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ARTICLE INFO ABSTRACT

We analyzed the magnetoelastic responses of one-dimensional iron nanowire loop systems

Article history: R 2 . . . . . R
Received 15 October 2016 with quantum statistical mechanics, treating the particles in the systems as identical
Received in revised form 31 July 2017 bosons with an arbitrary integer spin. Under the assumptions adopted, we demonstrated
Available online 11 November 2017 that the Hamiltonian of the system can be separated into two parts, corresponding to two
Ising subsystems, describing the particle spin and the particle displacement, respectively.
Keywords: Because the energy of the particle motion at atomic scale is quantized, there should be
Ising model more the strict constraint on the particle displacement Ising subsystem. Making use of the
Ab-initio molecular dynamics existing results for Ising system, the partition function of the system was derived into two
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parts, corresponding respectively to the two Ising subsystems. Then the Gibbs distribution
was obtained by statistical mechanics, and the description for the magnetoelastic response
was derived. The magnetoelastic responses were predicted with the developed approach,
and the comparison with the results calculated with VASP demonstrates the validity of the

developed approach.
© 2017 Elsevier B.V. All rights reserved.
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Nomenclatures

H Hamiltonian of a system

Uo Energy summation, except magnetic interaction

Jij Coupling constant, depending on spacing between Particles i and j

S Spin identity of Particle i

B; Magnetic flux density of the applied field at the same site of Particle i
kg Boltzmann constant

T Kelvin Temperature

Zn1, Zn2, Zy3 Partition functions of combined system, particle-spin system and particle-disp system
Ukwald Ewald potential
Ue—e.Us_s Coulomb interacting energy between electrons; interacting energy between spin particles

U; Relative displacement identity for Particle i

Gjj Elastic interaction parameter between Particles i and j
a® Relative position of particles between Particles i and j
R; Magnetostrictive coupling parameter

Hop, Hy, H, Hamiltonians of combined system, particle-spin system and particle-disp system

Ko, K1, K, Interact parameters of combined system, particle-spin system and particle-disp system

ho, hy, h, Reduced magnetic flux densities of combined system, particle-spin subsystem and particle-disp subsystem
Ay A2 Eigenvalues by transfer matrix of Hy

N1, 12 Eigenvalues of H; by transfer matrix

Y1, V2 Eigenvalues of H, by transfer matrix

F Helmbholtz free energy
qi Virtual physical quantity identity
Es, &y Energy levels of particle-spin system and particle-disp system

Vigs, Yigw Wave functions for particle spin and particle displacement
&si» Sui Degeneracy
ns, ny;  Filled particle numbers of each level

o Numbers of states

XoN» XIN» X2n  Generalized magnetic susceptibilities of combined system, particle-spin subsystem and particle-disp
sub-system

& Strain

G Gibbs free energy

Vo Equilibrium volume of supercell

M Total magnetic moment of a system

ap Equilibrium lattice constant

LB Bohr magneton

p;a Pressure; Pitch of nanowire loop

a,b’,c Lattice constants of supercell

1. Introduction

The metal magnetic memory (MMM) property [ 1], ferromagnetic solid deformation fracture [2-5] and constitutive be-
havior of a magnetostrictive material are related to the relationship between magnetism and deformation. Macroscopically,
the magnetic field intensity may be enhanced abnormally at a crack tip in a deformed ferromagnetic solid subjected to
displacement fields, based on which a kind of non-destructive testing (NDT) method was developed and has become a
practical technology. However, it is known that in the current MMM based NDT method, it is difficult to eliminate the
disturbance from the background noise because of a lack of the knowledge of the mechanisms for magnetoelastic responses,
especially in low-dimensional cases, which may account for why people unable to simulate the initiation of a crack based
on the abnormality of the magnetic intensity. For this reason, to make clear the mechanisms of MMM at nanoscale and
low-dimensional cases would help the development and application of NDT.

It has been realized to confine a single atom with the atom probe technique [6] and trapping technique [7] to enhance
the stability of low-dimensional solids or to prepare low-dimensional nano-wires [8,9]. Thus, in the study of magnetoelastic
response, we can design an experiment, in which a double-walled carbon nanotube can be stretched or compressed, where
iron atoms are confined in a circular ring between the two walls, as shown in Fig. 1. In Fig. 1 the iron atoms confined to a
circle constitute a nanowire loop, which could expand or contract homogeneously with the deformation of the nanotube. At
the atomic scale, this problem cannot be taken as a plane strain problem as in continuum mechanics, and cannot be solved
with the conventional theory of elasticity.
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