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In this study, the magnetic structure of CaCugFepRe 012 is analyzed combined on a macro to micro-scale. To
combine first-principles calculations and finite element methods, the magnetic properties, Young’s modulus and
Poisson’s ratio are used as input parameters in the finite element methods calculations. As a function of applied
magnetic field and actuator structure, the energy loss and magnetostrictive coefficient of an magnetostrictive

actuator are identified. When the voltage and frequency are specified, a small bar radius and narrow air gap are
preferred for a high magnetostrictive coefficient. The total range of simulation parameters results in a large
magnetostrictive coefficient of 2700 ppm, which is higher than the one for Tb-Dy-Fe alloys. According to our
results, CaCusFesRez012 can be designed to be used as actuators by controlling the structures and applying

magnetic fields.

1. Introduction

In ferromagnetic materials, one of the most important properties is
the magnetostrictive (MS) coefficient. This determines how the material
will change in shape and size during magnetization. It was first observed
in iron by James [1]. The functional materials have been used to
manufacture devices such as transducers, micro-displacement drivers,
and noise and vibration control systems [2]. There are many applica-
tions for spin-polarized materials in electronic and magnetic technology
[3].

Double-perovskites are considered to be the most promising mag-
netic resonance material due to their high curie transition temperature
and magnetic resonance at low fields [4,5]. An orderly
double-perovskite structure A;BB’Og is characteristic of transition metal
oxides [6,7], where A is an alkali-earth metal; B and B’ represent the
transition metals. By introducing magnetic interactions in addition to
B-B couplings, various fascinating properties were observed in a
quadruple perovskite structure oxide [8]. As an example, if the B-site is
nonmagnetic ions Ge, Sn, and Ti, the interaction in structure produces
ferromagnetic behavior for B = Ge and Sn, while it produces antiferro-
magnetic behavior for B = Ti [9,10]. When is at A'-site and B-site is

magnetic ions Mn, the coupling between Cu spins at A’-site antiferro-
magnetically and magnetic spins at B-site results in ferrimagnetic
behavior [11]. When the magnetic field is low, there is a large magnetic
resonance [12].

For an actuator materials, large magnetostrictive strain value, high
Curie temperature, good frequency response characteristics and high
energy density are required. To obtain the combined advantages of an A-
site-ordered AA’3B4012and perovskite and A;BB’Og double perovskite,
the A- and B-site-ordered quadruple perovskite oxide AA'sB,B,012 were
explored [13,14]. An A- and B-site-ordered quadruple perovskite oxide,
CaCugFesRez012, has been reported with a large magnetization of 8.7
upf.u." and a very high Curie temperature of 560 K [15]. Therefore, this
material indicates potential magnetostrictive applications.

Modeling the properties and functions of materials and processes at
multiscales has shifted from descriptive to predictive in recent years [16,
17]. A multiscale model can be used for discovering mechanisms, and an
analytical approach can be used to characterize functional materials
[18,19]. Typically, ab initio methods are used at small scales [20]. Using
these methods is the key to successful multiscale models because they
reveal the nature of bonds and fundamental properties [21].
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In the present work, the magnetic-structure calculations of CaCus.
FeyRey01; are performed based on the first principles and finite element
method (FEM). The mechanical properties are determined by perform-
ing first-principles calculations. Through the equivalent set of magnetic
and electrical quantities, the MS effect is determined by performing the
piezoelectric coupling calculations based on the finite element method.
The energy loss and MS coefficient as a function of applied magnetic
field and actuator structure are obtained.

The rest of this paper is organized as follows. Section 2 introduces the
computational details for the potential application of CaCusFeoRez012
as a transducer, detailing first-principles theoretical calculations and
FEM applied on MS actuators. Then in Section 3, the results and dis-
cussion are presented, including the Crystal structure of CaCus.
FeoRep012, FEM models, effect of external magnetic field and actuator
structure parameters for the actuator. Finally conclusions are drawn in
Section 4, together with some discussion of potential future work.

2. Computational details

In order to explore the potential application of CaCusFeyRe;012 as a
transducer, the MS coefficient and energy loss of the material under the
action of electromagnetic field are studied. The electromagnetic and
mechanical properties of CaCusFesRepO12 which were used to the
transducer were characterized by microscopic calculation. Then, the MS
performance of the transducer is calculated by the finite element
method. Therefore, the process is a micro-macro combination and
magnetic structure coupling calculations.

2.1. First-principles theoretical calculations

In this work, the first-principles plane-wave calculations were per-
formed based on density functional theory (DFT) implemented in the
Vienna Ab Initio Simulations Package (VASP) [22]. The
Perdew-Burke-Ernzerhof (PBE) [23] generalized gradient approxima-
tion (GGA) [24] exchange-correlation functional was used to describe
the electronic exchange-correlation effects. The valence states of Ca, Cu,
Fe, Re and O are 3p64 s%, 3d'% 5!, 3d74s', 5d%s! and 2 sz2p4,
respectively. To describe the on-site Coulomb interaction between
d electrons of the Fe and Re atoms, a PBE-+U method was employed for
the Fe and Re d orbitals with U values being set at 4.0 eV [15]. The
plane-wave energy cutoff has been converged at 460 eV where the
ground state total energy is approximately deviated within 1 meV/atom.
The total energy and force calculations were converged to within 10~°
eV and 0.01 eV/A, respectively. The 7 x 7 x 7 Gamma k-mesh for
Brillouin zone integration was used for structure optimization.

The elastic constants were calculated based on the strain-stress
approach [25], in which the energy cutoff was set up to 600 eV. For
Pn3 structure, there are three independent elastic constants, C11, C12 and
Cy4 [26,27]. The bulk modulus and share modulus are calculated based
on Hill [28] approximation which is the average of the Voigt [29] and
Reuss [30] approximation. For a cubic crystal, the bulk modulus in Voigt
and Reuss approximations (By and Bg) is calculated by,

1
B, = Br = §(C11 +2Cn) 1)

The shear modulus in Voigt and Reuss approximations (Gy and Gg)
are,

1
G, = g(cll — Cip +3Cu)

2
5(Ciy — C12)Cu4 @

r 4Cy +3(Cyy — Cpp)

For the macro finite element model, the material is considered to be
an isotropic homogeneous polycrystalline material. The bulk modulus B
and shear modulus G of the CaCusFesRez015 polycrystalline based on
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Hill approximations were obtained by,

1
B = (By +By)
| (3

G =~ (Gy + Gp)

2

Then, the Young’s modulus E and Poisson’s ratio v can be determined
by,
_ 9BG
" 3B+G
3B-2G
T 6B+2G

4

v

2.2. FEM applied on MS actuators

The magnetic-structural calculations were performed based on the
finite element method (FEM) implemented in ANSYS [31]. Maxwell
equation [32] is the foundation for studying the macro electric and
magnetic fields. The differential form is as follows:

VXH:J-l-a—J
ot
0B
E=——
vV x 3 )
VeD=p
VeB=0

where, V is the differential operator; H is magnetic field intensity vector;
J is conduction current density vector; t is the time coordinate;E is
electric field intensity vector; B is flux density vector, which can be
expressed as the product of vacuum permeability y,and H; D is electric
displacement vector; t is time; p is free charge density; The dis partial
derivative operator; The x and , are the divergence operator and curl
operator, respectively.

The magnetic field formed by a constant current is a constant mag-
netic field which can be expressed as:

(6)
o _,
ot

Introducing vector magnetic potential A to satisfy the following
equation:

B=V xA )

Then, the finite element equation of the magnetic field of the drive
coil is obtained as follows:

VA = —pyJ (8)

The linear behavior for piezoelectric materials is related to the ma-
trix form of the constitutive equations [33]:

0 =c"S—eE

D =eS+€E ©
where, o is stress. D is electric displacement. S is strain; E is electric field
intensity; cf is elastic coefficient under constant electric field; e is
piezoelectric stress constant; ¢ is dielectric constant under constant
strain. The physical mechanism of MS effect and piezoelectric effect is
the same. The linear behavior for MS materials are related to the matrix
form of the constitutive equations:

o=cl"'S—pH

B=pS+u’H an

where, H is magnetic field strength; B is magnetic flux density; ¢! is
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Fig. 1. Crystal structure of CaCugFesRes015.

Table 1
The structure parameters and elastic properties of CaCusFesResO15.
Present work Experiment

Lattice parameter @A) 7.379 7.447(15]
magnetic moment (yip) 8.4 8.7[15]
Bulk modulus (GPa) 221.6
shear modulus (GPa) 100.6
Young’s modulus (GPa) 262.1
Poisson’s ratio 0.30

elastic coefficient under constant magnetic field strength; g is MS strain
constant, which represents the flux density change caused by unit strain;
uS is permeability under constant strain. The finite element governing
equation for the MS coefficient was given:

o S0+ [ S]] - (]

an
where, [M] is mass matrix; [C] is damping matrix; [K] is stiffness matrix;
[K,] is permeability matrix which is determined by y° of material and
element interpolation function; [K;,| is MS coupling matrix which is
determined by the piezomagnetic coefficient matrix [f]of the material
and the interpolation function of the element; [u] is structural
displacement vector; [F] is load force vector, [A] is ampere-turn vector
and (@] is magnetic flux vector through cross section.
According to the Egs. (8) and (11), the Maxwell force, power loss and
deformation of the structure under magnetic field can be obtained.

3. Results and discussion
3.1. Crystal structure of CaCusFesRe2012

The crystal structure of CaCusFesRe015 with space group Pn3(no.
201) is plotted in Fig. 1. In this structure, Ca atoms are positioned at 2a
(1/4 1/4 1/4) sites, Cu atoms are positioned at 6d (1/4 3/4 3/4) sites, Fe
atoms are positioned at 4b (0 0 0) sites, Re atoms are positioned at 4c (1/
2 1/2 1/2) sites, and O atoms are positioned at 24 h (0.45 0.75 0.07)
sites.

Table 1. The structure parameters and elastic properties of CaCus.
FegRep015. We obtained excellent agreement with the experiment for
both the equilibrium lattice constants and the magnetic moment (both
differ by less than 3.5%, as shown in Table 1). The good agreement of the
results proves that our calculation is accurate. The calculation condition
is absolute zero while the experiment is at room temperature, which is
the main reason for lattice error.
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Fig. 2. Actuator structure (a) Diagram of MS actuator. MS bar in green color,
copper coil in yellow color. (b) 2D finite element model schematic. A1 denotes
the bar area, the size of bar radius is r; A2 denotes the copper coil which is used
to couple current freedom and voltage drop load, the size of air gap between Al
and A2 is d; A3 denotes air zone; A4 denotes far-field region to correctly reflect
the phenomenon of magnetic leakage.

Table 2
The relationship between the induced magnetic flux density (B) and the external
applied magnetizing force (H) of CaCugFesRe012.

H B (T) H(kA/ B(T) H((kA/ B(T) H (kA/ B (T)
kA/ m) m) m)

m)

3.6 0.0336 61.5 0.3906  250.2 0.8000 742.5 1.4366
16.0 0.1390 73.8 0.4510  307.6 0.8797 795.8 1.5046
24.6 0.1943 90.2 0.5016  369.2 0.9600 954.9 1.7046
32.8 0.2496  119.0 0.5691  525.0 1.1589  1193.7 2.0046
41.0 0.3048  147.7 0.6337  598.9 1.2531  1591.5 2.5046
53.3 0.3518  196.9 0.7195  701.4 1.3835

3.2. FEM models of actuator

According to Grunwald and A.G Olabi [34], there are four driving
magnetic field forms of the MS actuator. Fig. 2(a) shows the simplest MS
actuator structure called TC structure. It is taken as an example to
calculate the MS properties of CaCusFesResOq2 by finite element
simulation. There are four main factors affecting magnetic induction
intensity: radius of bar r, the voltage applied to the copper coil V, size of
air gap d and frequency of external magnetic field f. Because of the
symmetry of MS actuator, this structure can be simplified to
two-dimensional (2D) axisymmetric analysis. The 2D model is shown in
Fig. 2(b). The element type for the bar area (Al), the copper coil (A2)
and the air zone (A3) is PLANES3, which is a two-dimensional 8-node
magnetic solid element. The element type for the far-field region (A4)
is INFIN110, which is a two-dimensional 4-node infinite quadrilateral
element. All areas are meshed into quadrilateral elements. Element
convergence calculation shows that the strain difference on the top of Al
converged to within 10~3, Applying Dirichlet and Neumann boundary
conditions [35] to the y-axis nodes and the far-field outer boundary
nodes, respectively. Planar symmetry constraints imposed on x-axis
nodes. The relative permeability of air and copper coil is 1 (one). The
resistivity of copper coil and CaCusFesRe2O15 are 1.75 e 8 Qem and
1.00 e~* Qem, respectively.

The relationship between the induced magnetic flux density (B) and
the external applied magnetizing force (H) of CaCugFesRes012 is shown
in Table 2. The magnetic field dependence of magnetization can be seen
in reference [15]. The relationship of B and H can be obtained according
to the equation:

B = po(H +M) 12)

where, o = 4nx 1077 H/m. Table 2 indicates that greater external
applied magnetizing force is required to achieve the large magnetic flux
density than terfenol-D [36,37].
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Fig. 3. The MS coefficient and power loss as a function of voltage with different frequency.
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Fig. 4. The MS coefficient and power loss as a function of bar radius with different air gap.

3.3. Effect of external magnetic field

Fig. 3 shows the MS coefficient and power loss as a function of
voltage with different frequencies when the bar radius is 2 mm and the
air gap is 2 mm. It shows that the MS coefficient as well as power loss
increase with the increase of voltage. Fig. 3(a) shows that the higher the
frequency is, the smaller the MS coefficient is, and the slower the coef-
ficient increases with the voltage. Fig. 3(b) shows that the higher the
frequency is, the greater the power loss is, and the faster the power loss
increases with the voltage. The results suggest that high voltage leads to
a high MS coefficient but also leads to high power loss. Moreover, the
low frequency is preferred to large MS coefficient and low power loss.
Within the voltage range of simulation, the MS coefficient is up to
2700 ppm higher than that of Tb-Dy-Fe alloys [38].

3.4. Effect of structural parameters

The structural parameters also affect the properties of materials in
magnetic fields. Fig. 4 shows the MS coefficient and power loss as a
function of bar radius with different air gap when the voltage is 200 V
and the frequency is 50 Hz. Fig. 4(a) shows that the MS coefficient de-
creases with the increase of the bar radius. Moreover, the MS coefficient
decreases with the increase of the air gaps. Fig. 4(b) shows that the
power loss increases with the increase of the bar radius. Moreover, the
power loss decreases with the increase of the air gap. The air gap in-
creases from 0.5 mm to 5 mm, the power loss decreases in 5 mW. The
results suggest that the small bar radius and narrow air gap are rec-
ommended for design.

4. Conclusions

As a result, the magnetic-structural coupling of CaCusFe;Rez012 in
the applied magnetic field was investigated using a multiscale model
that begins with ab initio predictions and concludes with a crystal-
mechanical finite element method. The mechanical properties of
CaCusFeyRep012 were studied by ab initio calculations using density
functional theory. In terms of Young’s modulus and Poisson’s ratio, the
values are 262.1 GPa and 0.30, respectively. A finite element analysis of
this material indicates that a low frequency and high voltage are ideal
for obtaining a significant MS coefficient. When the voltage is up to
2000 V and the frequency is 50 Hz, the MS coefficient can reach as high
as 2700 ppm. It is recommended to design the bar with a narrow air gap
and a tiny radius. Based on the results, this material may prove useful for
transducers.
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