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Abstract

In the present work, the computer simulation of hysteresis loops of (Nd1-xPrx)2Fe14B compounds with different
Pr contents was performed for a temperature range of 300-5 K. The simulation results suggest that the alloying
of Nd2Fe14B with Pr (1) leads to reducing the negative effect of the spin-reorientation phase transition on the
residual magnetization of the compound (Nd1.xPrx)2Fe14B, (2) reduces the slope of the demagnetization curve
making the hysteresis loop more rectangular, (3) does not have a noticeable effect on the maximum value of
the coercive force, shifting its maximum to lower temperatures as the Pr content increases. Thus, the alloying
of Nd2Fe14B-based compositions with Pr can increase the temperature stability of the hysteresis characteristics
of permanent magnets and ensures their operation at low temperatures without loss of magnetic properties.
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1. INTRODUCTION

The excellent magnetic properties of the sintered Nd-Fe-B magnets result from the high both magnetization
and magnetocrystalline anisotropy of the tetragonal Nd2Fe1sB phase. At room temperature, this phase is
characterized by the uniaxial anisotropy; the easy magnetization axis coincides with the ¢ axis. Below T =
135 K, the preferred magnetization direction starts to deviate from the c-axis direction to form an easy-axis
cone; at 4 K, the cone angle reaches 30° [1-5]. As a result, below T, a deflection appears in the magnetization
reversal curves, which leads to a decrease in the maximum energy product and the remanence of magnets
[4-5]. The Pr2Fe14B compound at room temperature has magnetic properties close to those of Nd2Fe14B and
has no spin-reorientation transition [6]. It can be assumed that the partial substitution of Pr for Nd in the
NdzFe14B phase can lead to the significant improvement in the hysteresis characteristics of the (Nd,Pr)-Fe-B
magnets at low temperatures [7-8]. In this regard, the task of developing a model and algorithm for calculating
hysteresis loops of (Nd1.xPrx)2Fe1sB compounds with different Pr contents and analyzing changes in their
hysteresis and energy characteristics is very promising and relevant.

2. CALCULATION PROCEDURE

In a crystalline ferromagnet, the vector of the total magnetization Ms is spontaneously established along certain
crystallographic directions, which are called the easy magnetization axes (EMAs). In magnets with uniaxial
hexagonal or tetragonal lattices, anisotropy energy (E) is expressed by the formula [7]:
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E. = -K1(cos2g) - Kz(cos*g) (1

where K1 and Kz are the first and second anisotropy constants, respectively, and ¢ is the angle made by the
tetragonal axis and vector Ms.

When a magnetic field H is applied, the orientation of vector Ms is also determined by the energy of the
magnetic field. As a result, the magnetization vector Mswill be oriented so that the sum of energies E = E, +
E, is minimal.

In terms of our model, we consider a single crystal in the form of a flat disk located along a certain crystal plane
of the lattice. When the magnetic field is applied in this plane, the magnetization vector always lies in it. For
simplicity, we assume that the sample magnetization is homogeneous and the sample is single-domain.

The developed model and the algorithm used for calculating the hysteresis loops (program "Hysteresis") of the
ferromagnetic (Nd1.xPrx)2Fe14B-based compound with a uniaxial tetragonal lattice operate with the following
parameters: 1 is the angle made by Z axis (EMA) and vector Ms; a is the angle made by an arbitrary plane
and the X axis, a field is applied in this plane, and angles 1 are counted; and 6 is the angle made by direction
of field H and Z axis (EMA). The anisotropy energy is measured in units of K1 and is always measured from its
minimum value; in the graphs, it is plotted on logarithmic coordinates.

An example, a screen shot of the “Hysteresis” program is given in Figure 1.

1M —— Anisotropy energy
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Figure 1 Screen shot of results obtained with the program "Hysteresis": a = 0°; the magnetic field H forms
the angle 6 = 0° with the Z axis, the field magnitude varies from 0 to 4 at a step of 0.0001. The limiting value
(saturation, Is) reaches magnetization in a sufficiently high field. During magnetization reversal, the sign of
magnetization changes at H = Hc¢ (coercive force). Remanence, Ir =0.908 Is, coercive force Hc =1.681, loop
area P = 5.930; anisotropy type - hexagonal; anisotropy constant K < 1; Kz/abs(K1) = 2.9; Plane orientation
a = 0. Magnetic field parameters: angle made by field H and <100> axis and field amplitude 4.

To calculate the values of anisotropy constants of the (Nd1-xPrx)2Fe14sB compounds (with 0 < x <1) at different
temperatures, the numerical values of K1 and Kz, obtained from the data given in Figure 2 [6], were determined
and the following relationships were used:

Ki(T,x) = (1 - x) K1 (T)NdzFerss + K1 (T)ProFerss (2)
KZ( T,X) = (1 - X) K2 (T)NdZFeMB + K2 (T)PrzFemB (3)
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The ratio of the absolute values of the K1 and Kz constants and the 6 angle were calculated by formulas:
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Figure 2 Temperature dependences of the magnetocrystalline anisotropy constants K1 and Kz of the (a)
Prz2Fe14B and (b) Nd2Fe14B(b) compounds [6]

3. RESULTS AND DISCUSSION

Figure 3 shows the temperature dependence of magnetocrystalline anisotropy constants K1 and Kz [6], the
ratio of the absolute values of anisotropy constants K1/Kz, and temperature dependence of the angle 6 made
by the magnetization axis and the ¢ axis of the compounds (Nd1xPrx)2Fe14B compounds with x =0 (a), x = 0.5
(b) and x = 0.75 (c) calculated by the Eqgs. (2-4).

Figure 4 presents the temperature dependences of the residual magnetization of the (NdixPrx)2Fe14B
compounds with x = 0, 0.25, 0.5, 0.75, 0.9, and 1. It can be seen from the data given in Figure 4 that, as the
temperature decreases from 300 K to the temperature of the spin-reorientation temperature (Ts-= 135 K), the
value of Ir/ls remains unchanged and equal to 1 for all compositions (Nd1xPrx)2Fe14B. This means that the
magnetiztion vector after saturation remains parallel to the E4 as the magnetizing field decreases to zero.

As is seen from Figure 4, as the temperature decreases from 300 K to the spin-reorientation phase transition
temperature (Ts-= 135 K), the I/Is value remains constant and equal to 1 for all compositions (Nd1xPrx)2Fe14B.
This means that the magnetization vector after saturation remains parallel to the Ea with decreasing
magnetizing field to zero. An analysis of the //Is (T) dependences in Figure 4 and the shape of the hysteresis
loops of the compounds (Nd1xPrx) 2Fe14B shows that, as praseodymium atoms substitute for neodymium
atoms, in the temperature range from 135 K to 4 K the decrease in I/ls value gradually slows down and at x =
0.75, 0.9, 1, the value of Ir/ls remains constant and equal to 1.

Figure 5 presents the temperature dependences of the relative magnitude of the coercive force of the
compound (Nd1xPrx)2Fe14B with x = 0, 0.25, 0.5, 0.75, 0.9, and 1.

As can be seen from Figure 5, the relative magnitude of the coercive force of the compound NdzFe14B reaches
the maximum value H./H, (= 2Ki/ls) = 8.3 at the temperature of the spin-reorientation phase transition (T =
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135 K). As the Pr content in the (Ndo,75Pro,25)2Fe14B and (Ndo.sPro.5)2Fe14B compounds increases, the maximum
specific coercive force remains unchanged, but the maximum itself shifts to lower temperatures 90 and 25 K,
respectively. A further increase in the Pr content in the compounds, (Ndo.25Pro.75)2Fe14B, (Ndo.1Pro.e)2Fe14B and
Pr2Fe14B, leads to the disappearance of the maximum in the temperature dependences H./H4(T) and, as the
temperature decreases from 135 K to 4 K, a gradual decrease in the value of H:/H, to 4, 2.5, and 2 takes
place, respectively, i.e. the influence of the constant Kz is gradually waning.
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Figure 3 (a) Temperature dependences of the magnetocrystalline anisotropy constants K1 and Kz [6], the
ratio of absolute values of anisotropy constants Ki/Kz, and the temperature dependence of the 6 angle made
by the easy magnetization axis and c axis of the (Nd1.xPrx)2Fe14B compound with x = 0.
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Figure 3 (b, c) Temperature dependences of the magnetocrystalline anisotropy constants K1 and Kz [6], the
ratio of absolute values of anisotropy constants K1/Kz, and the temperature dependence of the 6 angle made
by the easy magnetization axis and c¢ axis of the (Nd1.xPrx)2Fe14B compound with x = 0 (a), x = 0.5 (b) and

x=0.75(c)
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Figure 5 Temperature dependence of the coercive force of (Nd1xPrx)2Fe14B with x = 0, 0.25, 0.5, 0.75,
0.9,1

4, CONCLUSIONS

The model and algorithm for calculating the hysteresis loops of ferromagnets, which is developed in the
framework of this work, allows us to obtain important data on the effect of the crystal lattice type (uniaxial,
cubic), parameters of crystallographic anisotropy and temperature dependences of anisotropy constants on
the characteristics of hysteresis loops (anisotropy field, residual magnetization, hysteresis loop shape,
coercive force) in a wide temperature range. The simulation results indicate that the alloying of the Nd2Fe14B
compound with praseodymium firstly, leads to a decrease in the negative effect of the spin-reorientation phase
transition on the residual magnetization of the compound (Nd1-xPrx)2Fe14B, secondly, reduces the slope of the
demagnetization curve and makes the back of the hysteresis loop more rectangular and, thirdly, does not have
a noticeable effect on the maximum value of the coercive force, shifting this maximum to lower temperatures,
as the praseodymium content increases. Thus, the obtained results show that the alloying of Nd2Fe14B-based
compositions with praseodymium can increase the temperature stability of the hysteresis characteristics of
permanent magnets prepared from the alloys and ensure the operation of the magnets at low temperatures
without marked losses of magnetic properties.
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