown in the same column. The magnetostatic field plot represents the variation of the magnetostatic field value across 
the wires and shows the inter-wire and intra-wire values. 



simulations, it is evident that the internal field within 

a NW is ~6 kOe, whereas the inter-wire interaction 

strength is very low, of the order of 100 Oe. 

Our study is novel when compared to previous 

studies as we present here dynamics in high-aspect- 

ratio (aspect ratio ~ 1,500) NWs that are 50 μm long. 

Especially, the evolution of SW spectrum with bias 

field in such systems has not been presented before. In 

comparison to other systems of interest for magnonics 

such as antidot lattices, the ferromagnetic NW arrays 

studied here can be synthesized on a large scale at 

lower costs. Our work shows that the SW spectrum 

from NWs can be manipulated with a bias magnetic 

field. The lowest bias field in our present experiment 

was limited to 0.2 kOe due to the signal-to-noise 

constraints in our measurements. However, it is possible 

to engineer NWs of lower diameter and enhance the 

signal output to enable measurements at lower bias 

fields. Such regimes imply a narrower discrete SW 

spectrum with lower SW modes, possibly leading to 

drastically different SW excitations. Our study illustrates 

that discrete SW modes can be manipulated, which 

opens up a window of opportunity to engineer the SW 

spectrum in ferromagnetic NWs for future spintronic 

and magnonic applications. 

4 Conclusion 

In conclusion, we investigated the SW spectrum   

for high-aspect-ratio single-crystal ferromagnetic Ni 

NWs that were electrochemically grown using AAO 

templates. The SWs in these NWs were excited and 

measured using an all-optical time-resolved magneto- 

optical Kerr effect microscope in the presence of 

variable-bias magnetic field. We obtained discrete SW 

spectra showing characteristic modes. The number of 

such modes can be manipulated from four distinct 

modes at higher fields to three modes at lower fields. 

Micromagnetic simulations performed to reproduce 

the observed modes reveal the four distinct SW 

modes at a high field comprised of two edge modes, 

a standing wave mode, and a uniform mode. By 

decreasing the field to less than 0.7 kOe, the standing 

wave mode and the uniform mode eventually coalesce 

to form a single mode, thus lowering the number of 

SW modes in the system. Our study indicates the 

possibility of manipulating SWs in high-aspect-ratio 

NWs that are promising for coherent SW media and 

efficient spin pumping aides in future spintronics and 

magnonics applications. 

Acknowledgements 

We acknowledge the financial supports from the 

Department of Science and Technology, Government 

of India (No. SR/NM/NS-09/2011(G)). We would also 

like to acknowledge Dr. Dheeraj Kumar, Dr. Sabareesan 

Ponraj and Mr. Biplab Bhattacharya for technical helps. 

References 

[1] Allwood, D. A.; Xiong, G.; Faulkner, C. C.; Atkinson, D.; 

Petit, D.; Cowburn, R. P. Magnetic domain-wall logic. Science 

2005, 309, 1688–1692.  

[2] Parkin, S. S. P.; Hayashi, M.; Thomas, L. Magnetic domain- 

wall racetrack memory. Science 2008, 320, 190–194.  

[3] Zhang, S.; Oliver, S. A.; Israeloff, N. E.; Vittoria, C. High- 

sensitivity ferromagnetic resonance measurements on 

micrometer-sized samples. Appl. Phys. Lett. 1997, 70, 

2756–2758.  

[4] Choi, S.; Lee, K.-S.; Guslienko, K. Y.; Kim, S.-K. Strong 

radiation of spin waves by core reversal of a magnetic vortex 

and their wave behaviors in magnetic nanowire waveguides. 

Phys. Rev. Lett. 2007, 98, 087205.  

[5] Kim, S.-K.; Lee, K.-S.; Han, D.-S. A gigahertz-range spin- 

wave filter composed of width-modulated nanostrip magnonic- 

crystal waveguides. Appl. Phys. Lett. 2009, 95, 082507.  

[6] Encinas-Oropesa, A.; Demand, M.; Piraux, L.; Ebels, U.; 

Huynen, I. Effect of dipolar interactions on the ferromagnetic 

resonance properties in arrays of magnetic nanowires. J. Appl. 

Phys. 2001, 89, 6704–6706.  

[7] Arias, R. Influence of roughness on the magnetostatic modes 

of ferromagnetic nano-wires. Phys. B: Cond. Matter 2006, 

384, 25–27.  

[8] Arias, R.; Mills, D. L. Magnetostatic modes in ferromagnetic 

nanowires. II. A method for cross sections with very large 

aspect ratio. Phys. Rev. B 2005, 72, 104418.  

[9] Mathieu, C.; Jorzick, J.; Frank, A.; Demokritov, S. O.; 

Slavin, A. N.; Hillebrands, B.; Bartenlian, B.; Chappert, C.; 

Decanini, D.; Rousseaux, F. et al. Lateral quantization of 

spin waves in micron size magnetic wires. Phys. Rev. Lett. 

1998, 81, 3968–3971.  

[10]  Tartakovskaya, E. V. Quantized spin-wave modes in long 

cylindrical ferromagnetic nanowires in a transverse external 



magnetic field. Phys. Rev. B 2005, 71, 180404(R).  

[11]  Goglio, G.; Pignard, S.; Radulescu, A.; Piraux, L.; Huynen, I.; 

Vanhoenacker, D.; Vander Vorst, A. Microwave properties 

of metallic nanowires. Appl. Phys. Lett. 1999, 75, 1769–1771.  

[12]  Demand, M.; Encinas-Oropesa, A.; Kenane, S.; Ebels, U.; 

Huynen, I.; Piraux, L. Ferromagnetic resonance studies of 

nickel and permalloy nanowire arrays. J. Magn. Magn. Mater. 

2002, 249, 228–233.  

[13]  Encinas-Oropesa, A.; Demand, M.; Piraux, L.; Huynen, I.; 

Ebels, U. Dipolar interactions in arrays of nickel nanowires 

studied by ferromagnetic resonance. Phys. Rev. B 2001, 63, 

104415.  

[14]  Dmytriiev, O.; Al-Jarah, U. A. S.; Gangmei, P.; Kruglyak, 

V. V.; Hicken, R. J.; Mahato, B. K.; Rana, B.; Agrawal, M.; 

Barman, A.; Mátéfi-Tempfli, M. et al. Static and dynamic 

magnetic properties of densely packed magnetic nanowire 

arrays. Phys. Rev. B 2013, 87, 174429.  

[15]  Stashkevich, A. A.; Roussigné, Y.; Djemia, P.; Chérif, S. M.; 

Evans, P. R.; Murphy, A. P.; Hendren, W. R.; Atkinson, R.; 

Pollard, R. J.; Zayats, A. V. et al. Spin-wave modes in Ni 

nanorod arrays studied by Brillouin light scattering. Phys. 

Rev. B 2009, 80, 144406.  

[16]  De La Torre Medina, J.; Darques, M.; Piraux, L.; Encinas, A. 

Application of the anisotropy field distribution method   

to arrays of magnetic nanowires. J. Appl. Phys. 2009, 105, 

023909.  

[17]  Boucher, V.; Lacroix, C.; Carignan, L.-P.; Yelon, A.; Ménard, 

D. Resonance modes in arrays of interacting ferromagnetic 

nanowires subjected to a transverse static magnetic field. 

Appl. Phys. Lett. 2011, 98, 112502.  

[18]  Dolocan, V. O. Spatial distribution of spin-wave modes in 

cylindrical nanowires of finite aspect ratio. J. Phys.: Cond. 

Matter 2011, 23, 446005.  

[19]  Dolocan, V. O. Spin-torque effect on spin wave modes in 

magnetic nanowires. Appl. Phys. Lett. 2012, 101, 072409.  

[20]  Kamalakar, M. V.; Raychaudhuri, A. K. Low temperature 

electrical transport in ferromagnetic Ni nanowires. Phys. 

Rev. B 2009, 79, 205417.  

[21]  Kamalakar, M. V.; Raychaudhuri, A. K.; Wei, X. Y.; Teng, J.; 

Prewett, P. D. Temperature dependent electrical resistivity of 

a single strand of ferromagnetic single crystalline nanowire. 

Appl. Phys. Lett. 2009, 95, 013112.  

[22]  Kamalakar, M. V.; Raychaudhuri, A. K. Resistance anomaly 

near phase transition in confined ferromagnetic nanowires. 

Phys. Rev. B 2010, 82, 195425.  

[23]  Samanta, S.; Kamalakar, M. V.; Raychaudhuri, A. K. 

Investigation of very low-frequency noise in ferromagnetic 

nickel nanowires. J. Nanosci. Nanotech. 2009, 9, 5243–5247.  

[24]  Pal, S.; Rana, B.; Saha, S.; Mandal, R.; Hellwig, O.; Romero- 

Vivas, J.; Mamica, S.; Klos, J. W.; Mruczkiewicz, M.; 

Sokolovskyy, M. L. et al. Time-resolved measurement of 

spin-wave spectra in CoO capped [Co(t)/Pt(7Å)](n‒1) Co(t) 

multilayer systems. J. Appl. Phys. 2012, 111, 07C507.  

[25]  Rana, B.; Barman, A. Magneto-optical measurements of 

collective spin dynamics of two-dimensional arrays of 

ferromagnetic nanoelements. SPIN 2013, 3, 1330001.  

[26]  Knorren, R.; Bennemann, K. H.; Burgermeister, R.; 

Aeschlimann, M. Dynamics of excited electrons in copper 

and ferromagnetic transition metals: Theory and experiment. 

Phys. Rev. B 2000, 61, 9427–9440.  

[27]  Zhang, G. P.; Hübner, W. Laser-induced ultrafast demag-

netization in ferromagnetic metals. Phys. Rev. Lett. 2000, 

85, 3025–3028.  

[28]  Beaurepaire, E.; Turner, G. M.; Harrel, S. M.; Beard, M. C.; 

Bigot, J.-Y.; Schmuttenmaer, C. A. Coherent terahertz 

emission from ferromagnetic films excited by femtosecond 

laser pulses. Appl. Phys. Lett. 2004, 84, 3465–3467.  

[29]  Koopmans, B.; Ruigrok, J. J. M.; Longa, F. D.; de Jonge, W. 

J. M. Unifying ultrafast magnetization dynamics. Phys. Rev. 

Lett. 2005, 95, 267207.  

[30]  Kittel, C. On the theory of ferromagnetic resonance absorption. 

Phys. Rev. 1948, 73, 155–161.  

[31]  Donahue, M.; Porter, D. G. OOMMF User’s guide, Version 

1.0., NIST Interagency Report No. 6376; National Institute 

of Standard and Technology: Gaithersburg, MD, 1999. 

http://math.nist.gov/oommf (accessed Jul 1, 2015).  

[32]  Kumar, D.; Dmytriiev, O.; Ponraj, S.; Barman, A. Numerical 

calculation of spin wave dispersions in magnetic nanostructures. 

J. Phys. D: Appl. Phys. 2012, 45, 015001.  

[33]  Venkat, G.; Kumar, D.; Franchin, M.; Dmytriiev, O.; 

Mruczkiewicz, M.; Fangohr, H.; Barman, A.; Krawczyk, M.; 

Prabhakar, A. Proposal for a standard micromagnetic problem: 

Spin wave dispersion in a magnonic waveguide. IEEE Trans. 

Magn. 2013, 49, 524–529. 

 


