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Abstract

:

Magnetic phase transitions in alloys are highly influenced by the sample preparation techniques. In the present research, electronic and magnetic properties of Fe48Cr3Rh49 alloys with varying cooling rates were studied, both experimentally and theoretically. The degree of crystalline ordering was found to depend on the cooling rate employed after annealing the alloy. Modeling of alloy structures with different degrees of crystalline ordering was carried out via strategic selection of substitution positions and distances between chromium atoms. Theoretical calculations revealed significant changes in magnetic and electronic properties of the alloy with different substitutions. A comprehensive analysis of the calculated and experimental data established correlations between structural characteristics and parameters governing the magnetic phase transition. In this study, we also developed a method for evaluating the magnetic properties of the alloys obtained under different heat treatments. The proposed approach integrates atom substitution and heat treatment parameters, offering precise control over alloy manufacturing to effectively tune their essential magnetic properties.
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1. Introduction


Understanding magneto-structural phase transitions is a captivating challenge in materials science. Over the past decade, research has demonstrated the potential of materials exhibiting first-order magnetic phase transition in diverse applications such as cryogenic devices [1], actuators [2], new-generation hard drives [3,4,5,6], and targeted drug delivery implants [7]. These functional materials have the capacity to drive technological advancements, enhancing energy efficiency and environmental sustainability. To realize their practical potential, it is imperative to explore the mechanisms influencing magneto-structural phase transition in low-cost alloys, which possess the desired phase transition parameters.



The characterization of a first-order phase transition relies on crucial parameters such as the phase transition temperature, temperature hysteresis width, and magnetocaloric effect. These parameters are influenced by factors such as elemental composition, crystal ordering, structural defects, and mechanical stresses [8,9]. FeRh-based alloys offer a compelling avenue for studying magneto-structural first-order phase transition due to their binary elemental composition, preservation of crystal structure symmetry during the phase transition, and the remarkable magnetocaloric effect (−7–8 K) [10,11] near room temperature under a magnetic field of up to 2 T. Leveraging these unique attributes allows us to construct a straightforward descriptive model of a first-order magnetic phase transition. Extensive research on iron–rhodium alloys has resulted in comprehensive understanding of their properties [12]. Previous studies have revealed that the phase transition behavior in this class of compounds is significantly influenced by the synthesis technique and the type and quantity of the alloying element [13]. Such work demonstrates that even slight alterations in the crystal structure due to the cooling rate after annealing can impact the magnetic properties.



In terms of theoretical results, there is an agreement regarding the crystalline cubic (bcc) structure during ferromagnetic ordering [14,15]. However, regarding antiferromagnetic ordering, two possible structure types, namely type I and type II, have been proposed in the literature. For type I, antiferromagnetic coupling occurs between successive layers of (001) iron phases, whereas for type II, it takes place between successive layers of (111). The prevailing consensus in the literature suggests that the minimum energy state corresponds to an isostructural magnetic phase transformation with antiferromagnetic type II configuration [16]. However, the appearance of metastable structures with marginal energy difference has led to debates on this. More recently, orthorhombic [17,18] and tetragonal antiferromagnetic structures [19,20] have been proposed as more stable configurations (than the cubic type II), with energy differences in the order of a few meV/atom.



There is an abundance of information available on the physical properties of magnetocaloric materials synthesized using various techniques. Typically, bulk alloys are produced through arc or induction melting, followed by additional annealing. The properties of these alloys can undergo significant changes depending on the annealing temperature, duration, and cooling rate. Rapidly cooled (RC) and slowly cooled (SC) samples exhibit notable variations in their properties. Table 1 provides physical property values for different RC and SC magnetocaloric materials. It becomes apparent that the cooling rate after annealing affects materials with first-order transition differently than those with second-order transition. In materials with a first-order transition, the phase transition temperature decreases with rapid quenching, whereas the opposite trend is observed in materials with a second-order transition. However, no clear correlation between the cooling rate and the temperature hysteresis of the phase transition has been identified. It is presumed that the type of sample-cutting technique plays a significant role in the formation of mechanical stresses, which, in turn, influence the phase formation process. Further in-depth research is necessary to understand this phenomenon better.



Another interesting observation is the dependence of magnetization change (    ∂ M   ∂   T   m a x      ) on the cooling rate after annealing. The non-single-phase samples shown in Table 1 exhibit an increase in     ∂ M   ∂   T   m a x       with rapid cooling. Maxwell’s equations establish a correlation between entropy change and magnetization. However, an inadequate number of experimental data points on temperature or field curves of magnetization can lead to inaccuracies in calculating     ∂ M   ∂   T   m a x      . We believe that this may be one of the reasons for the data inconsistency.



The above analysis of the experimental results reveals a clear dependence of the structural and magnetic properties of the samples on the synthesis technology. Notably, materials with a first-order phase transition, which have an additional crystallographic phase, exhibit the most significant changes in magnetocaloric properties (depending on the cooling rate), according to our observations. Therefore, the objective of this study was to elucidate the mechanisms responsible for the alterations in the magnetic and structural properties of (Fe, Cr)Rh pseudo-binary alloys. Currently, there is limited information available in the literature regarding the properties of FeRhCr alloys [29,30]. Preliminary calculations have indicated that chromium doping induces prominent modifications in the magnetic properties of FeRh-based alloys. However, the underlying mechanisms behind this phenomenon remain elusive.



This study establishes correlations between the structural and magnetic properties of rapidly cooled and slowly cooled FeRhCr alloys. The information provided enables the identification of the most probable crystallographic substitution positions and their relationship with phase transition parameters. The aim of this study was to determine the causes of significant differences in physical properties in alloys with different heat treatments.




2. Materials and Methods


2.1. Computational Details and Models


In this study, spin-polarized calculations were performed using the VASP (Vienna Ab-Initio Simulation Package) code [31,32,33] based on the density functional theory (DFT) formalism. In the standard mode, VASP performs a fully relativistic calculation for the core electrons and treats valence electrons in a scalar relativistic approximation [34]. The energy convergence criterion used was 0.1 meV. The kinetic energy cut-off for the plane wave expansion of the Kohn–Sham electronic wave function is 400 eV. The plane wave basis was generated considering 8 valence electrons for Fe (3d74s1), 9 valence electrons for Rh (4d85s1) and 6 valence electrons for Cr (3d54s1). The Projector Augmented-Wave (PAW) method [35] is used to reproduce the atomic core effects in the electronic density of the valence electrons. The exchange and correlation energies are calculated with the Generalized Gradient Approximation developed by Perdew, Burke and Ernzerhof [36].



We assumed a cubic crystal structure of B2 CsCl type, as has been reported in the literature for FeRh and FeRhPd at low Pd concentrations [37] and as previously studied by our group [38]. Both ferromagnetic (FM) and antiferromagnetic (AFM) spin configurations were considered. In order to facilitate comparison with experimental results, the alloy was represented using a (3 × 3 × 3) supercell formed by 54 atoms to obtain Cr concentrations close to the experimental values of 3.17% (for rapidly cooled alloy) and 3.23% (for slowly cooled alloy). Half of them correspond to Fe atoms and the other half consists of Rh atoms where some Rh or Fe sites are replaced by Cr atoms depending on the concentration (x = 0, 1.9, 3.7 and 5.6). In principle, there is evidence that the dopant would be located in Rh sites [39,40]. However, in order to be able to compare with experimental results, both an ordered and a defective crystal lattice were considered, locating the Cr atoms in both sites simultaneously. The different Cr doping options aim to exemplify possible samples obtained with either RC (rapidly cooled—higher-disorder structure) or SC (slowly cooled—lower-disorder structure). The nomenclature used to represent the different systems under study is Fe50Rh50−xCrx (x = 0, 1.9, 3.7 and 5.6) or Fe50−xRh50Crx depending on the replacement site. The study was complemented by the case of two (x = 3.7) or three (x = 5.6) Cr atoms in both sites (Fe48.1(Rh50−xCrx)). Some of the configurations are shown in Figure 1. The procedure followed for the modeling of the ferromagnetic and antiferromagnetic configurations for the CsCl-type case was recently published by our group for other Pd concentrations [38].



The corresponding density of states (DOS) and local density of orbital states (LDOS) were computed [41]. The corresponding magnetic moments for the atom (μ in μB) were obtained to complete the analysis.




2.2. Experiment


Alloys with the nominal composition Fe48Cr3Rh49 were synthesized through arc melting in an argon atmosphere. Subsequently, annealing was conducted in an argon atmosphere at 1000 °C for 72 h using a quartz tube. After annealing, the rapidly cooled (RC) sample was quenched in cold water, while the other sample was slowly cooled (SC) at a rate of 1 °C/min. The ingots were cut using a non-destructive wire saw method.



Structural characterization was performed using X-ray diffraction (XRD) with a Bruker D2 Phaser and scanning electron microscopy (SEM) using a Vega Tescan with EDX. The XRD setup was equipped with a linear LynxEye detector (USA) (5-degrees opening) and CuK α 1,2 radiation (40 kV and 10 mA). All samples were measured with a 0.02° two-theta step size, and each step had a measurement time of 4 s. The temperature and magnetic field dependences of the magnetization were measured using PPMS-14 (Quantum Design, USA) and VSM 7407 Series (LakeShore, LA, USA). The calculation of the magnetization value was made taking into account the volume fraction of the gamma phase, as detailed in [41].





3. Theoretical Results and Discussion


We investigated the behavior of the structural, magnetic and electronic properties of various crystal structures with the elemental composition detailed above. Consideration of such structures allowed us to simulate crystals in which chromium atoms replace the positions of rhodium or iron atoms, or where the replacement of iron and rhodium occurs simultaneously. We assumed that the differences in rapidly cooled and slowly cooled alloys lie in the degree of crystalline ordering. It was expected that various substitutions (different positions) of chromium atoms can occur in a rapidly cooled alloy, while a more ordered structure should be observed in a slowly cooled alloy. In addition, we considered crystal lattices in which chromium atoms were located in different coordination spheres relative to each other. A table describing the simulated crystal lattices can be found in the Supplementary Materials (Table S1).



3.1. Structural and Magnetic Properties


The unit cell constants, the volume of the cell, the distances between chromium atoms (if the structure contains more than one chromium atom), and the magnetic moment values on the atoms of iron, rhodium, and chromium were determined for each simulated crystal structure. All the listed values were calculated for structures with ferromagnetic ordering (Table 2) and antiferromagnetic ordering (Table 3).



It was possible to identify some trends between the structural and magnetic properties in the ferromagnetic state from the analysis of the presented results (Table 2). An increase in the chromium concentration due to iron atoms’ substitution in the structure (Fe50−xCrx)Rh50 (where x = 1.9, 3.7, 5.6) leads to a decrease in the volume of the crystal lattice and its tetragonalization (Table 2). Moreover, the magnetic moment values on the iron and rhodium atoms decrease with an increase in the concentration of chromium in the crystal lattice. A decrease in the magnetic moment values of iron and rhodium atoms leads to a decrease in the average magnetic moment in the lattice. As can be seen from Table 1, the saturation magnetization of the binary alloy is greater than that of the chromium-doped one. Therefore, the calculated results correlate with the experimental ones taking into account the gamma phase. This issue will be discussed in more detail below. The replacement of rhodium atoms by chromium leads to similar trends in the behavior of structural and magnetic properties. An increase in the chromium concentration contributes to a decrease in the crystal cell volume. If we compare the percentage decreases in crystal cell volume caused by the replacement of one or three Cr atoms, we observe that when the Rh sites are occupied, this percentage (0.89%) is twice as high than when the Fe sites (0.46%) are occupied. However, lattice tetragonalization is not observed in this case. This fact can be explained by the significant difference between the ionic radii of the chromium and rhodium atoms. A less dense packing of atoms in the crystal structure is realized when the alloy is slightly doped with chromium. Therefore, chromium atoms may occupy crystallographic positions without disturbing the symmetry of the crystal. There is also a tendency for the magnetic moment values to decrease on the rhodium and iron atoms in the case of substitution of rhodium positions. It is noteworthy that when chromium atoms are localized at rhodium positions, then a large magnetic moment (~3     μ   B    ) is induced on them.



The direction of magnetic moments on chromium atoms is opposite to the magnetic moments of the iron atom sublattice. The magnetic moments on rhodium atoms are induced due to the hybridization of iron 3d electrons and rhodium 4d electrons in the ferromagnetic state. Slight doping with chromium atoms preserves intracrystalline fields in the alloy. However, the hybridization of the electronic structure leads to the appearance of a magnetic moment on chromium atoms. We suspect that this may be due to the fact that the chromium atoms are greater than the magnetic moment on rhodium atoms. Despite this, the opposite directions of the chromium and iron magnetic moments lead to a decrease in the average magnetization in the structure. A more interesting situation is realized in the case of simultaneous substitution of rhodium and iron positions in the crystal lattice. In this case, the trend towards a decrease in the unit cell constants and the magnetic moment values on the rhodium and iron atoms is preserved, as in the previous considered situations. It should be noted that the magnetic moment values on chromium atoms are determined not only by the crystallographic position but also by the distance between each other.



For a more detailed study of this issue, we plotted the dependences of the average magnetic moment on the distance between chromium atoms for various substitution options (Figure 2). There is an obvious tendency for the average magnetic moment to increase with an increase in the distance between chromium atoms at iron sites. This result may be explained by a decrease in the magnetic moment value on chromium atoms as they move away from each other. We did not find obvious differences in the magnetic moment values on chromium atoms depending on the distance between them in the case of substitution of rhodium positions. As discussed earlier, this result may be explained by the constancy of the intracrystalline field in the rhodium sites with slight doping. Summarizing all the presented results, it can be argued that the average magnetic moment has a minimum in case of replacing rhodium atoms, which are close to each other. The maximum value of the average magnetic moment is achieved due to the substitution of iron positions at a large distance between neighboring chromium atoms. A complex and nonmonotonic dependence of the average magnetic moment on the distance between chromium atoms is observed in the case of simultaneous substitution of iron and rhodium sites. It is necessary to study structures that include more atoms than considered here to unambiguously interpret this behavior.



We analyzed the free energy values of different structures in order to find out which of the considered structures is the most preferable. Figure 3 demonstrates the dependences of the free energy per atom on the distance between chromium atoms. The general trend is that clustering (close atom proximity to each other) of chromium atoms at rhodium positions leads to a decrease in the free energy. Therefore, such structures are the most energetically favorable. On the contrary, the substitution of iron positions with an increase in the distance between chromium atoms leads to an increase in free energy. However, from the point of view of the experiment results (discussed below), we assume that the chromium atoms are uniformly distributed over the lattice, with no clustering (it is possible that clustering of iron atoms is achievable with a significant change in the alloy cooling rate). This issue requires further clarification using the TEM or EXAFS methods. The most probable cases are the simultaneous substitution of iron and rhodium positions or the substitution of only rhodium sites (blue and purple dots in Figure 3). It is difficult to distinguish the most favorable one between these two structures since they have similar free energies (−7.83 and −7.85 eV/at). It can be assumed that chromium atoms predominantly occupy rhodium positions, but some of the atoms are located at iron sites. This conclusion follows from the free energy value (−7.854 eV/at) for a high concentration of chromium atoms (green dot in Figure 3), in case two atoms occupy the positions of rhodium and one of the iron positions.



Note that the family of FeRh-based near-equiatomic alloys may exhibit an antiferromagnetic order. Therefore, we investigated the structural and magnetic properties of antiferromagnetic ordering. The summary results are presented in Table 3. The behaviors of the structural properties of a crystal in the ferromagnetic and antiferromagnetic states are similar. The difference is that the unit cell constant in the antiferromagnetic state is much smaller than in the ferromagnetic state, causing a contraction in the cell volume (see Table S1 in Supplementary Material). This fact has been well-studied theoretically and experimentally [12,38]. However, the magnetic properties show a number of features depending on the chromium atoms’ arrangement in the lattice. For example, the magnetic moments on chromium atoms are similar to iron magnetic moments in case of iron sites’ substitution. There are also some other interesting patterns to be noted. The chromium magnetic moment values are around 1 µB/at (for rhodium, these values are less) in case the chromium atoms are in the rhodium sites. The appearance of a magnetic moment on chromium atoms occurs due to hybridization with neighboring atoms. Their magnetic moments change with an increase in the distance between chromium atoms (more than 7 Å) in the crystal structure: +0.6 µB/at and −1.8 µB/at. This fact may indicate that hybridization takes into account not only the electronic states of nearby atoms but also those following them.



We also analyzed in detail the free energy values per atom for each of the structures in the antiferromagnetic state (Figure 4). No significant difference is observed between the crystal structures if chromium atoms on iron sites are located at different distances from each other (black color). The free energy value varies around −7.832 eV/at for such substitution. However, an increase in the chromium concentration on iron positions reduces the free energy value. The most energetically favorable structure of the crystal lattice is realized if chromium atoms replace rhodium and iron simultaneously (2 rhodium atoms and 1 iron atom). There is also a tendency for the crystal structure free energy value to increase with an increase in the distance between chromium atoms. The free energy of the crystal structure does not change if the chromium atoms are separated from each other by more than 5 Å (approximately equal to −7.83 eV/at). We should note that this result does not depend on the type of substitution.




3.2. Electronic Properties


To complete the analysis, the electronic structures corresponding to the different Cr concentrations were calculated for both spin configurations (ferromagnetic and antiferromagnetic) (see Table S2 in the Supplementary Material). We also included the local density of states (LDOS) corresponding to the Fe-3d, Rh-4d and Cr-3d states to complete the analysis of the changes observed in the magnetic properties of this alloy. The Fermi level was taken as the reference.



The DOS curves’ qualitative form for the ferromagnetic and antiferromagnetic configurations shows a strong hybridization between Fe-3d states and Rh-4d states (see Table S2). An increase in the Cr concentration leads to a change in the density of electronic states near EF (Fermi energy). The local densities of the Cr-3d states at Fe sites (a), at Rh sites (b) and mixed sites are plotted for different Cr contents in the ferromagnetic state (see Figure 5) for better visualization. The comparative analysis of the Cr LDOS at the Fermi level revealed its large local values, especially when located at Rh sites (see Figure 5b). This indicates a higher local magnetic moment of Cr atoms compared to the Cr atoms located in Fe sites, as has been previously shown (Table 2). Finally, it can be mentioned that in the case of the disordered alloy (Figure 5c), the width of the LDOS (Cr) increases from ~8 eV to 12 eV.



Table 4 summarizes the values of densities of total and local states at the Fermi level obtained from the calculation of the electronic structure. When the Cr atoms are located at the Rh sites, the occupation number of the majority spin gradually increases and that of the minority spin decreases as the fraction of Cr increases. This trend is not observed when the Cr atoms are located at the Fe sites. On the other hand, we find that the states near the Fermi level are mainly contributed by the Rh states. This trend is maintained when the alloy is disordered, i.e., Cr atoms are in both sites. Such dependence is not observed in the case of Cr atoms located at the Fe sites. In particular, for the same Cr content (see, for example, x = 3.7), depending on where the Cr is located, the values of densities of states at the Fermi level differ (first five rows of Table 4). As the chromium concentration increases, the overall DOS value near the Fermi level decreases. Based on this fact, it can be assumed that the conductivity of the alloy will also decrease. Another important parameter is the difference in the DOS at the Fermi level (    n   ↑   −   n   ↓     in Table 4.). One can notice a general trend towards a decrease in this value with increasing chromium concentration. Hence, it can be assumed that the magnetization of the alloy during doping should decrease.



In addition, it can be observed that the electronic behavior is mainly contributed by the majority states (see Table S2) but the situation changes around the EF as the energy reference goes from 0 to 2 eV. The spin-down states move to higher energies. In the minority band, the participation of Rh is stronger below EF and weaker above EF, consistent with the fact that the Rh local moments are smaller than those of Fe.





4. Experimental Results


4.1. XRD Results


Based on the X-ray diffraction (XRD) results presented in Figure 6, both samples exhibit the main crystal structure of the CsCl type (α phase), along with an additional crystal structure of CuAu type (γ phase). The lattice constants for the ferromagnetic state of the slowly cooled and rapidly cooled samples are identified as 2.9961 Å and 2.9963 Å, respectively. The discrepancy in lattice constants between the two samples suggests the possibility of local disorder in the crystal structure of the rapidly cooled sample, as its lattice constant is larger compared to the slowly cooled one. Such phenomena are commonly observed in amorphous materials [42], where rapid cooling (at rates 105–106 K/s) results in the absence of a well-defined crystal structure, leading to the amorphous state. Moreover, the X-ray diffraction analysis revealed the presence of an additional crystalline phase, the CuAu type. The lattice constants of the γ phase in the slowly cooled and rapidly cooled samples are identified as 3.7549 Å and 3.7556 Å, respectively. The difference in the lattice constants of the γ phase further supports the notion of local disorder in the rapidly cooled sample. Notably, in the ferromagnetic state, the Fe49Rh51 alloy exhibits an increase in lattice constant compared to the Fe48Cr3Rh49 alloy [12]. This outcome is expected due to the smaller ionic size of the chromium atom compared to the ionic radii of the iron and rhodium atoms.




4.2. Electron Microscopy Results


The EDX analysis results confirmed the fact that both samples contain a volume fraction of the gamma phase, with 20% and 22% observed for the RC and SC samples, respectively. The presence of the gamma phase is expected for the Fe49Rh51 compound and can be explained by the proximity of the phase boundary in the phase diagram [43]. The stability of the main alpha phase is determined by the size of the substituting atom (one of the reasons), according to the hypothesis described in [41]. If the ionic radius of the substituting element is less than the ionic radius of the implemented element, then an increase in the percentage of the doped element reduces the stability of the alpha phase. This fact leads to an increase in the volume fraction of the gamma phase. A slight increase in the volume content of the gamma phase in Fe48Cr3Rh49 alloys compared to the volume fraction of the gamma phase in the binary compound Fe49Rh51 [41] may confirm the above hypothesis.



In addition, the results of EDX analysis allow us to determine the elemental composition of both phases for all samples. Figure 7 illustrates the percentages of Fe, Rh, and Cr atoms in SC and RC samples, respectively. The elemental compositions of both samples are approximately the same: Fe48Cr3Rh49 (Fe47.68Cr3.17Rh49.15 for rapidly cooled alloy and Fe47.95Cr3.23Rh48.82 for slowly cooled alloy) in alpha phase and Fe32Cr10Rh58 in gamma phase. The presented results for the alpha phase give us reason to believe that chromium atoms occupied the iron and rhodium positions in both samples. However, the actual concentrations of chromium and rhodium atoms in the alpha phase turned out to be less than the nominal concentrations. This fact may be explained by the increased concentration of chromium atoms in the gamma phase.




4.3. Magnetic Measurements


We measured the temperature dependences of the magnetization in different magnetic fields (Figure 8a,b) to determine the phase transition temperatures of the samples. The phase transition temperatures from the antiferromagnetic to the ferromagnetic state for RC and SC samples are equal to 228 K and 240 K (in field 2 kOe), respectively. A rapidly cooled sample has a lower phase transition temperature. We assume that the nucleation of the ferromagnetic phase may start near a local defect in the crystal lattice. Above, we put forward a hypothesis about the presence of such defects in a rapidly cooled sample based on the results of structural analysis. The change in the phase transition temperature may be a confirmation of our hypothesis. Another possible reason for the change in the phase transition temperature may be the presence of a negative chemical pressure effect in the rapidly cooled alloy [44,45,46]. The presence of vacancies may be the reason for the appearance of negative pressure in the crystal lattice. An indirect confirmation of this fact is a slight increase in the lattice parameter in a rapidly cooled alloy compared to a slowly cooled one (Table 1). As can be seen from Figure 8a,b, the temperature hysteresis widths for SC and RC samples are equal to 15 K and 17 K, respectively. Previously, it was reported that the temperature hysteresis width is proportional to the phase transition temperature [47,48]. However, these experimental results indicate that additional mechanisms may exist. For example, one of the possible reasons may be the presence of local defects in the crystal structure. We noticed an obvious difference in the maximum values of the temperature derivative of magnetization for the samples. The increase in magnetization with increasing temperature during first-order magnetic phase transition is associated with the ferromagnetic phase nucleation and growth. As is known, the nucleation of the ferromagnetic phase occurs at defects [49]. Then, according to our hypothesis, an increase in the number of defects in the crystal lattice should lead to an increase in the     ∂ M   ∂   T   m a x       value. The experimental results confirm this hypothesis. The derivative values in the field 16 kOe for a slowly cooled and rapidly cooled alloy are equal to 7.6 emu/(g × K) and 51 emu/(g × K), respectively. An alternative reason for the change in     ∂ M   ∂   T   m a x       value in the samples may be a different dispersion in the homogeneity of their composition. The dispersion of the iron and rhodium atomic composition in SC is 0.3%, and in RC it is 0.2%. A sample that is more homogeneous in composition has a greater value of     ∂ M   ∂   T   m a x      . The     ∂ M   ∂   T   m a x       value is an important parameter that is involved in the Maxwell relation for the entropy change calculation. The entropy change is a parameter that can be used to estimate the magnetocaloric effect value.



The results of the entropy change calculation are shown in Figure 8c,d. As expected, the entropy changes for the RC alloy were larger than for SC (8.2 J/kg/K and 5.1 J/kg/K, respectively, in a field of 16 kOe). However, the entropy change for the RC Fe48Cr3Rh49 alloy turned out to be smaller than for the binary one (14.4 J/kg/K in a field of 15 kOe) [10]. This fact may be explained by a decrease in the magnetic moment per crystal cell if the binary alloy is doped with chromium (Table 1).



Applying an external magnetic field is another mechanism of inducing a phase transition. Figure 9a shows the field dependences of the magnetization for RC and SC alloys (at 10 K). The initial, almost linear increase in the magnetization is associated with the skew of the magnetic moments along the direction of the magnetic field (like a usual antiferromagnetic). A phase transition, which is accompanied by a sharp increase in the magnetization, occurs at a critical magnetic field. It should be noted that the value of this field for the RC alloy is less (122 kOe) than for the SC one (133 kOe). The change in the phase transition temperature and the value of the critical magnetic field correlate for samples with different cooling rates. The magnetization of the SC sample does not reach the saturation magnetization. Therefore, the SC alloy cannot completely pass into the ferromagnetic state in a field of 14 T. The magnetization field dependences in the ferromagnetic state (at room temperature) were also measured for both samples (Figure 9b). We determine the effective anisotropy constant from these results. The effective anisotropy constant was calculated using the approximation of the magnetization curve produced by the Akulov law. A detailed description of the calculation methodology can be found in [50]. The effective anisotropy constant for a rapidly cooled sample is 6.1 × 105 erg/cc, and it is 6.0 × 105 erg/cc for a slowly cooled alloy. Certain values are close to each other since both alloys have the same composition and crystal lattice type. We assume that an insignificant number of defects in the crystal lattice structure may lead to an increase in the effective anisotropy constant due to the pinning of the magnetic moment orientation near the defects. We also analyzed the behavior of the coercive force and remnant magnetization at room temperature. The coercive force (    H   c    ) and remnant magnetization (    I   r    ) of the rapidly cooled sample (    H   c   = 15   Oe,     I   r     = 3.3 emu/g) were slightly higher than those of the slowly cooled one (    H   c      = 12 Oe,     I   r   =   1.9 emu/g). An increase in the coercive force and remnant magnetization may also be associated with domain wall pinning near local inhomogeneities of the sample [51,52].



In summarizing the calculated and experimental results, we tried to estimate the most stable structure that can be realized experimentally. It is known from experimental data that the slowly cooled alloy (we suppose that it is the fully ordered alloy) has a lattice constant a = 2.996 Å and saturation magnetization     I   s a t     = 103 emu/g. The closest crystal structure with a chromium concentration of 3.7% is Fe50Cr3.7Rh46.3 with the distance between chromium atoms a = 3.626 Å. This crystal structure has an average lattice constant a = 2.996Å and saturation magnetization     I   s a t     = 106 emu/g. Note that the experimentally obtained values are slightly less than the theoretical ones. Above, we discussed the problem of implementing calculations of various proportions of substitutions for rhodium and iron positions at a low chromium concentration. Therefore, we made a rough estimate based on experimental results. The estimation was carried out by calculating the arithmetic mean value. If 8% of the chromium atoms were located at iron positions, and the rest at rhodium positions, then the lattice constant of the calculated structure would coincide with the experimental value (the distance between chromium atoms was chosen according to the minimum energy value). Next, we tried to make a similar estimate for a rapidly cooled alloy. We assumed that 8% of the atoms are in iron positions, with the rest in rhodium positions (as in the case of a slowly cooled alloy). However, the distances between chromium atoms can take values from 2.343 Å to 5.258 Å with equal probability (according to the performed calculations). The lattice constant for such a structure is a = 2.997 Å, while the saturation magnetization is     I   s a t     = 107 emu/g. We note that the use of such a primitive estimate indicates a tendency towards an increase in the lattice constant and saturation magnetization in an incompletely ordered alloy. For a rapidly cooled alloy, the values a = 2.996 Å and     I   s a t     = 111 emu/g were experimentally determined. Therefore, the calculated values correlated with the experimental ones. We hope that the use of more modern calculation methods in the future will be able to confirm and extended our rough estimates. The development of our method will make it possible to more accurately predict the properties of materials with different heat treatments.





5. Conclusions


This study provides experimental analysis and theoretical calculations of the structural, electronic and magnetic properties of Fe48Cr3Rh49 alloys with different cooling rates. Our findings are in line with the previous literature, suggesting that the magnetic phase transition parameters in alloys are sensitive to heat treatment protocols.



Through ab initio calculations, we demonstrated that the degree of crystalline ordering can be manipulated by selecting the substitution positions of the doping element. Specifically, we observed that chromium atoms tend to occupy rhodium positions, with a tendency towards clustering and reduced interatomic distances among chromium atoms.



When comparing our calculated results with experimental data for a slowly cooled alloy, we obtained a high degree of agreement for the Fe50Cr3.7Rh46.3 structure, where the distance between chromium atoms was found to be a = 3.626 Å. In contrast, for a rapidly cooled alloy, we consider a structure where 8% of chromium atoms replaced iron positions, while the remaining atoms occupied rhodium positions. In this case, the distances between chromium atoms varied from 2.343 Å to 5.258 Å with equal probability.



Based on our analysis of experimental results, we concluded that an increase in the quenching rate of the alloy results in an increase in crystal defects. This, in turn, affects the alloy’s magnetic properties through two main mechanisms: (i) the nucleation of the ferromagnetic phase near local defects in the crystal lattice and (ii) the presence of vacancies in the lattice inducing a negative pressure effect. Therefore, increasing the quenching rate leads to a decrease in the phase transition temperature and critical magnetic field, as well as an increase in the effective anisotropy constant, coercive force, and the value of the magnetocaloric effect.



In summary, our findings demonstrate that the choice of crystallographic substitution positions and interatomic distances (between the doped atoms in the crystal lattice) can significantly alter the magnetic properties of the alloy. Moreover, selecting specific heat treatment parameters provides a means to control the degree of crystal ordering in the alloy. We believe that further development of our approach will enable more accurate prediction of material properties under different heat treatment conditions.
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Figure 1. Examples of some models of BCC supercells (CsCl-type) used to represent different Cr concentrations in Fe50Rh50−xCrx alloy (x = 0, 1.9, 3.7, 5.6). The first row corresponds to ferromagnetic spin configuration and the second one to antiferromagnetic spin configuration. Color reference: Rh in gray, Cr in purple and Fe in gold (spin up) and blue (spin down). 
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Figure 2. Dependence of the average magnetic moment per atom in cell as a function of the distance between chromium atoms (in the ferromagnetic state). Dash lines are guides for the eye. 
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Figure 3. Dependence of the free energy per atom in cell as a function of the distance between chromium atoms (in the ferromagnetic state). Dash lines are guides for the eye. 
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Figure 4. Dependence of the free energy per atom in cell as a function of the distance between chromium atoms (in the antiferromagnetic state). Dash lines are guides for the eye. 
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Figure 5. (Color online) Local Cr-3d states in the FM state at different Cr concentrations indicated in the legend near the Fermi energy. The spin-down (minority) bands have been plotted as negative values to facilitate the visualization. The three cases studied for the Fe48.15Rh48.15Cr3.7 alloy identified in the legend as 3.7-a, 3.7-b and 3.7-c correspond to those indicated in the last column of Table 2 (legend (a), (b), (c), correspond to different distances between chromium atoms in the lattice). The Fermi level is taken as the reference. 
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Figure 6. X-ray patterns for rapidly cooled and slowly cooled samples (measured at room temperature). 
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Figure 7. (a,e) SEM images of a slowly cooled and rapidly cooled alloy, respectively (light areas correspond to gamma phase, gray areas correspond to alpha phase, phase arrangement is indicated by arrows). (b,f) Total elemental composition of slowly cooled and rapidly cooled samples, respectively. (c,g) Elemental composition of the alpha phase of slowly cooled (Fe47.95Cr3.23Rh48.82) and rapidly cooled (Fe47.68Cr3.17Rh49.15) samples, respectively. (d,h) Elemental composition of the gamma phase of slowly cooled and rapidly cooled samples, respectively. 
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Figure 8. (a,b) Magnetization temperature dependences in different magnetic fields for slowly cooled and rapidly cooled alloys, respectively. (c,d) Calculated temperature dependences of the entropy change for slowly cooled and rapidly cooled alloys, respectively. 
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Figure 9. Magnetization field dependences at temperatures of (a) 10 K and (b) 300 K for slowly cooled and rapidly cooled alloys, respectively. 
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Table 1. Summary data on saturation magnetization (    I   s a t    ), phase transition temperature (during heating     T   p h .   t r .   h e a t i n g     and cooling     T   p h .   t r .   c o o l i n g    ), temperature hysteresis width (  ∆ T   temperature derivative of magnetization (    ∂ M   ∂   T   m a x      ), entropy change (      ∆   S   M       m a x    ), and presence of additional crystallographic phases for various fast-cooled and slowly cooled alloys. The abbreviations RC is rapidly cooled; SC is slowly cooled. FeRh-based alloys are marked in red. LaFeSi-based alloys are marked in green. Mn(Co/Fe)Ge-based alloys are marked in gold. Heusler alloys are marked in black. Gd-based alloys are marked in blue. MnAs-based alloys are marked in gray.
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	Sample
	     I   s a t      emu/g
	     T   p h . t r .   h e a t i n g      K
	     T   p h . t r .   c o o l i n g      K
	   ∆ T   

K
	     ∂ M   ∂   T   m a x       

emu/(g × K)
	       ∆   S   M       m a x     

(J kg−1 K−1)
	Another Phase
	Ref.





	Fe49Rh51

SC
	110
	316

(2 T)
	301

(2 T)
	17
	11

(2 T)
	8.9

(2 T)
	+
	[10]



	Fe49Rh51

RC
	120
	315

(2 T)
	299

(2 T)
	16
	67

(2 T)
	13.9

(2 T)
	 +
	[10]



	Fe48Cr3Rh49

SC
	103
	221

(1.6 T)
	206

(1.6 T)
	15
	7.6

(1.6 T)
	5.1

(1.5 T)
	+
	This work



	Fe48Cr3Rh49

RC
	111
	210

(1.6 T)
	193

(1.6 T)
	17
	51

(1.6 T)
	8.2

(1.5 T)
	+
	This work



	LaFe11.5Si1.5

SC
	120
	202 (0.02 T)
	196

(0.02 T)
	6
	−1.31

(0.02 T)
	17.7

(2 T)
	+
	[21]



	LaFe11.5Si1.5

RC
	110
	197.6 (0.02 T)
	192.2 (0.02 T)
	5.4
	−1.79

(0.02 T)
	14.9

(2 T)
	+
	[21]



	Mn0.92Co1.08Ge 0.2 K/min
	78
	351

(1 T)
	363

(1 T)
	12
	−5.46

(1 T)
	30

(2 T)
	-
	[22]



	Mn0.92Co1.08Ge 5 K/min
	82
	316

(1 T)
	334

(1 T)
	18
	−4.86

(1 T)
	12

(2 T)
	-
	[22]



	Mn1.1Fe0.9P0.76Ge0.24 SC
	130
	299 (0.01 T)
	291

(0.01 T)
	8
	-
	12

(2 T)
	+
	[23]



	Mn1.1Fe0.9P0.76Ge0.24 melt-spun (RC)
	130
	317 (0.01 T)
	309 (0.01 T)
	8
	-
	16

(2 T)
	+
	[23]



	MnCo0.962Fe0.038Ge

SC
	120
	479
	443
	36
	-
	-
	-
	[24]



	MnCo0.962Fe0.038Ge

RC
	-
	440
	410
	30
	-
	-
	-
	[24]



	Ni2Mn1.36Sn0.32Al0.32 SC
	40
	240 (0.01 T)
	221 (0.01 T)
	19
	0.054 (0.01 T)
	7

(1.5 T)
	-
	[25]



	Ni2Mn1.36Sn0.32Al0.32 RC
	35
	239 (0.01 T)
	220 (0.01 T)
	19
	0.047 (0.01 T)
	8

(1.5 T)
	-
	[25]



	Gd75Co25

SC
	160
	130
	130
	0
	-
	5

(2 T)
	-
	[26]



	Gd75Co25

RC
	140
	172
	172
	0
	-
	4.8

(2 T)
	-
	[26]



	Gd75Ni25

SC
	30
	99
	99
	0
	-
	0.4

(2 T)
	-
	[26]



	Gd75Ni25

RC
	120
	117
	117
	0
	-
	3.6

(2 T)
	-
	[26]



	Mn1.02As0.9Sb0.1

SC
	117
	-
	290

(1 T)
	-
	−16

(1 T)
	-
	+
	[27]



	Mn1.02As0.9Sb0.1

RC
	119
	-
	293

(1 T)
	-
	−29

(1 T)
	-
	+
	[27]



	Mn0.997Fe0.003As

SC
	80
	313 (0.02 T)
	301 (0.02 T)
	12
	−1.29

(0.02 T)
	20

(1.5 T)
	+
	[28]



	Mn0.997Fe0.003As

RC
	80
	308 (0.02 T)
	292 (0.02 T)
	16
	−1.91

(0.02 T)
	31

(1.5 T)
	+
	[28]










 





Table 2. Calculated data for the crystal lattice constants (a, b, c), the distance between the chromium atoms (dCr-Cr), the average magnetic moments (µB/at) on the atoms of iron (µFe), rhodium (µRh), and chromium (µCr), the average value of the magnetization (µB/at), and the free energy per atom in cell (eV/at) for the ferromagnetic (FM) state of the FeRhCr alloys with different substitutions (x). Distance units in (Å). The binary alloy is marked in red. Gold color marks alloys where iron atoms are replaced. Black color indicates alloys where rhodium atoms are replaced. The alloys where the positions of iron and rhodium are simultaneously substituted are marked in blue. The legends in the last column for the Fe48.15Rh48.15Cr3.7 alloy (a), (b), (c) are provided for ease of comparison of the results shown in Figure 5.
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Composition

	
a

Å

	
b

Å

	
c

Å

	
dCr-Cr Å

	
µFe µB

	
µRh µB

	
µCr

µB

	
Average Magn., µB/at

	
E/at, eV/at






	
Fe50Rh50

	
3.004

	
3.004

	
3.004

	
x

	
3.176

	
1.029

	
x

	
2.147

	
−7.789




	
Fe48.1Rh50Cr1.9

	
3.002

	
3.002

	
3.002

	
x

	
3.148

	
0.975

	
0.165

	
2.023

	
−7.793




	
Fe46.3Rh50Cr3.7

	
3.010

	
2.982

	
3.010

	
2.343

	
3.141

	
0.921

	
−1.651

	
1.868

	
−7.819




	
2.991

	
3.002

	
3.002

	
4.339

	
3.131

	
0.929

	
0.306

	
1.925

	
−7.799




	
2.999

	
2.999

	
2.999

	
5.193

	
3.128

	
0.934

	
0.212

	
1.943

	
−7.798




	
Fe44.4Rh50Cr5.6

	
3.016

	
2.989

	
2.989

	
4.221

4.221

8.442

	
3.120

	
0.898

	
0.337

	
1.871

	
−7.806




	
Fe48.15Rh48.15Cr3.7

	
2.997

	
2.997

	
2.997

	
2.167

	
3.124

	
0.976

	
0.486

(at Rh site)

−1.518

(at Fe site)

	
1.971

	
−7.832 (a)




	
3.024

	
3.024

	
2.951

	
4.850

	
3.098

	
0.911

	
−2.905

(at Rh site)

−2.903

(at Fe site)

	
1.823

	
−7.841 (b)




	
3.000

	
3.000

	
3.000

	
7.793

	
3.106

	
0.947

	
−2.974

(at Rh site)

−3.086

(at Fe site)

	
1.839

	
−7.838 (c)




	
Fe48.1Rh46.3Cr5.6

	
2.986

	
2.994

	
2.994

	
2.338

2.338

4.047

	
3.075

	
0.956

	
−0.410 (at Rh site)

−0.422

(at Rh site)

−0.153

(at Fe site)

	
1.905

	
−7.854




	
Fe50Rh48.1Cr1.9

	
3.000

	
3.000

	
3.000

	
x

	
3.122

	
0.993

	
−3.076

	
1.997

	
−7.815




	
Fe50Rh46.3Cr3.7

	
3.003

	
2.992

	
2.992

	
3.626

	
3.059

	
0.934

	
−2.887

	
1.868

	
−7.845




	
2.997

	
2.997

	
2.997

	
5.276

	
3.072

	
0.951

	
−3.098

	
1.874

	
−7.842




	
2.997

	
2.997

	
2.997

	
5.258

	
3.073

	
0.952

	
−3.102

	
1.874

	
−7.842




	
Fe50Rh44.4Cr5.6

	
2.992

	
2.992

	
2.992

	
3.928

3.928

3.928

	
2.990

	
0.847

	
−2.891

−2.885

−2.878

	
1.711

	
−7.874











 





Table 3. Calculated data for the crystal lattice constants (a, b, c), the distance between the chromium atoms (dCr-Cr), the average magnetic moments (µB/at) on the atoms of iron (µFe), rhodium (µRh), and chromium (µCr), the average value of the magnetization (µB/at), and the free energy per atom in cell (eV/at) for the antiferromagnetic (AFM) state of the FeRhCr alloys with different substitutions (x). Distance units in (Å). Arrows indicate substitution of a Cr atom at Fe site with spin up (↑) or down (↓) (see Figure 1 and Table S1 in Supplementary Material). The binary alloy is marked in red. Gold color marks alloys where iron atoms are replaced. Black color indicates alloys where rhodium atoms are replaced. The alloys where the positions of iron and rhodium are simultaneously substituted are marked in blue.
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System

	
a

Å

	
b

Å

	
c

Å

	
dCr-Cr

Å

	
µFe

µB/at

	
µRh

µB/at

	
µCr

µB/at

	
E/at

eV/at






	
Fe50Rh50

	
2.991

	
2.991

	
2.991

	
x

	
3.129

−3.052

	
0.075

	
x

	
−7.757




	
2.734

	
2.734

	
3.504

	
x

	
2.830

−2.715

	
0.043

	
x

	
−7.789




	
Fe48.1Rh50Cr1.9

	
2.993

	
2.993

	
2.993

	
x

	
3.038

−3.134

	
−0.072

	
−2.893 (↑)

	
−7.777




	
2.769

	
3.082

	
3.082

	
x

	
2.722

−2.878

	
−0.041

	
−2.364 (↓)

	
−7.807




	
Fe46.3Rh50Cr3.7

	
2.763

	
3.082

	
3.082

	
4.432

	
2.685

−2.889

	
−0.040

	
−2.174 (↑)

−2.376 (↓)

	
−7.831




	
2.722

	
3.529

	
2.722

	
3.552

	
2.666

−2.796

	
−0.047

	
−2.000 (↓)

2.199 (↑)

	
−7.835




	
3.236

	
2.718

	
2.957

	
5.291

	
2.434

−1.991

	
−0.116

	
−2.152 (↓)

−2.200 (↑)

	
−7.832




	
Fe44.4Rh50Cr5.6

	
3.533

	
2.719

	
2.719

	
3.711

	
2.578

−2.860

	
−0.032

	
−2.132 (↓)

−2.111 (↑)

−2.132 (↓)

	
−7.855




	
Fe48.15Rh48.15Cr3.7

	
2.969

	
2.969

	
2.969

	
2.733

	
2.666

−2.827

	
−0.071

	
−1.685 (at Fe site)

0.235

(at Rh site)

	
−7.821




	
2.721

	
2.953

	
3.229

	
4.567

	
2.566

−2.698

	
−0.022

	
−0.660

(at Rh site)

−2.211

(at Fe site)

	
−7.842




	
2.974

	
2.974

	
2.974

	
7.854

	
2.851

−2.802

	
−0.015

	
1.451

(at Rh site)

−1.985

(at Fe site)

	
−7.828




	
Fe48.1Rh46.3Cr5.6

	
3.536

	
2.701

	
2.701

	
2.633

	
2.545

−2.622

	
−0.025

	
−1.296

(at Rh site)

−1.173

(at Fe site)

−1.289

(at Rh site)

	
−7.863




	
Fe50Rh48.1Cr1.9

	
2.986

	
2.986

	
2.986

	
x

	
3.010

−3.071

	
−0.045

	
−1.034

	
−7.785




	
Fe50Rh46.3Cr3.7

	
3.228

	
2.703

	
2.994

	
4.176

	
2.974

−3.016

	
−0.015

	
−1.004

−1.002

	
−7.849




	
2.982

	
2.982

	
2.982

	
5.170

	
2.708

−2.780

	
−0.022

	
−1.836

0.662

	
−7.836




	
2.966

	
2.966

	
2.966

	
7.217

	
2.709

−2.781

	
−0.022

	
−1.838

0.662

	
−7.836




	
Fe50Rh44.4Cr5.6

	
2.955

	
2.955

	
2.955

	
3.683

	
2.514

−2.680

	
−0.094

	
0.648

	
−7.856











 





Table 4. Values of total (n) and local DOS at the Fermi level (states/eV) obtained from the calculation of electronic structure (See Table S2 in Supplementary Material). Gold color marks alloys where iron atoms are replaced. Black color indicates alloys where rhodium atoms are replaced. The alloys where the positions of iron and rhodium are simultaneously substituted are marked in blue.
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Composition

	
dCr-Cr

(Å)

	
FM—Majority (Up)

	
FM—Minority (dn)

	




	
     n   ↑      (EF)

	
Rh

	
Fe

	
Cr

	
     n   ↓      (EF)

	
Rh

	
Fe

	
Cr

	
      n   ↑   −   n   ↓      






	
Fe48.1Rh50Cr1.9

	
x

	
4.27

	
2.17

	
1.43

	
0.08

	
49.64

	
9.73

	
35.10

	
1.94

	
45.37




	
Fe46.3Rh50Cr3.7

	
2.343

	
22.74

	
9.84

	
4.69

	
6.77

	
68.37

	
13.41

	
47.07

	
4.32

	
45.63




	
Fe46.3Rh50Cr3.7

	
4.339

	
6.75

	
3.09

	
1.89

	
1.06

	
43.81

	
9.19

	
30.08

	
2.04

	
37.06




	
Fe46.3Rh50Cr3.7

	
5.193

	
18.59

	
6.76

	
2.76

	
7.99

	
57.26

	
10.86

	
39.05

	
4.17

	
38.67




	
Fe44.4Rh50Cr5.6

	
4.221

	
22.30

	
8.33

	
3.33

	
9.44

	
59.56

	
11.60

	
38.53

	
6.22

	
37.26




	
Fe50Rh48.1Cr1.9

	
x

	
4.05

	
2.02

	
1.40

	
0.09

	
59.41

	
10.69

	
44.08

	
1.37

	
55.36




	
Fe50Rh46.3Cr3.7

	
3.626

	
5.18

	
2.54

	
1.77

	
0.25

	
46.91

	
9.23

	
33.75

	
1.15

	
41.73




	
Fe50Rh46.3Cr3.7

	
5.276

	
4.62

	
2.29

	
1.59

	
0.18

	
54.61

	
9.25

	
39.92

	
2.41

	
49.99




	
Fe50Rh46.3Cr3.7

	
5.258

	
4.60

	
2.27

	
1.57

	
0.20

	
56.95

	
9.93

	
41.50

	
2.40

	
52.35




	
Fe50Rh44.4Cr5.6

	
3.928

	
6.11

	
3.06

	
2.08

	
0.41

	
45.07

	
8.94

	
30.56

	
2.94

	
38.96




	
Fe48.15Rh48.15Cr3.7

	
2.167

	
8.19

	
3.33

	
2.38

	
1.82

	
65.56

	
12.48

	
48.20

	
1.32

	
57.37




	
Fe48.15Rh48.15Cr3.7

	
4.850

	
4.86

	
2.47

	
1.59

	
0.26

	
57.41

	
13.45

	
39.70

	
1.11

	
52.55




	
Fe48.15Rh48.15Cr3.7

	
7.793

	
4.77

	
2.37

	
1.59

	
0.21

	
56.48

	
10.65

	
40.02

	
2.81

	
51.71




	
Fe48.1Rh46.3Cr5.6

	
2.338

	
12.00

	
4.26

	
2.97

	
3.91

	
43.92

	
8.13

	
31.14

	
2.11

	
31.92
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