A F Cohen 
  
K Pasko 
  
L Zehani 
  
F Bessais 
  
M Mazaleyrat 
  
Lobue 
  
A Bartok 
  
M Kustov 
  
L F Cohen 
  
A Pasko 
  
K Zehani 
  
L Bessais 
  
F Mazaleyrat 
  
M Lobue 
  
Study of the first paramagnetic to ferromagnetic transition in as prepared samples of Mn-Fe-P-Si magnetocaloric compounds prepared by different synthesis routes

Keywords: Magnetocaloric effect, magnetic refrigeration, first-order magnetic transition, magnetic entropy change, Fe 2 P-based compounds, spark plasma sintering

   

Study of the first paramagnetic to ferromagnetic transition in as prepared samples of Mn-Fe-P-Si magnetocaloric compounds prepared by different synthesis routes

Introduction

Hexagonal Mn-Fe-P-Si compounds are known to represent a promising rare-earth-free road to room temperature magnetic refrigeration [START_REF] Dung | From first-order magneto-elastic to magneto-structural transition in (Mn,Fe) 1.95 P 0.50 Si 0.50 compounds[END_REF]. The giant magnetocaloric effect (MCE) has been studied in this system with particular emphasis on the tuning of the critical temperature and magnitude of the entropy change as a function of the composition [START_REF] Brck | Enhanced magnetocaloric effects and tunable thermal hysteresis in transition metal pnictides[END_REF]. Many materials where the first-order transition is associated with a strong magneto-elastic coupling show a peculiar phenomenon referred to as virgin-effect (VE) [START_REF] Miao | Thermal-history dependent magnetoelastic transition in[END_REF][START_REF] Waske | Asymmetric first-order transition and interlocked particle state in magnetocaloric La(Fe,Si)13, physica status solidi[END_REF] consisting in a lower transition temperature T c upon first cooling and a change in the slope of the magnetisation versus temperature curve. Our objective is to investigate the mechanism behind this strong change in behavior after the first cycle. The magnetocaloric transition in Mn-Fe-P-Si alloys is extremely sensitive to intrinsic (e.g. composition, chemical disorder) as well as to extrinsic (e.g. structural disorder, strain distributions in bulk polycrystalline samples) aspects. This makes separation of these two contributions to material properties a difficult task. Here we focus our attention on the influence of the sintering technique on the virgin effect in Mn-Fe-P-Si compounds. Four samples with same nominal composition are prepared using powder annealing, conventional sintering and Spark Plasma Sintering (SPS) technique under two different compacting pressures. Isothermal and isofield measurements are carried out on the as-prepared samples near to the critical temperature. Finally, by means of Hall-probe imaging and optical microscopy we show that bulk samples crack during the first paramagnetic-ferromagnetic transition. The effect of the density and stress are discussed.

Experimental

Polycrystalline samples of Mn 1.3 Fe 0.65 P 0.5 Si 0.5 were prepared by high-energy ball milling (using Fritsch Pulverisette 4) under Ar atmosphere. The compounds were prepared from high purity Fe 2 P powder and P, Mn and Si chips. The grinding bowl contained 198 grams of grinding balls (10 mm diameter) and 25 grams of the starting materials. The rotation speed was fixed at 120 rpm during the first 30 min (pre-milling) and then at 330 rpm for 5 hours.

The powder synthesis route we used consists in a two step annealing; the polycrystalline sample was first annealed at 1373 K for 2 hours in 200 hPa Ar atmosphere, and then at 1123 K for 20 hours (rate of temperature increase and decrease : 1.2 K/min). To produce the conventionally sintered sample the fine powder was pressed into pellets (6 mm diameter) in Ar atmosphere. Then the pellets were sealed in quartz ampules in 200 hPa Ar atmosphere and finally the same heat treatment was used as for the annealed powder sample. The third and fourth samples were prepared using Spark Plasma Sintering (SPS) from the annealed powder sample. The polycristalline sample was heated up to 1223 K (using temperature changing rate of 100 K/min) in Ar atmosphere under 50 and 80 MPa applied constant pressure and sintered for 30 minutes.

The use of off-stoichiometric compounds of (Mn,Fe) 1.95 (P,Si) instead of (Mn,Fe) 2 (P,Si) has been reported to be a way to reduce the presence of impurity phases and to obtain a sharp first order transition [START_REF] Dung | Mixed magnetism for refrigeration and energy conversion[END_REF]. X-Ray diffraction patterns, obtained using a Bruker D8 Advance diffractometer with Cu Kα radiation, have been used to check that no secondary phases were present. Room temperature results show that the reflections can be identified with a single hexagonal Fe 2 P-type phase (P 62m space group) in all cases. A small amount of cubic (Mn,Fe) 3 Si (space group Fm 3m) was also detected but with a very low fraction (<1-2 wt%). The lattice parameters are estimated from the XRD measurements using Rietveld refinement. According to the determined lattice parameters (a = 610 ± 0.5 pm and c = 344 ± 1.5 pm) and literature data [START_REF] Dung | From first-order magneto-elastic to magneto-structural transition in (Mn,Fe) 1.95 P 0.50 Si 0.50 compounds[END_REF], all the samples are expected to be in the paramagnetic state at room temperature.

Magnetic measurements were carried out using a Lakeshore vibrating sample magnetometer (VSM) and a Quantum Design 6000 physical property measurement system (PPMS). The density was measured using the standard Archimedes method.

Results

Temperature scanning in low magnetic field is the most common way to determine the critical temperature of a material with a phase transition. Performing measurement under constant temperature change rate is a rather difficult task that can result in a lower density of points along the steepest section of the transition (as is apparent in Fig. 1 for all the bulk samples). However that is a very important prerequisite to collect reliable data, particularly when processes that irreversibly change the sample properties are present such as the VE.

Here we focus on the first transition, namely the VE, of the four samples measured by changing temperature under isofield conditions ( µ 0 H = 1 T), in zero field using a standard DSC equipment and induced by the applied field in isothermal conditions, by fixing the temperature just above the Curie point of the studied phase.

Isofield measurements

Isofield magnetization measurements have been carried out using a VSM in a temperature range 150 K ≤ T ≤ 320 K. The temperature dependence of magnetization of the four samples is presented in Fig. 1. Looking at the second and further cooling-heating cycles, all four samples show quite sharp paramagnetic to ferromagnetic transitions at around 270 K (here T c is estimated from the steepest point in the M(T ) measured curves), with a thermal hysteresis of 5-7 K, and with a maximum magnetization of about 130 Am 2 /kg at 150 K, which is in a good agreement with the literature [START_REF] Dung | Mixed magnetism for refrigeration and energy conversion[END_REF]. This is a further check of the absence of relevant differences of composition between the four samples.

Nevertheless differences between the behavior of the first transition curves of the four samples are apparent. To make the discussion on the virgin curves more quantitative we define a central part of the transition as the temperature interval between 10% of the maximum total magnetic moment (i.e. the magnetic moment we assume to be associated, given the applied field, with a sample that is fully transformed into the ordered phase) and the 80% of it (∆T 10%-80% = T 10% -T 80% ) . Namely we focus on the central section of the transition where about 70% of the sample is expected to transform from the PM phase to the FM one. This choice is mainly dictated from the need to cut out the initial and final part of the curves where magnetic moment value can be more affected by orientation processes (see for instance the discussion about the role of anisotropy in [START_REF] Caron | Magnetocrystalline anisotropy and the magnetocaloric effect in Fe 2 P[END_REF]). Actually, the curve where the choice of the interval would be more difficult is the smoothest one (i.e. the one relative to the powder sample) where there is no easily detectable change in slope of the curve between steep section and the initial and final tails. That is why we selected the interval after performing a temperature dependent XRD measurement of the phase fractions on the powder sample (the full results will be published elsewhere). This confirmed that, at least for the powder sample, in the chosen interval M can be properly used as a measure of the amount of FM phase fraction present in the sample. Due to the sharpness of the VE transition, and to the need to control dT/dt, virgin curves measured on bulk samples are often made by few points in the most abrupt region of the transition. That makes it difficult to detect the steepest point to identify it with the first cooling critical temperature. Due to this difficulty in extrapolating a critical temperature associated with the virgin curve, we use the temperature corresponding to 50% of M, T 50% , by linearly interpolating between points on the curves, to define in some way the position of the VE. Virgin curves together with a first heating curve and a second cooling curve are compared in Fig. 1 (powder and classical sintering sample in the top frame, the two SPS samples in the bottom one, all measurement together in the inset). Values of ∆T 10%-80% and of T 50% can be found in Table 1.

DSC measurements

Further study of the virgin effect on our samples have been carried out using a PerkinElmer PYRIS Diamond differential scanning calorimeter. The measured heatflow is shown in Fig. 2 as a function of the temperature.

In the case of the stable curves (second and further coolings) the position of the maximal heat flow can be easily detected for all the samples and we have T c = 269 ± 3 K with a slight T c shift with respect to magnetization measurements due to the effect of the 1 T applied field in the latter. First cooling DSC signals are quite different; in the case of bulk samples they show a sawtooth shape due to the presence of individual abrupt avalanche-like events. In this case we limit ourselves to detect the temperature interval where the VE takes place, ∆T DS C (summarized in Table 1), by identifying the initial and final temperature of the first cooling transition as the points where the first cooling signal departs from the second cooling one. 
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Figure 2: DSC measurements on the as-prepared samples during the first (curve 1) and second (curve 2) cooling cycle (cooling rate : 10 K/min).

Field-induced transition

The field-induced first PM-FM transition has been carried out using a PPMS magnetometer up to 5 T applied field. The as prepared samples have been cooled down slowly (using the No overshoot temperature settling mode) close to the critical temperature (250 K). The isothermal magnetization curves have been measured in increasing and deceasing field performing two full cycles. Results are presented in Fig. 3. No difference can be observed between the curves after the first field increasing, namely after the first transition has been field induced. This is indeed what we would expect from isofield measurements as, after the first cool- ing, at 250 K all the samples are expected to be fully in the ordered phase. On the contrary, the first transition curves of the four samples are quite different. To discuss these differences we define, similarly to the isofield case, a field interval for the central part of the transition as the difference between the field where 80% and 10% of the total magnetization respectively are achieved and, ∆H = H 80% -H 10% (also reported in Table 1). The field where 50% of total M, H 50% is also reported. The virgin field induced transition of the powder sample (black hollow circles in Fig. 3) is smooth, as we would expect in analogy with isofield results (both, M(T ) and DSC measurements). The low field part of the curve is rather steep showing that some fraction of the sample is in the ordered phase from the very start of the process. For this sample µ 0 ∆H = µ 0 (H 80% -H 10% ) = 3.9 T and µ 0 = H 50% = 1 T. The conventionally sintered sample (red full squares in Fig. 3) shows a quite different behavior. In this case the transition advances through a series of step-like jumps separated by more gradual low change intervals. The transition appears to be clamped below an applied field of about 1.4 T. The sample is entirely transformed at about 2.8 T after experiencing three abrupt transitions. In this case µ 0 ∆H = µ 0 (H 80% -H 10% ) = 1.9 T is slightly overestimating the real field interval where the virgin transition take place that is more reasonably the interval between the field corresponding to the first and last jump, namely µ 0 ∆H jump = 1.4 T. A similar behavior is observed on the SPS 50 MPa sample (green hollow diamonds in Fig. 3).

Sample Density ∆T 10%-80% T 50% µ 0 ∆H 10%-80% µ 0 H 50% ∆T DS C (g/cm 3 ) (K) (K) (T) (T) (K)
Here the transformation is smoother and is laying on a wider field interval, µ 0 ∆H = µ 0 (H 80% -H 10% ) = 3.8 T with µ 0 H 50% = 2.4 T. Finally, the SPS 80 MPa sample (blue full triangles in Fig. 3) do not achieve a field induced transformation in the field range from zero to 4 T. This seems in agreement with the fact that the first transition, in 0 field DSC measurement is shifted of 8-9 K to a lower T (Fig. 2), so that in isothermal measurement we are trying to field induce the transformation at a temperature too far from the actual virgin T c to achieve it. 

Hall probe imaging

The isothermal field induced first (VE) and further transitions have been imaged using a scanning Hall probe microscope (SHPM) on the conventionally sintered sample. We followed the same protocol used to acquire isothermal magnetization curves with the PPMS. Virgin samples have been cooled to 250 K in zero magnetic field. Than images have been taken by increasing the field up to 4 T and deceasing it back to 0 T (Fig. 4). Hall probe images allow to visualize the jumps characterizing the first transition as sharp borderlines separating the FM regions bright in the images, from the dark PM ones (Fig. 4 sequence 1). The smooth decrease of M, mainly due to magnetization rotation, is measured when reducing H to zero and is imaged as a gradual and uniform darkening of the sample (Fig. 4 sequence 2). Optical microscope images of the as-prepared sample (Fig. 5 left) and of the same sample after the first transition (5 center) show the formation of cracks that correspond approximately in shape and position to the boundaries between FM and PM regions visualized with the Hall probe. Figure 4: Isothermal magnetic measurements on the virgin sample prepared by conventional sintering at 250 K (top) and Hall-probe imaging during measurement on the virgin sample prepared by conventional sintering at 250 K in increasing (center) and decreasing field (bottom). It is worth noting that the smooth darkening of the sample when the field decreases is entirely related to the rearrangement of M and that the first image (the darkest one) shows a sample still ferromagnetic in its remanent state.

Discussion and conclusions

The results of this study present many similarities with a recent work on the virgin effect in LaFeSi [START_REF] Waske | Asymmetric first-order transition and interlocked particle state in magnetocaloric La(Fe,Si)13, physica status solidi[END_REF] where the role of elastic energy due to inter-particle couplings is investigated.

In our case the main point of the discussion is the comparison between the VE phenomenologies we observed measuring the first transition of as-prepared samples under the action of a temperature change, in fixed field conditions (i.e. M(T ) curves and DSC data), and under the action of applied field change, in isothermal conditions (i.e. M(H) curves and Hall probe images).

In the case of isofield magnetization measurements we do not have direct imaging of the process and, unfor- tunately, the M(T ) curve resolution is not high enough to clearly show the jumps during the first transition. However the resolution of the DSC was sufficient to capture the relevant data. The avalanche structure of the DSC VE measurements observed in bulk samples can be interpreted as associated with the formation of cracks similar in direct support of our observations using Hall probe imaging during the field induced VE. Moreover, the temperature interval where the transition takes place is larger for the powder sample (∆T 10%-80% = 46.9 K) than for the bulk ones (∆T 10%-80% = 13.4, 30.3, 32.1 K respectively for the conventionally sintered, the SPS at 50 MPa and the one at 80 MPa). The result is quite similar when comparing ∆T DS C (see Table 1). This behavior can be explained as associated with the elastic energy minimization during the transition. We assume that in this case elastic energy, due to the strain induced at the interface of coexistence between different phases, will be minimized by ordering huge regions and by constraining them to cross the transition at the same time. In Fe 2 P alloys, magnetic ordering is associated with a sharp increase of the a lattice parameter of the hexagonal lattice [START_REF] Dung | High/low-moment phase transition in hexagonal Mn-Fe-P-Si compounds[END_REF]. We can understand that the grain boundaries between hexagonal crystals laying in the same plane but forming small angles between them, will be subject to rather significant strain during the transition. A low angle grain-boudary separating two crystals with a different orientation is commonly represented as a surface containing a sequence of dislocations. The virgin effect and the appearance of cracks could be associated with the rearrangement of arrays of dislocations associated with grain-boundaries. In this frame dislocation rearrangement can be responsible for the virgin effect and, in the case where the grains are more closely mechani-cally interlocked, this will result in cracks [START_REF] Zhou | Dislocation nucleation and crack stability: lattice greens-function treatment of cracks in a model hexagonal lattice[END_REF]. As a general rule freely mobile dislocations reduce the strength of materials [9]. From this point of view the difference in the behavior of the virgin effect in the bulk samples can be interpreted as due to different levels of dislocation mobility.

The dislocation mobility can be hindered by two mechanisms: pinning by defects and high dislocation density (inter dislocation coupling). Defects distribution and dislocation density can both be at the origin of the difference in the sharpness of the first transition we observed in samples produced by different routes. Powder samples present a wide distribution of defects (also reflecting the distribution in grain sizes) whereas classical sintering induces a rather ordered structure with huge fractions of the sample mechanically coupled (this is the case where a long range elastic field can produce the sharp steps we observe in the field induced transition). The case of SPS samples is different. SPS is a form of flash sintering where heating is fast and takes place from inside the sample due to the high current passing through the material. In this case we can expect to find a wider distribution of defects and a higher density of dislocations (the material is denser with smaller crystals and therefore with a higher total surface of inter-grain boundaries). This can explain why the 50 MPa SPS sample behaves in a way that is somewhere between the powder sample and the classically sintered one. In this frame we can also explain the seemingly anomalous behavior of the 80 MPa SPS sample. Indeed, if we assume that increasing pressure can increase the dislocation density we can expect to obtain, in this case, a sample harder to deform (due to inter dislocation coupling).

Of course further studies are needed to check this hypothesis. Firstly we shall perform an accurate structural characterization to estimate the effective surface of grain-boundaries allowing a discussion about particles interlocking similar to the one in [START_REF] Waske | Asymmetric first-order transition and interlocked particle state in magnetocaloric La(Fe,Si)13, physica status solidi[END_REF]. Secondly, a systematic study of the influence of particle size distribution on the virgin effect would allow us to relate this phenomenology to the actual dislocation/defect density present in the samples. A final goal would be to relate the stable behavior of the transition (i.e. its sharpness and the presence of hysteresis) to microscopic features such as the defect distribution. This would facilitate the tailoring of the magnetocaloric properties by controlling the microstructure of materials using different preparation routes.

Figure 1 :

 1 Figure 1: Temperature dependence of the magnetization, measured in 1 T applied field with increasing and decreasing temperature (2 cycles) on the as-prepared materials. Annealed powder sample (black hollow circles), sample prepared by conventional sintering (red full square), sample prepared by SPS under 50 MPa (green hollow circles) and 80 MPa (blue full square).

Figure 3 :

 3 Figure 3: Isothermal magnetic measurements on the virgin samples at 250 K

Figure 5 :

 5 Figure 5: Optical image of sample prepared by conventional sintering. The as-prepared sample (left) and after the first transition (center), compared with a Hall image showing partial phase-transition (right). Flashes are showing cracks correspond approximately in shape and position to the boundaries between FM and PM regions.

Table 1 :

 1 Density and critical temperature data from isothermal and isofield magnetization measurements and DSC.

	Annealed powder	-	46.9	238.5	3.9	1.0	22
	Conventonal sintering	5.76	13.4	242.4	1.9	2.0	12
	SPS-50 MPa	6.03	30.4	243.1	3.8	2.4	14
	SPS-80 MPa	6.11	32.1	239.1	-	-	11
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