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Abstract

:

The search for new magnetocaloric materials for application in magnetic refrigerants is highly motivated by high efficiency, reliability, and environmental safety. The values of the magnetocaloric effect MCE and the refrigerant capacity RC for the equiatomic GdRuSi compound were determined to be MCE = 10.7 and 4.94 J/kgK and RC = 336 and 92 J/kg with a change in the field of 0–50 and 0–17 kOe, respectively. These high values of MCE and RC for GdRuSi appear in the region of nitrogen liquefaction temperature of 77.4 K, due to which the compound can be useful in practice. The densities of states and magnetic moments of GdRuSi were calculated theoretically, taking into account strong electron correlations in the 4f Gd shell. The total magnetic moment of GdRuSi was found to be composed of the Gd moment only with the value calculated in very good agreement with the experimental one.
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1. Introduction


Functional magnetic materials such as permanent or soft magnets, magnetostrictive, and magnetic shape memory compounds are very important for application in modern society. An urgent problem is the search for new magnetocaloric materials for magnetic refrigerates in view of high efficiency, reliability, and environmental safety [1,2,3]. The outstanding magnetocaloric performances have been reported on heavy rare earth-based compounds [1,2,3,4,5], MnTZ (T = Co and Fe; Z = Ge and Si)-based compounds [6], Ni-Mn-Y (Y = Ga, In and Sn)-based compounds [7], La(Fe, Si)13Hx-based compounds [8], etc., with the MCE about 20–25 J/kgK in a field changing to 50 kOe. The temperature range in which MCE is pronounced is also important [1,2,3,4]. The so-called refrigerant capacity RC indicates how much heat can be transferred from the cold end to the hot end of a refrigerator in one refrigeration cycle. The giant-MCE materials have large MCE values extending over a narrow temperature range and irreversible character of MCE with a hysteresis due to the first-order phase transitions. Materials with the second-order phase transitions (the most used is Gd with MCE = 9.8 J/kgK at TC = 293 K in a field changing to 50 kOe) present smaller MCE values spread over substantially a broader temperature range. It should be noted that the vast majority of the magnetocaloric materials exhibit large MCE values of the order of 10–30 J/kgK at cryogenic temperatures [9,10].



The ternary intermetallic RTX compounds (R = rare earth, T = transitional metal, X = p block metal) have attracted much attention, due to their interesting physical properties [9]. The RTX compounds have gained significant importance in power, electronics, and telecommunications industries because of their magnetic, electronic, and chemical properties [9]. Recently, a ternary Gd-Ru-Si intermetallic compound with the close 122 composition attracted tremendous attention from researchers due to the nanometric square skyrmion lattice discovered in its centrosymmetric tetragonal lattice [11].



The GdFeSi and GdRuSi compounds crystallize in tetragonal structure of the CeFeSi type (space group P4/nmm) [12,13]. The hybridization between Si p states and 3d states of transition metal atom leads to the filling of 3d band and absence of the magnetic moment of Fe in the RFeSi compounds [12]. The GdFeSi and GdRuSi compounds are ferromagnetic below TC = 135 and 85 K, respectively [12,13]. It was found that the GdFeSi compound exhibits a rather large value of the magnetocaloric effect MCE of 5 J/kgK [14,15] at TC = 130 K [15] in a field changing to 17 kOe. This value is in line with the following new promising rare-earth-based compounds with a hysteresis-free second-order magnetic phase transition at about 100 K for use in magnetic refrigeration, such as DyFeSi with maximum magnetic entropy change (i.e., MCE) −ΔSM = 9.2 J/kgK at 70 K with the magnetic field change of 0–20 kOe [16], TbFeSi with –ΔSM = 9.8 J/kgK (0–20 kOe) at 110 K [16], Tb3Co with –ΔSM = 28.8 J/kgK (0–70 kOe) at 84 K [17], Gd2Cu2Cd with –ΔSM = 7.8 J/kgK (0–50 kOe) at 120 K [18]. We can assume the same large value of the MCE in the case of GdRuSi as for GdFeSi, keeping in mind the close values of the MCE for ErRuSi (21.2 J/kgK) and ErFeSi (23.1 J/kgK) in a field changing to 50 kOe [9] and that only the R component is magnetic in RRuSi and RFeSi [9,12,13]. Considering the proximity of TC = 85 K of GdRuSi [9] to the liquefaction of nitrogen temperature T = 77.4 K, it is of interest to study the magnetocaloric effect for GdRuSi.




2. Materials and Methods


The GdRuSi compound was prepared by arc melting in an argon atmosphere. The ingot was homogenized at 1273 K for 8 days and then quenched in water. X-ray powder diffraction analysis was employed to determine the phase composition, structure type, and lattice parameters under ambient conditions. A diffractometer of Empyrean Series 2 (PANalytical, Malvern, UK) and CuKα radiation was used. The HighScore v.4.x programs were employed for the calculation of lattice parameters and analysis of phase compositions. A vibromagnetometer 7407 VSM (Lake Shore Cryotronics, Westerville, OH, USA) and SQUID-magnetometer MPMS XL7 (Quantum Design, San Diego, CA, USA) were used for magnetic study in a magnetic field up to 7 T. The magnetization curves M(H) were measured at 4 K on free powder samples previously oriented by an external field of 7 T upon cooling from room temperature. They were corrected by simple subtraction of the GdRu2Si2 impurity contribution. The temperature of the magnetic phase transition in the sample was determined from the magnetization vs. temperature M(T) curves measured in a magnetic field of 0.01 T and in the temperature range 4–440 K. The TC was also determined with the help of Arrott plots.



The first principles theoretical calculations of magnetic moments and electronic structure of the ternary GdRuSi compound were completed within the DFT+U method [19] in the Quantum ESPRESSO computational package [20,21] based on the exchange–correlation functional approximation in the form of generalized gradient approximation (GGA), version Perdew–Burke–Ernzerhof (PBE) [22]. For the sufficient convergence in our self-consistency cycle, an energy cutoff for plane waves equal to 60 Ry was set. Integration in reciprocal space was based on a grid of 12 × 12 × 12 k-points. In the calculations, we used the projected augmented wave (PAW) datasets for Gd [23] and standard PAW pseudopotentials for Ru and Si from the pseudopotential library of Quantum ESPRESSO [24]. In 4f Gd shell, strong electron correlations were taken into account as the +U correction for direct Coulomb parameter equal to 6.7 eV and exchange parameter equal to 0.7 eV, which are commonly employed for Gd as a metal and in various Gd-based intermetallic compounds [19,25].




3. Results


3.1. Crystal Structure Analysis


The GdRuSi compound investigated crystallize into the tetragonal CeFeSi (P4/nmm)–type structure with the lattice parameters a = 4.192 Å and c = 6.602 Å. These values are close to a = 4.173(2) Å and c = 6.586(4) Å found in [13]. The fraction of a parasitic antiferromagnetic GdRu2Si2 phase is also presented in the alloy, however the amount of dominant phase could be estimated as >95%. The experimental and calculated X-ray diffraction patterns for GdRuSi are shown in Figure 1. The presence of small additional reflections from GdRu2Si2 were taken into account in simulations.




3.2. Magnetic Properties and Electronic Structure


Figure 2 shows the magnetization curves for the GdRuSi compound, which were measured at 4 K on free powder samples previously oriented along easy magnetization axis by an external field of 70 kOe upon cooling from room temperature. The magnetization curve is typical of ferro- or ferrimagnets, similarly to GdFeSi [25]. The GdRuSi compound has a saturation magnetization of the order of 7 μB/f.u. (Figure 2), which equals to the value of the magnetic moment for a free Gd ion. This means it is a collinear ferromagnet. There is virtually no magnetic hysteresis on the M(H) dependence for GdRuSi.



The zero-field-cooled thermomagnetic curve ZFC M(T) for the GdRuSi compound measured in a field of 100 Oe on free powder sample previously oriented along easy magnetization axis by an external field of 70 kOe is presented in Figure 2. The increase in ZFC M(T) upon heating from 4 K can be caused by domain-wall movement [26]. Such an increase in field-cooled FC M(T) was not observed when cooling the sample in a field of 100 Oe (see Figure 2) because the maximum order degree for that magnetic field has already been reached [26]. There is no thermal hysteresis on the M(T) dependence for GdRuSi in the region of the temperature of the magnetic phase transition of the ferro-paramagnet, i.e., this is a second-order phase transition. The Curie temperature TC = 78.3 K of the alloys was determined from the position of the minimum of the derivative for the M(T) dependence. Earlier in [13] a slightly larger value of TC = 85 K was established, perhaps because of measurements in higher field up to 15 kOe, which creates an additional ordering effect on the magnetic moments of the ions. It is also seen (Figure 2) that there is a small jump at T~18 K, presumably corresponding to the magnetic phase transition from antiferromagnetic to ferromagnetic ordering in the parasitic GdRu2Si2 phase [27]. The presence of this phase in the GdRuSi sample was established by X-ray diffraction (see Section 3.1). There are no other features on the M(T) dependence caused by magnetic phase transformations in the GdRuSi sample.



The TC = 78.3 K for GdRuSi was also determined with the help of Arrott plots [28] as is shown in Figure 3. The positive slope of the Arrott curves indicate that the ferromagnet-to-paramagnet transition can be classified as second-order type-phase transition according to the Banerjee criterion [28]. A similar conclusion follows from the absence of thermal hysteresis on the M(T) dependence for GdRuSi in the region of the temperature of the ferromagnet-to-paramagnet phase transition (Figure 2) and from the “caret” shape of the temperature dependence of the change in magnetic entropy –ΔSM(T) (see Section 3.1), which is typical of the second-order magnetic-phase transition [28].



The densities of electronic states for the GdRuSi compound are shown in Figure 4. The Fermi energy (EF) is shown as a vertical dashed line at zero energy. The most intense DOS peaks (shown in red in Figure 4) near −6.5 and 5.8 eV are formed by the 4f localized electronic states of Gd. Due to the strong electron correlations in the 4f Gd shell taking into account in our GGA+U calculations, these peaks are shifted from the Fermi energy, because the 4f electronic states are half-filled. In the energy range from −4 eV up to 4 eV, the density of electronic states formed due to the 4d states of Ru and 3p states of Si. These electronic states are almost spin unpolarized, i.e., almost the same for both spin projections. In the calculations, the ferromagnetic ordering of the Gd magnetic moments is found, whereas Ru and Si are converged to be nonmagnetic (less than 0.02 μB). Nonmagnetic 3d ions are also found in the calculations for similar Gd-based ternary intermetallics [25,29,30]. For example, in GdTiSi [29] or in the close compound GdNiGe [30], the Ti and Ni, as well as Si or Ge, are calculated to be nonmagnetic, correspondingly. Moreover, in GdFeSi, the electronic structure calculations also revealed that the iron ions are nonmagnetic, which is caused by the presence of silicon in GdFeSi [25]. For the Gd ions, the strong spin polarization at half-filling of the 4f shell results in the magnetic moment 7.1 μB (per Gd ion and per f.u.), which is in very good agreement with the above experimental value 7 μB/f.u., see above.




3.3. Magnetocaloric Effect


The isothermal magnetic entropy change –ΔSM (i.e., the magnetocaloric effect MCE) was calculated from the magnetization isotherms M(H) using the well-known Maxwell relation [9]:


  Δ  S M   (  T , H  )  =   ∫  0 H     (    ∂ M   ∂ T    )   H  d H    



(1)







Magnetization isotherms M(H) of GdRuSi in the range T = 50–120 K are shown in Figure 5. The temperature step is 5 K in the ranges 50–70, 95–120 K and 2 K in the range 71–95 K.



Figure 6 illustrates the isothermal magnetic entropy changes –ΔSM (1) for GdRuSi as a function of temperature in a field changing to 10–50 kOe. Their “caret” shape is typical of the second-order magnetic-phase transition [28]. A similar conclusion follows from the form of the Arrott plots for GdRuSi (Figure 3) and from the absence of thermal hysteresis on the M(T) dependence for GdRuSi in the region of the temperature of the ferromagnet-to-paramagnet phase transition (Figure 2).



For the GdRuSi equiatomic compound, a large value of the MCE was found, which is 10.7 at 87 K and 4.94 J/kgK at 79 K in a field change of 0–50 and 0–17 kOe, respectively. The value 4.94 J/kgK is somewhat less than 5 J/kgK for GdFeSi when the field changes 0–17 kOe [15]. At the same time, the Curie temperature TC of GdFeSi equals to 130 K [15] and of GdRuSi—78.3 K, well below room temperature for practical application in domestic magnetic refrigerator. In this situation, successful alloying can be a good way to increase TC of these compounds. For example, a sharp increase in TC up to 184.4 K (by 54.4 K) was established when Ti atoms were substituted for Fe in the GdFe1-xTixSi compounds at x = 0.1 [15].



The value –ΔSM(TC) = 5.6 J/kgK for GdRuSi (Figure 6) is noticeably smaller than –ΔSM(TC) = 9.2 J/kgK for DyFeSi [10] in a field changing to 20 kOe. However, TC = 78.3 K and, consequently, the –ΔSM(TC) maximum for GdRuSi are closer to the nitrogen liquefaction temperature of 77.4 K than TC = 70 K for DyFeSi. Therefore, GdRuSi is more efficient for nitrogen liquefaction than DyFeSi.



The refrigerant capacity RC was estimated by numerical integration of the area under the –ΔSM(T) curve between the temperatures T1 and T2 at the width of half maximum of the peak [14]:


  R C = −   ∫    T 1     T 2    Δ  S M  d T    



(2)







The RC value of the GdRuSi compound equals to 336 J/kg (for T1 = 69 K and T2 = 109 K) and 92 J/kg (for T1 = 71 K and T2 = 94 K) in a field changing to 50 or 17 kOe, respectively.



The GdRuSi compound with large –ΔSM(TC) = 4.94 J/kgK at TC = 78.3 K and RC = 92 J/kg in a field changing to 1.7 T can be of practical interest due to TC being close to nitrogen liquefaction temperature of 77.4 K.





4. Conclusions


The values of the magnetocaloric effect MCE and the refrigerant capacity RC for the equiatomic GdRuSi alloy were determined, which are MCE = 10.7 and 4.94 J/kgK and RC = 336 and 92 J/kg with a change in the field of 0–50 and 0–17 kOe, respectively. These large values of MCE and RC for GdRuSi with TC = 78.3 K appear in the region of nitrogen liquefaction temperature of 77.4 K, due to which the compound can be useful in practice. The value of 4.94 J/kgK is quite large and almost coincides with the previously obtained 5 J/kgK at TC = 130 K and a field change of 0–1.7 T for GdFeSi. In the calculated densities of states of GdRuSi, we identified the localized 4f Gd states, which required the accounting for electron correlations within DFT+U. The theoretical total magnetic moment of GdRuSi was found to be solely formed by the Gd ion (the Ru and Si ions were calculated to be nonmagnetic similar to Fe and Si in the previously considered ternary GdFeSi intermetallic compound), and its value is in very good agreement with the experimental data. Further search of magnetocaloric materials among gadolinium compounds may result in the discovery of novel materials useful for various environmentally sustainable applications.
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Figure 1. X-ray diffraction pattern (symbols) and its fitting (envelop line) of GdRuSi. The lower curve is the difference between the experimental and calculated results. Vertical lines show the reflection positions for the (up-down) GdRuSi and GdRu2Si2 compounds. 
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Figure 2. Magnetization and demagnetization curves of free powder sample of GdRuSi at T = 4 K. The inset shows field-cooled (FC) and zero-field-cooled (ZFC) thermomagnetic curves of GdRuSi collected in an applied field of 100 Oe applied along easy magnetization axis of the free powder sample. 
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Figure 3. Arrot plots for the GdRuSi compound. Different colors for different symbols are made to better distinguish them. 
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Figure 4. Calculated total (black curves) and partial densities of states of GdRuSi. The Fermi energy (EF) is set at zero and shown as a vertical dashed orange line. 
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Figure 5. Magnetization isotherms M(H) of GdRuSi in the range T = 50–120 K (up-down). The temperature step is 5 K in the ranges 50–70, 95–120 K and 2 K in the range 71–95 K. Different colors for different symbols are made to better distinguish them. 
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Figure 6. Temperature dependences of the change in magnetic entropy –ΔSM(T) in a field changing to 10–50 kOe for GdRuSi. 
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