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          The spin reorientation (SR) and magnetoelastic properties of pseudobinary ferromagnetic 

Tb1−xNdxCo2 (0≤ x ≤1.0) systems involving a morphotropic phase boundary (MPB) were studied by 

high-resolution synchrotron X-ray diffraction (XRD), magnetization, and magnetostriction 

measurements. The easy magnetization direction (EMD) of the Laves phase lies along the <111> axis 

with x <0.65, whereas it lies along the <100> axis for x >0.65 below Curie temperature (TC). The 

temperature-dependent magnetization curves showed SR; this can be explained by a two-sublattice 

model. Based on the synchrotron (XRD) and magnetization measurements, the SR phase diagram for a 

MPB composition of Tb0.35Nd0.65Co2 was obtained. Contrary to previously reported ferromagnetic 

systems involving MPB, the MPB composition of Tb0.35Nd0.65Co2 exhibits a low saturation 

magnetization (MS), indicating a compensation of the Tb and Nd magnetic moments at MPB. The 

anisotropic magnetostriction (λS) first decreased until x = 0.8 and then continuously increased in the 

negative direction with further increase of Nd concentration. The decrease in magnetostriction can be 

attributed to the decrease of spontaneous magnetostriction λ111 and increase of λ100 with opposite sign to 

λ111. This study indicates an anomalous type of MPB in ferromagnetic Tb1−xNdxCo2 system and provides 

an active way to design novel functional materials with exotic properties. 
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I. INTRODUCTION 

      In recent years, magnetically ordered materials with both magnetic and structural phase transitions 

have drawn special attentions owing to their novel physical properties and possible applications in 

advanced technologies [1–5]. Rare earth (RE) compounds with Laves phases RECo2 are quite interesting 

in condensed matter physics due to their simple magnetic and crystallographic structures to validate 

different physical models [4,6–8]. These are potential candidates to study different properties such as 

magnetoelastic, magnetocaloric, and magnetoelectric phenomena because of large magnetostriction, 

magnetocaloric effect, and magnetoresistance, respectively [3,4]. 

 To exploit large magnetostriction for practical applications, it is necessary to minimize the 

magnetocrystalline anisotropy. Previous studies show that to decrease the anisotropy while maintaining a 

large magnetostriction, RE elements such as Dy, Gd, and Ho were substituted with Tb in TbCo2, 

affording the corresponding pseudobinary ferromagnetic compounds Tb1−xDyxCo2, Tb1−xGdxCo2, and 

Tb1−xHoxCo2, respectively [9,10]. These ferromagnetic systems possess a specific feature: morphotropic 

phase boundary (MPB), a boundary where two ferromagnetic phases with different crystallographic 

symmetries are abruptly separated in the composition–temperature phase diagram similar to 

ferroelectrics [11–15]. Near the MPB region, the free-energy landscape allows the polarization to rotate 

easily, resulting in an enhanced functional response.  

In previously reported ferromagnetic Tb1−xDyxCo2 systems involving MPB, the MPB composition of 

x = 0.7 shows a peak in the magnetic susceptibility and magnetostrictive figure of merit as well as a 

minimum in the coercive field. The boundary between rhombohedral and tetragonal phases is 

magnetoelastic, as first reported in Ref. [14]. Zhou et al. reported magnetoelastic properties in a 

ferromagnetic Tb1−xGdxCo2 system, where the MPB composition of x = 0.9 shows a large magnetization 

and low (near zero) magnetostriction [15]. In these ferromagnetic systems involving MPB, the end-

members of composition–temperature phase diagram have different easy magnetization directions 

(EMDs) below Curie temperature (TC) to accomplish the weakening of magnetization anisotropy at 

MPB, thus facilitating the magnetic domain switching.  



Based on the same mechanism, we designed MPB in a ferromagnetic Tb1−xNdxCo2 system, in which 

the EMD of TbCo2 lies along <111> axis below TC~230 K and EMD of NdCo2 lies along <100> axis 

below TC ~100 K [16,17]. Therefore, it is expected that Tb1−xNdxCo2 system with an appropriate 

composition has a small magnetic anisotropy and different EMDs. Although in earlier studies, the 

mixing effects of light and heavy RE in the Laves phase Tb1−xNdxCo2 compounds were investigated by 

XRD and magnetic measurements. Structural distortion and change of EMD were observed by 

conventional diffractometry with a low resolution of characteristics (440) reflections only. It was shown 

that the EMD of Tb1−xNdxCo2 system changes from <111> axis to <100> axis between x=0.6 and x=0.7 

[2, 16]. Magnetization measurements revealed that the compounds exhibit a field-induced metamagnetic 

transition from a strong ferrimagnetism to a weak ferrimagnetism near x=0.6 at 5K. Within the 

assumption of a linear variation of the magnetic moment of the RE sublattice, it was concluded that such 

an anomalous magnetic moment is due to abrupt change of the Co moment [18, 19].  However, some of 

the features of ferromagnetic Tb1−xNdxCo2 system, which were not considered previously, are explored in 

the present work. We designed MPB in Tb1-xNdxCo2 system and discovered another case: with the 

concentration change from the end-member of rhombohedral phase (R) to that of tetragonal phase (T), 

the value of maximum magnetostriction changes, but the value of magnetization achieves the minimum 

at MPB composition. By using high-resolution synchrotron XRD, a detailed analysis of the characteristic 

(222), (440), and (800) reflections was carried out. For the first time, we have shown direct evidence that 

the ferromagnetic Tb1-xNdxCo2 system with critical composition xc = 0.65 is a mixture of two phases (i.e., 

R-phase and T-phase), corresponding to MPB. A detailed composition–temperature dependent phase 

diagram around MPB composition is given. Field-dependent magnetization (M-H) reveals that the MPB 

composition has lower coercivity at low field (H = 0.8 kOe) and a high coercivity at high field (H = 12 

kOe). Based on our experimental results, a figure of merit is constructed, exhibiting the peak value at 

MPB. Ouyang et al., showed that the magnetization and anisotropy constant in Tb1-xNdxCo2 exhibit a 

minimal value between x = 0.6 and 0.7 at a low temperature of 5 K [20]. The temperature-dependent 

magnetization (M-T) curves and composition–temperature dependent phase diagram of Tb1-xNdxCo2 



reveal that such a low temperature of 5 K corresponds to an orthorhombic O-phase instead of R-phase, 

and T-phase, or MPB region. As the MPB composition xc = 0.65 corresponds to the coexistence of R-

phase and T-phase in the temperature range from 20 K to 150 K, it is important to measure the 

magnetization and anisotropy constant of MPB composition xc = 0.65 at 90 K. Despite the similarity 

with previously reported MPB involved ferromagnetic Tb1-xDyxCo2, Tb1-xGdxCo2 systems and the same 

easy-domain-switching feature at MPB, the ferromagnetic Tb1−xNdxCo2 system shows a low 

magnetization at the MPB composition xc = 0.65 compared to the known ferromagnetic materials 

involving MPB. Present work shows an anomalous type of MPB in ferromagnetic materials, revealing 

that MPB can also lead to weakening of magnetoelastic behaviour as shown in ferromagnetic Tb1-

xNdxCo2 system.  

II. EXPERIMENTAL PROCEDURES 

The Tb1−xNdxCo2 (0≤ x ≤1.0) samples were prepared by arc-melting method using the raw materials 

Tb (99.9%), Nd (99.9%), and Co (99.9%) under argon atmosphere. Each sample was melted several 

times to ensure homogeneity, and the as-casted samples were annealed at 700 °C under vacuum for 10 

days. High-resolution synchrotron X-ray diffraction (XRD) experiments were performed to determine 

the crystal symmetry. For this synchrotron XRD analysis, a small amount of the samples was ground 

into powders and sealed in quartz capillaries with a diameter of 0.3 mm at beamline 11-IDC, Advanced 

Photon Source (APS), Argonne National Laboratory, USA. The wavelength of synchrotron X-ray was 

0.11725 Å. During the synchrotron XRD measurement, the capillary was rotated to average the intensity 

and to reduce the preferred orientation effect. The Curie temperatures were determined by magnetization 

(M) vs. temperature (T) measured by using a vibrating sample magnetometer (VSM). The magnetization 

(M) vs. magnetic field (H) hysteresis loops were measured by using a Quantum Design SQUID 

magnetometer, and the magnetostriction was measured at 90 K under a field of 10 kOe by using the 

standard strain-gauge technique with a gauge factor of 2.11 ± 1%. 

III. RESULTS AND DISCUSSION 

A. Crystal symmetry and lattice distortion 



The synchrotron XRD profiles at 300 K and 90 K are shown in Figs. 1(a) and (b), respectively. The 

XRD profiles show that at 300 K, the characteristic reflections of (222), (440) and (800) show no 

splitting and can be fitted by using a single peak as shown in Fig. 1(a). These features characterize a 

cubic structure for ferromagnetic Tb1−xNdxCo2 system. However, at 90 K for compositions of x = 0 and 

0.5, the characteristics reflections of (222) and (440) can be fitted by using double peaks, indicating a 

splitting in the (222) and (440) reflections. However, the characteristic (800) reflections show no 

splitting and can be fitted by using a single peak [Fig. 1(b)]; these are the characteristics of EMD along 

the <111> axis corresponding to the rhombohedral symmetry. All the characteristic reflections of the 

compounds slightly shifted to the lower Bragg’s angles, and the splitting became weaker with increasing 

Nd content. For compositions x = 0.7 and x = 1.0, the characteristic (222) and (440) peaks can be fitted 

by using a single peak, indicating no splitting in (222) and (440) reflections. However, the characteristic 

splitting in (800) reflections can be fitted by using double peaks. This indicates the splitting in (800) 

reflections as shown in Fig. 1(b), signifying that the EMD along the <100> axis corresponds to the 

tetragonal symmetry. For the critical composition of xc = 0.65, the XRD profiles show that the 

characteristic (222), (440), and (800) reflections can be fitted by using double peaks, indicating splitting 

in (222), (440), and (800) reflections. The critical composition xc = 0.65 behaves as a structural bridge 

between the rhombohedral and tetragonal symmetries. It is known that a spontaneous magnetostriction 

of compounds with the MgCu2-type Laves phase leads to structural distortion. When the EMD lies along 

<111> or <100> axes, a large rhombohedral or tetragonal distortion occurs, respectively, resulting in the 

splitting of characteristic (440) reflection [21]. Thus, the (440) reflection in the XRD patterns is doubly 

split when the EMD lies along <111> axis, while a single peak is maintained when the EMD lies along 

<100> axis. 

B. Magnetostrictive coefficients 

For RE transition metal (TM) compounds (RETM2) with Laves phases, a close correlation was 

observed between the EMD and the crystallographic symmetry of the distorted Laves phases [22]. 

Previously reported data showed that the splitting of rhombohedrally distorted cubic reflections can be 



used to determine the magnetostrictive coefficient (λ111) [23,24]. As MPB corresponds to the coexistence 

of rhombohedral and tetragonal phases, magnetostriction at the MPB is contributed by both the 

rhombohedral (λ111) and tetragonal (λ100) distortions. In RETM2 Laves phase, the EMD of the mixture of 

compounds is the same as that of the predominant RE element [25]. Therefore, for the Tb-rich side (x 

<0.65), the splitting of (222) reflections is mainly contributed by the rhombohedral distortion. With the 

increase of Nd concentration, the rhombohedral distortion decreases and disappears at the Nd-rich side. 

For the Nd-rich side (x >0.65), the tetragonal distortion results in the splitting of (800) reflections as 

shown in Fig. 1(b). Thus, in this study, we used the characteristic (222) and (800) peak splitting to 

calculate the λ111 and λ100 values for Tb1−xNdxCo2. 

The calculated magnetostriction coefficients λ111 and λ100 show that with increasing Nd 

concentration, the λ111 decreased, while the λ100 increased, as shown in Fig. 2. As a large anisotropic 

magnetostriction, λ111≫ λ100 is a typical characteristic of REFe2 compounds. Previously reported 

coefficients (λ111, λ100) showed that a very small λ100 originates from the Fe sublattice, whereas RECo2 

has large λ111 and λ100 simultaneously, originating from the RE and Co sublattices, respectively [8]. It is 

well known that the nature of Fe or Co ion in REFe2 or RECo2 differs from each other. Fe has an 

intrinsic moment, whereas Co has an induced moment. Co significantly contributes to the anisotropic 

magnetostriction compared to RE, whereas this is not the case for Fe. The substitution of Fe in the 

ferromagnetic Tb0.33Nd0.67 (Co1−xFex )2 system, dilutes the contribution of Co and leads to an increase of 

the ordering temperature accompanied by the appearance of room temperature magnetostriction. Thus 

the competition of the Fe and Co sublattice anisotropies changes the anisotropy of the compounds and 

leads to the complex concentration dependence of the spontaneous magnetostriction λ111 [26]. The large 

λ100 was also observed in RECo2 compounds, indicating that the large magnetoelastic deformation along 

the <100> axis in RECo2 compounds is caused by the d-band system [21]. According to the structural 

distortion model proposed by Clark et al., only the TMs contribute to λ100 [27]. Therefore, an increase of 

λ100 in Tb1−xNdxCo2 system is caused by Co. 

 
C.  Temperature-dependent magnetization (M–T) and spin reorientation (SR) diagram 



The temperature-dependent magnetization (M-T) curves for various compositions of Tb1−xNdxCo2  

(0≤ x ≤1.0) were measured in zero-field-cooled (ZFC) and field-cooled (FC) modes as shown in Fig. 3. 

In the ZFC mode, the sample is cooled in a zero applied DC magnetic field through its critical 

temperature (TC), and the magnetization is recorded while warming the sample in the presence of a 

magnetic field. This mode of magnetization measurement is different from the FC magnetization 

measurements. In the FC mode, the sample is cooled through the critical temperature while applying a 

magnetic field and the FC magnetization is measured while warming the sample after the cooling [27]. 

The M–T curves show that the TC decreased from 230 K for x = 0 to 100 K for x = 1.0. These values 

agree well with the previously reported data [16,17]. The decrease in TC indicates a stronger coupling 

between Tb and Co than that between Nd and Co. 

The M–T curves show that the SR for x = 0.6 corresponds to the ferro–ferro transition temperatures 

denoted by TSR. Figure 3 shows that the transition temperature corresponding to the peak decreased with 

increasing Nd concentration. The presence of SR can be explained by two-sublattice model [28, 29]. 

This model simply considers the total magnetization as a vector sum of the magnetizations of RE and 

TM sublattices which interact via the RE–TM exchange coupling between the two sublattices. The RE–

TM spin exchange coupling has an antiferromagnetic character and leads to a parallel 3d and 4f moment 

configuration for the light RE elements and to an antiparallel moment configuration for the heavy RE 

elements. It is well known that magnetic anisotropy (K1) can also affect the relative orientation of 

sublattice magnetizations. Usually, the RE–TM interaction is dominant because it is very strong 

compared to the magnetic anisotropy. The magnetic anisotropy arises from the coupling of the magnetic 

moments of the RE and TM atoms in the crystal lattice [30]. In most compounds, especially at low 

temperatures, the magnetic anisotropy of the RE sublattice is stronger than that of the TM sublattice 

[31]. However, in some cases, the magnetic anisotropies of the two sublattices are comparable in 

magnitude and may compete in determining the nature of the net anisotropy of the compound. Following 

the two-sublattice model, the RE sublattice anisotropy and TM sublattice magnetic anisotropy may favor 

different EMDs.  



With decreasing temperature, the occurrence of SR accompanies the appearance of nonmajor 

symmetry axes of the EMD. Owing to different temperature dependences of the anisotropies of the two 

sublattices, the competing RE and TM anisotropies could change the EMD of the compounds, leading to 

a characteristic temperature dependence of the magnetization. The EMD reflects the dependence of the 

magnetic free energy of crystallographic directions. Because of the continuous transition of EMD, the 

existence of unusual <uvw>or <uv0>-type axes of easy magnetization can be interpreted by using 

magnetic anisotropy energy [33] of. 
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where ax, ay, and az are the direction cosines of the easy magnetic axes in the cubic lattice, and ሬ݊Ԧ is the  

direction of magnetization with respect to cubic axes and can be defined in term of direction cosines as ሬ݊Ԧ= (ax, ay, az).  K1 and K2 are the temperature-dependent magnetic anisotropy constants. Considering ax 

= cos α, ay = cos β, and az = cos γ and the cosine relation: cos2α + cos2β + cos2 γ = 1, the differentiation 

of E ( ሬ݊Ԧ,T) with respect to the angles β and γ yields only the minima for ai (i = x, y, z) corresponding to 

the major axes of symmetry of the cubic system, namely, the <111>, <110>, and <100> directions. 

These become the easy axes of magnetization depending on the relative values of K1 and K2. Therefore, 

the possible condition for the minima in E ( ሬ݊Ԧ, T) is    
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EMD departures from the major axes of symmetry over a relatively wide temperature interval in which 

the magnetization vector rotates over a wide range of directions. These unusual directions of 

magnetization other than the major cubic axes are probably caused by the distortions of the cubic 

symmetry. The rotation of EMD can be confirmed by neutron diffraction measurements [34]. For x = 

1.0, NdCo2 shows SR at TSR ≈42 K, consistent with previously reported data as NdCo2 undergoes a 



structural transition from the tetragonal phase to the orthorhombic phase at 42 K [8]. The magnetization 

curves show different behaviors under ZFC and FC. At low temperatures in the ZFC curve, the 

magnetization increases up to the SR temperature (TSR). Above the SR temperature (T >TSR) the 

magnetization increases and then continuous to decrease near the TC. While in FC curve at a low 

temperature, the magnetization decreases up to a characteristic temperature (TSR). Above the TSR, the 

magnetization slightly increases for x = 0.6 and x = 0.65 and then decreases near the TC. The distinct 

features of ZFC/FC measurements include a peak value in the ZFC/FC magnetization curve at a 

temperature (TSR) and the ZFC and FC magnetization curves coincide at a high temperature. 

Based on the analysis of synchrotron XRD data [Fig. 1] and temperature-dependent magnetization 

(M–T) [Fig. 3], the SR diagram for Tb1−xNdxCo2 was designed as shown in Fig. 4. Analysis of the SR 

diagram reveals that region I shows a paramagnetic cubic phase, while in region II, the EMD lies along 

<111> axis and changes to <100> axis with increasing Nd concentration at xc = 0.65 corresponding to 

region III. The transition of type 111 100⎯⎯→< > < >←⎯⎯  is a crystallographic phase transition between 

two different EMDs, i.e., from a rhombohedral symmetry (EMD//<111>) to a tetragonal symmetry 

(EMD//<100>) (regions II and III) as confirmed by the synchrotron XRD data [Fig. 1]. This 

composition-induced crystallographic phase transition is considered as the MPB phenomena in 

ferromagnetic systems, previously known as the SR transition (SRT) [11–13, 19, 31, 33]. A schematic 

description of SRT from rhombohedral to tetragonal symmetry is shown in Fig. 4, also indicating that a 

SR, namely of type 111 110⎯⎯→< > < >←⎯⎯  or 100 110⎯⎯→< > < >←⎯⎯  takes place through a transition 

region as shown in region IV corresponding to O-phase. 

D. Magnetic-field-dependent magnetization (M–H) and magnetic anisotropy 

The field dependence of the magnetization (M–H) measured by using SQUID for Tb1−xNdxCo2 at 

90 K under a magnetic field of 0.8 kOe and 12 kOe is shown Fig. 5(a). The magnetization for all the 

compositions varies significantly, because the magnetizations of TbCo2 and NdCo2 are different. Further 

analysis shows that the magnetization curves do not saturate up to an applied field of 12 kOe; therefore, 

the saturation magnetization (MS) was estimated following the law of approach to saturation [35]. 
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where MS is the saturation magnetization; a and b are constants. The constant b is associated with 

anisotropy and can be derived from the law of saturation as follows: 
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where K1 is the first-order anisotropy constant and
 
µo is the permeability of free space. 

The composition dependence of saturation magnetization (MS) is shown in Fig. 5(b). The MS first 

decreases to a minimum value at the MPB composition xc = 0.65 and then increases with the increase of 

Nd content. This behavior can be interpreted by a two-sublattice model by compensating the sublattice 

magnetization [29,30]. 

Following the general rule of magnetic coupling between heavy or light RE and TM sublattices in 

Tb1−xNdxCo2, the Co moment was coupled parallel to the Nd moment and antiparallel to the Tb moment. 

In Tb1−xNdxCo2 for x <0.65, the Tb–Co antiferromagnetic coupling is dominant, whereas the Nd–Co 

ferromagnetic coupling is dominant for x >0.65 [36]. With the replacement of Nd with Tb, the magnetic 

moment of Tb decreases, thus decreasing the total magnetic moment and reaching a compensation point 

at MPB (xc = 0.65). With further increase of Nd concentration, the contribution to the entire 

magnetization is mainly provided by the Nd atoms, leading to an increase in magnetization (MS). The 

coercive field (HC) determined from the hysteresis loops shows different behaviors under low and high 

fields as shown in Fig. 5(b). Under a low field (0.8 kOe), the MPB composition shows a lower coercive 

field between x = 0.6 and x = 0.7, while for a high magnetic field (12 kOe), the coercivity increases until 

the maximum value at MPB composition (xc = 0.65) and then decreases with Nd concentration increasing 

as shown in Fig. 5(b). For ferromagnetic compounds, it is well known that a maximum of the coercive 

field exists near the compensation point, because the magnetic moment configuration does not change 

with field [37]. The composition dependence of coercive field (HC) for this system is related to the 

saturation magnetization (MS) and magnetic anisotropy (K) as HC ~K/MS. Under a high magnetic field, 



MPB composition xc = 0.65 shows the minimum magnetization; the above relation indicates that the 

MPB composition has a large coercive field (HC). For a low magnetic field (0.8 kOe), although the MPB 

composition shows the minimum magnetization, according to the above relation, it should have a high 

coercive field. However, the experimental results show that at a low field, the MPB composition has a 

lower coercive field, indicating that at the MPB, the anisotropy is low and magnetic moment can be 

easily switched under a low magnetic field. First-order magnetic anisotropy (K1) calculated using Eq. (2) 

is shown in Fig. 5(b). At 90 K, the anisotropy decreases with increasing Nd concentration from x = 0 to 

xc = 0.65 and beyond xc >0.65, it starts to increase. These results show a good agreement with the 

previously reported data, where MS and K1 at a very low temperature (5 K) possess a minimum value 

between x = 0.6 and 0.7 [35,37]. In ferromagnetic Tb1−xNdxCo2 system, both the end-members of 

temperature–composition phase diagram have different anisotropies with different EMDs. The 

anisotropy of the NdCo2 sublattice becomes dominant, resulting in anisotropy compensation at MPB 

composition xc = 0.65, where the ferro–ferro transition occurs. Similar phenomena were also observed in 

ferroelectric MPB systems and attributed to the weakening polarization (strain) anisotropy while 

approaching MPB [12,13]. The anisotropy of the MPB composition Tb0.35Nd0.65Co2 is smaller than that 

of the parent compound TbCo2, because the dominant RE anisotropy of Tb is larger than that of Nd.  

E. Anisotropic magnetostriction and figure of merit 

The anisotropic magnetostriction (λS) of different compositions of Tb1−xNdxCo2 was measured under 

an applied field of up to 10 kOe as shown in Fig. 6(a). The results show that the magnetostriction first 

decreases until x = 0.8 and then continuously increases in the negative direction as the Nd content 

increases. The XRD data confirms that for x ≤0.8, the c/a ratio is greater than unity, and the c direction 

of crystal elongates along the field direction and exhibits a positive magnetostriction (V-shaped curve) as 

shown in Fig. 6(a). For x = 0.9 and x = 1.0, the c/a ratio is less than unity, and the magnetostriction 

curves show contraction behavior under an external field, consistent with the Λ-like shape 

magnetostriction curve. This indicates that the c direction of crystal aligns with the external field. The 

ratio between magnetostriction and the absolute value of the first anisotropy constant (λS/K1) is 



commonly used to demonstrate the merits of a magnetostrictive material [38]. The compositional 

dependence of the ratio λS/K1 for Tb1−xNdxCo2 is shown in Fig. 6(b). Every curve shows a peak around 

the MPB composition xc = 0.65 at different magnetic fields from 2 kOe to 10 kOe. This result and the 

analysis of the synchrotron XRD and SR confirm that the anisotropy compensation could be achieved in 

Tb1−xNdxCo2 alloy. This confirms that the Tb0.35Nd0.65Co2 system has a good low-field magnetostrictive 

property. 

According to single-ion model, the magnetostriction is proportional to the saturation magnetization 

of the RE sublattice ܯSRଷ . In analogy with the magnetization of Tb1−xNdxCo2, the magnetostriction does 

not maintain a minimum value at MPB. Therefore, the single-ion model is unable to explain the 

magnetostrictive behavior in this system.  

The finding of MPB in ferromagnetic Tb1−xNdxCo2 system has some important significances. It 

provides a better understanding of the fundamental concept of SRT such as the ferro–ferro transition 

between the R phase and T phase as shown in Fig. 4. Such transitions not only arise from the 

reorientation of magnetization, but also crystal symmetry change upon magnetic ordering. Compared to 

a previously reported ferromagnetic Tb1−xGdxCo2 system involving MPB, lattice distortion of the two 

terminal compounds has the same level, resulting in a low net lattice distortion for the MPB composition 

of Tb0.1Gd0.9Co2, and TbCo2 with EMD along <111> axis has a lower magnetization (MS) than GdCo2 

with EMD along <100> axis [15]. Therefore, MPB composition x = 0.9 tends to transform into the T-

phase. In Tb1−xNdxCo2, the magnitudes of lattice distortion of the two terminal compounds are different 

from each other, thus resulting in a low net lattice distortion near the MPB composition. Furthermore, 

TbCo2 with <111> symmetry has a larger magnetization (MS) than NdCo2 with <100> symmetry. 

Therefore, under a large applied field, the MPB composition xc = 0.65 tends to transform into the R 

phase. 

IV. CONCLUDING REMARKS 

Substitution of Tb with Nd shows a strong effect on the structural, magnetic, and magnetoelastic 

properties of Tb1−xNdxCo2. The synchrotron X-ray diffraction (XRD) results show that at 90 K, the EMD 



of Tb1−xNdxCo2 lies along the <111> axis for x <0.65 and changes to the <100> axis for x >0.65. The 

saturation magnetization of Tb1−xNdxCo2 decreases with the increase of Nd concentration, exhibiting a 

minimum value near MPB xc = 0.65. This can be ascribed to the compensation of antiparallel moments 

between Tb and Nd. The occurrence of SR can be attributed to the temperature dependence of 

magnetization, as described by a two-sublattice model. A detailed spin configuration diagram is provided 

for the Tb1−xNdxCo2 Laves phase around the composition for the anisotropy compensation; this can guide 

the development of novel magnetostrictive materials. The analysis of the synchrotron XRD and SR 

confirmed that the anisotropy compensation could be reached at the MPB composition Tb0.35Nd0.65Co2, 

indicating that the substitution of Tb with Nd changes the anisotropic compensation point to the Nd-rich 

side. The decrease in magnetostriction with increasing Nd substitution can be ascribed to the decrease in 

λ111. In addition, a low coercive field (HC) under a low magnetic field and the large ratio between 

magnetostriction and the absolute values of the first anisotropy constant (λS/K1) appears at MPB, i.e., xc = 

0.65, indicating that Tb0.35Nd0.65Co2 has good magnetostrictive properties. This study indicates the 

existence of MPB in ferromagnetic materials and suggests the differences between different 

ferromagnetic MPB systems that are important for substantial improvement of magnetic and 

magnetostrictive properties. Based on the results of this study, similar MPB effects might be achieved in 

other ferroic systems that can be used for technological applications. 
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Figure Captions 



FIG. 1. (Color online) Synchrotron XRD patterns (typical 222, 440, and 800 peaks) of 

Tb1−xNdxCo2 for x = 0, 0.5, 0.65, 0.7, and 1.0 with a wavelength of 0.11725 Å at (a) 300 K, (b) 

90 K. 

 

FIG.  2. (Color online) Composition dependence of magnetostriction coefficients λ111 and λ100 

for Tb1−xNdxCo2. Yellow shaded area corresponds to MPB. 

 

FIG. 3. (Color online) ZFC and FC temperature dependence of magnetization (M–T) curves of 

Tb1−xNdxCo2 system (x = 0, 0.3, 0.5, 0.6, 0.65, 0.7, 0.8, and 1.0) measured under an applied 

magnetic field of 500 Oe.  
 

FIG.  4. (Color online) SR diagram of Tb1−xNdxCo2 with cubic, rhombohedral, tetragonal, and 

orthorhombic crystal symmetries. Blue balls, red stars, and purple triangles denote the TC points, 

synchrotron XRD data, and TSR, respectively, while blue dotted line shows the phase boundary 

between rhombohedral and tetragonal phases. Regions I, II, and III are deduced from the 

analysis of the results of synchrotron XRD data, and region IV is expected from the temperature 

dependence of magnetization. Inset on right side shows a schematic description of the SR 

process in R-phase, T-phase, O-phase and at MPB. 

 

FIG.  5. (Color online) Magnetic measurements. (a) The magnetization vs. magnetic field (M–

H) hysteresis loops for Tb1−xNdxCo2 at 90 K under an applied magnetic field of 0.8 kOe and 12 

kOe. Zoom hysteresis loops are shown in inset. (b) Composition dependence of saturation 

magnetization (MS), coercive fields (HC), and magnetic anisotropy constant (K1). Yellow shaded 

area in Fig. 5(b) corresponds to the critical composition of MPB. 

 

 FIG. 6. (Color online) Magnetostrictive measurements. (a) Magnetostriction (λS) for 

polycrystalline Tb1−xNdxCo2 alloys at 90 K under an applied magnetic field of 10 kOe. (b) 

Composition dependence of the ratio λS/K1 for Tb1−xNdxCo2 system.  
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