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    In the present study, magnetization and dispersion relations of spin-waves propagating along a segmented nanotube constructed of atomic layers of ferromagnetic and non-magnetic materials are considered by use of the Green function method. Within the framework of random-phase approximation, the expression of Green functions for different spins of segmented nanotubes, which is modeled as having a hexagonal cross section are derived. The effects of the composition (p) and exchange couplings on spin-wave spectra and temperature dependence of magnetization are investigated in detail. It was found that small magnetization is observed in the system at small values of parameter p and exchange constants, and the critical temperature at which second-order phase transition occurs is low. When the obtained theoretical results compare with some other works, a very good agreement between them is observed.
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    Introduction


    Nanostructured materials have attracted intense research interest over recent years, as they provide the critical building blocks for the booming nanoscience and nanotechnology. The reason of this fact is that they often exhibit new and enhanced properties over their bulk counter parts and have potential for applications in magneto electronic devices [1-3]. Recent progresses on magnetism and magnetic materials have made magnetic nanostructures a particularly interesting class of materials for both scientific and technological explorations. Precise control of the structural parameters, such as size, composition, orientation, and assembly of materials with nano-scaled dimensions is of importance to obtain the desired functional properties and device performance [4-5]. Among these structures, multisegmented nanostructures represent a unique platform towards the important application in multiplexed bioanalysis, biosensors, magnetic cell separation and gene delivery with multiple functionality [6]. As a rule, there are two types of morphologies in multicomponent nanostructures: Radial structures, such as the core/shell type, and axial structures, namely the segmented type. Magnetic multisegment nanostructures increased due to their multifunctional and structural advantages over their analogues, single-component nanostructures. Segmented nanostructures are mainly concentrated on two segments of nanowires, nanotubes and nanowire/nanotube segment [7,8].


    Physicists have shown that carbon nanotubes can become magnetized when they are placed in contact with a magnetic material [9]. The chemical combination of magnetic nanocrystals and carbon nanotubes in order to obtain nanohybrid structures, follows various strategies: encapsulation of magnetic molecules inside the carbon nanotubes or grafting/decorating carbon nanotubes on their surface by bioconjugation chemistry or electrochemical deposition [10,11]. Another process used in the fabrication of magnetic nanocomposite structures, as well as nanotubes in conjunction with templates is the so called sol-gel process. It consists of a wet-chemical technique for the fabrication of materials starting either from a chemical solution or colloidal particles to produce an integrated network [12-14].


    Multisegmented structures makes one able to control the magnetization of either each segment or the array as a whole for taking advantage of small magnetic bits for different applications. Therefore, properties of these systems, such as segmented nanowires and nanotubes are of particular importance, both from the experimental and from the theoretical point of view for many scientists [15-18]. Theoretically, the magnetic properties of these structures are actively studied by using different methods, such as mean-field approximation, effective-field theory, Monte-Carlo simulations, Bethe-Pierls approximation and Green function technique (GF) [19-21]. The model in order to investigate the magnetic properties of nanostructured systems has an important role in the deeper understanding of behaviors in magnetic systems. Generally, various multicomponent nanostructures can be modeled as having a chosen shape with a finite number of spins arranged [22-24]. The magnetic behavior of nanoscale magnetic objects is strongly dependent on size, shape and composition. There have been a few works where the Ising system is used to investigate magnetic properties of segmented nanostructure [7,25].


    There is still a great amount of attention devoted to realize new physics and engineering application of this type of segmented nanostructure. Dispersion relations describe the effect of dispersion on the properties of waves in a medium. The study of dispersion relation is very useful in determining the fundamental parameters that characterize these structures [17,23,26-28].


    The aim of this paper is to discuss the effects of composition and temperature on the spin-waves excitations of nanotubes with ferromagnetic/non-magnetic segments. This paper is organized as follows. In section 2, the model and formalism of the GF is presented. Section 3 is devoted to detailed numerical results and discussions. Finally, Section 4 is devoted to a summary and a brief conclusion.


    Model and Formulation


    As indicated in Figure 1 we consider a hexagonal segmented nanotubes (HSNT) model in which atomic layers of ferromagnetic (FM) material alternate atomic layers of non-magnetic (NM) material. Each atomic layer is assumed to be the xy plane.


    The Hamiltonian of the system can be written in the form


    H= H FM + H NM + H FM−NM ,  H FM =−J ∑ i j S i S j −h ∑ i S i ,(1)


    H FM =−J ∑ i j S i S j ξ i ξ j −h ∑ i S i ξ i ,  H FM−NM =− J in ∑ i j S i S j ξ j .(2)


    In here, H FM and H NM describes exchange interactions between the neighboring spins and Zeeman’s energy in FM and NM segment, respectively. Also, h is externally applied field in the along the nanotubes under consideration and it is assumed to be parallel to the axis z. Intersegment interaction is described by the term H FM−NM . The exchange couplings between spins in intrasegment and intersegment are assumed to be J and J in , respectively. The parameter ξ i is a site occupancy number that is 1 or 0, depending on the whether the site is occupied or not. Since only the NM segment is diluted in the present system, ξ i takes unity with a probability p when the site i is occupied by a FM atom and takes 0 with a probability (1−p) when the site i on the NM segment is occupied by a NM atom.


    Employing the equation of motion for the GF [29] G i,j (t, t ′ )=〈〈 S i + (t); S j − ( t ′ )〉〉 one obtains the following system of equations


    ω− λ f G n,m 1,τ +J〈 S Z 〉 G n,m 2,τ + G n,m 6,τ + J in 〈 S Z 〉p G n+1,m 1,τ + G n−1,m 1,τ =2〈 S Z 〉 δ n,m δ 1,τ ω− λ n G n+1,m 1,τ +Jp〈 S Z 〉 G n+1,m 2,τ + G n+1,m 6,τ + J in 〈 S Z 〉 G n+2,m 1,τ + G n,m 1,τ =2〈 S Z 〉 δ n+1,m δ 1,τ (3)


    Here, n and m are layer indices, while 1,2...,6 and τ are label the position of the spins in layers n and m respectively. On the other hand λ f =h+2J〈 S Z 〉+2p J in 〈 S Z 〉 and λ n =h+2Jp〈 S Z 〉+2 J in 〈 S Z 〉 .


    The total wave vector has two components k t o t =(k,q) . Component k and q characterize the periodicity of the HSNT along the axis and circumferential direction, respectively. The system is periodic in the z direction, which lattice constant is d=2a . Therefore, the wave-vector component, denoted as k takes continuous values, and is within the first Brillion zone. The other component denoted as q takes the following discrete values.


    q= πl/ 3a ,  l=0,1,2,...,5(4)


    The higher order GF appearing in the system of equations (3) is decoupled random-phase-approximation (RPA). This is complex to employ the system of equations (3) for the HSNT in the general case. It has taken into account the periodic condition of the system one can we introduce two type Fourier transformation of GF:


    G n+2,m ω = G n,m ω exp ikd ,    G n+1,m ω = G n−1,m ω exp ikd (5)


    G n,n 2,τ = 1 6 ∑ l=0 5 G n,n 1,τ exp[iqa] ,  G n,n 6,τ = 1 6 ∑ l=0 5 G n,n 1,τ exp[−iqa] .(6)


    Using (5) and (6) the GF are obtained by solving the equations (3):


    G n,n 1,τ (ω)= ∑ l=0 5 ∑ j=1 2 a ω l,j ω− ω l,j (7)


    a ω l,1(2) = ω l,1(2) −h−2 J in 〈 S Z 〉+Jp〈 S Z 〉( β l −2) ω l,1(2) − ω l,2(1)


    G n+1,n+1 1,τ (ω)= ∑ l=0 5 ∑ j=1 2 b ω l,j ω− ω l,j ,(8)


    b ω l,1(2) = ω l,1(2) −h−2 J in p〈 S Z 〉+J〈 S Z 〉( β l −2) ω l,1(2) − ω l,2(1)


    The poles of the GF occur at frequencies, which are the roots of the spin wave dispersion equation for HSNT under consideration:


    ω l,1 =0.5 φ l − ψ l (9)


    ω l,2 =0.5 φ l + ψ l (10)


    Where


    φ l =2h+2(1+p) J in 〈 S Z 〉−(1+p)J〈 S Z 〉( β l −2)


    ψ l =8 J in 2 〈 S Z 〉 2 p(1+coskd)+ (p−1) 2 〈 S Z 〉 2 2 J in +J( β l −2)


    β l =cos πl/ 3a , l=0,1,2,...,5


    For the HSNT depicted in Figure 1, there exist two magnetizations ( 〈 S n,1 z 〉 and 〈 S n+1,1 z 〉 ) in the z direction.


    Solving the average spin, we derive the correlation function 〈 S − S + 〉 using the spectrum theorem [30,31]


    〈 S − S + 〉=− 2S Nπ ∑ k ∫ −∞ +∞ dω ImG(k,ω+iε) exp(βω)−1 (11)


    Here, β=1/ k B T , k B is the Boltzmann constant, T is the temperature. Using (7), (8) and the relation 1/ x+iε =Ρ 1/x −iπδ x to obtain the imaginary part of the Green functions, one finally obtains [31]


    〈 S n,τ − S n,τ + 〉=− 2S Nπ ∑ k ∑ l=0 5 ∑ j=1 2 a ω l,j exp(β ω l,j )−1 , (12)


    〈 S n+1,τ − S n+1,τ + 〉=− 2S Nπ ∑ k ∑ l=0 5 ∑ j=1 2 b ω l,j exp(β ω l,j )−1 (13)


    According to the theory of Callen [32] the average spin can be calculated using the following equation


    〈 S z 〉= S+1+Φ Φ 2S+1 +(S−Φ) (1+Φ) 2S+1 Φ 2S+1 − (1+Φ) 2S+1 (14)


    Where Φ= 〈 S − S + 〉 2〈 S z 〉


    The total average spins of per site of the nanowire under concentration can be calculated as


    〈 S z 〉= 6〈 S n,1 z 〉+6p〈 S n+1,1 z 〉 6+6p = 〈 S n,1 z 〉+p〈 S n+1,1 z 〉 1+p (15)


    Now the equation (10) and (11) can be solved self consistently to obtain the average spin at any given temperature.


    If S= 1 2 S 2 = 1 _ - S − S + (16)


    Numerical Results and Discussions


    The expression of frequencies given (9) and (10) are one of the main results of this paper. It can be verified from these expressions that when both media consist of FM atoms ( p=1 ) they reduce the expressions for ferromagnetic nanotubes (FNTs). In Figure 2a and Figure 2b spin-wave spectra for reduced frequency ω/J versus kd illustrated for particular choice of parameters. The frequencies for the lowest branches are not zero at kd=0 . Easily, it can be explained by applied external magnetic field. The spin wave frequencies increase with increasing wave vectors and exchange coupling between spins. On the other hand, with increasing value of spin wave frequencies increase.


    In Figure 3, we have shown the temperature dependence of magnetization in HSNT under consideration. The spontaneous magnetization of the spins is 〈 S z 〉=0.5 at zero temperature. The curves correspond for each segment and total magnetizations with p=0.2 and p=0.6 . In each case, the total spin magnetization has the middle value. Magnetization of the spins labeled n (for FM segment) is smaller than that of the spins labeled f (for NM segment). This can be explained by the fact that the magnetic atoms in each segment have different nearest neighbors. So that, if site occupied by magnetic atom in NM segment, it always interacts with the magnetic atoms of FM segment. However, depending on the value of p, the magnetic atom in FM segment may be the nearest-neighbor to the non-magnetic atom of NM segment. Therefore, spins labeled f canted more slightly than the spins labeled n with respect to nanotubes axes. Also, analysis shows that total magnetization of HSNT is smaller than pure p=1 FNT.


    Conclusion


    In this paper, we have presented magnetic properties of multisegmented nanotube with ferromagnetic/non-magnetic structure. The effects of the exchange couplings and probability to the spin excitations are clarified. Some characteristic phenomena are found in the spin-wave spectra and temperature dependence of magnetization. Average spin is calculated using the theory of Callen.


    Analysis shows that the number of the spin wave branches in HSNT is two times more than pure FNTs. So, it observed eight branches in the HSNT and four branches in FNT. In spite of the fact, there are six spins in the intralayer of the FNTs, but four dispersion branches arise. Easily, it can be explained by the set of all symmetry operations. Spin wave-branches move up with increasing exchange interactions and probability p.


    Moreover, it is found that magnetization decrease to zero continuously as the temperature increases; therefore, a second-order phase transition occurs.It was found that stronger magnetization is observed in the system at high values of parametr p and exchange constants. Therefore, transition temperature increases as the values of p increases. These results are consistent with some similar theoretical results [25,33].


    
      Figure 1: The schematic representation of hexagonal segmented nanotubes. The black and white spheres indicate atoms of ferromagnetic and non-magnetic materials, respectively. View Figure 1

    


    
      Figure 2: Spin-waves dispersion curves for propagation along the HSNT with parameters h/ J=0.2 , J in / J=0.5 , S =0.5 . View Figure 2

    


    
      Figure 3: The temperature dependence of magnetization in the HSNT. The parameters are h/ J=0.2 , J in / J=0.5 , S =0.5 .View Figure 3
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