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Rare-earth-transition-metal intermetallics show very interesting magnetic properties for numerous applications (hard magnetic materials, magnetic refrigeration . . . ). This paper is devoted to the study of the structural, magnetic and magnetocaloric effect (MCE) of the intermetallic nanomaterials PrCo3, which derives from the PuNi3 type structure. This system crystallizes into the rhombohedral structure (R 3m space group). PrCo3 compound exhibits a second order ferro -paramagnetic transition at around 330 K. This 1:3 system, based on a stacked Pr2Co4 and PrCo5 units, has a magnetocaloric effect of 1.3 J/kg K at low field. In addition, we demonstrated that the MCE derived from phenomenological and experimental approaches were in agreement.

I. INTRODUCTION

Rare-earth-transition-metal (R -T ) intermetallic alloys are generally characterized by a high magnetic transition temperature and a single-axis (uniaxial) anisotropy. In addition, for a well optimized microstructure, they can show a high coercivity [START_REF] Cullity | Introduction to Magnetic Materials[END_REF][START_REF] Coey | [END_REF][3].

Several studies have focused on the magnetic properties of 4f rare-earth (R) and 3d transition metalbased (T ) intermetallics, both for their interesting magnetic properties and for their potential applications (permanent magnets, magnetostrictive actuators or sensors, magnetocaloric materials, high density magnetic recording, hydrogen storage . . . ).

RT y compounds are intergrowth phases (2 < y < 5). These compounds consist of a stack of units: the R 2 T 4 and RT 5 , that can also represented by [A 2 B 4 ] and [AB 5 ] units. RT y compounds are polymorphic phases, i.e. for the same composition, the system presents several possible structures. In this case, one obtains either the hexagonal structure (H) of space group P 6 3 /mmc or the rhombohedral structure (R) of space group R 3m. This binary RT y compounds can be described by the following equation [4,5]: y = (5n + 4)/(n + 2) with n = 0, 1, 2, 3, 4 . . ., n ≥ 0 is an integer representing the number of units [AB 5 ] in an elementary brick. In a general way, whatever y is, [A 2 B 4 ] + n[AB 5 ] can describe the elementary brick in this type of system. Thus, n = 1 corresponds to the stoichiometry RT 3 , n = 2, to the stoichiometry R 2 T 7 , and n = 3, to the stoichiometry R 5 T 19 . With the same rules, we find that n = 0 corresponds to the stoichiometry RT 2 , while n → ∞ corresponds to the stoichiometry RT 5 .

The magnetocaloric effect (MCE) in various magnetic * Corresponding author: bessais@icmpe.cnrs.fr materials has been extensively investigated experimentally and also theoretically, not only because of their potential applications for active magnetic refrigeration but also for understanding the fundamental properties of these materials. The intermetallic compounds were also studied for their MCE such as La(FeSiCo) 13 H, R 2 Fe 17 , and Gd 5 (GeSi) 4 [6][7][8][9][10][11][12][13][14][15][16][17][18][19].

The RCo 3 compounds are formed for all rare earths [20], their lattice parameters decrease with the rareearths atomic number, this is related to the contraction of the lanthanides [21] except for the special case of the CeCo 3 compound, where cerium has a smaller size than other rare earths [22].

Very few studies were devoted to magnetocaloric effect for RCo 3 compounds. The majority of R -T intermetallic compounds show a second order magnetic transition (SOMT) [17,[23][24][25][26]. However, the compounds that possess a SOMT exhibit negligible loss by thermal and magnetic hysteresis, which is a definite advantage for magnetic refrigeration.

In this work, we focused on the structural and magnetic properties of the intermetallic compound PrCo 3 prepared by high energy ball milling followed by a short heat treatment. We chose this compound because it has several potential advantages: (i) it is low cost and has better corrosion resistance than Gd which is the ideal candidate for the magnetocaloric effect. (ii) It does not exhibit thermal or magnetic hysteresis since it has a second order magnetic transition. (iii) In addition, this compound is a multifunctional material (magnetically hard, good hydrogen storage capacity and good magnetocaloric properties).

The crystal structure of this compound was found an inter-growth of MgZn 2 and CaCu 5 stacked structures. Furthermore, for the first time we studied the low-field magnetocaloric properties of the rhombohedral PrCo 3 PuNi 3 -type compound.

II. EXPERIMENT

PrCo 3 samples were prepared by melting praseodymium (99.9 wt%) and cobalt (99.9 wt%) in appropriate stoichiometric proportions.

A small excess of Pr was accounted for, in order to compensate some losses due to the volatile nature of the rare earth. The melting process was done by an electric arc furnace equipped with a W electrode under high-purity Ar atmosphere. In this process, the ingots obtained were remelted five times to achieve a better homogenization of the material.

The ingots were then subsequently processed into nanopowders by undergoing high energy ball milling for 5 hours in Ar atmosphere, using a Fritsch P7 planetary mill. The resulting powder was then wrapped in tantalum sheets and vacuum-sealed in a silica tube. Finally, the sealed tube was then placed in a furnace and heated at 1000 • C for 30 minutes. The thermal treatment was interrupted by quenching in cold water.

To identify the phases and describe the cell parameters of our compound, X-ray powder diffraction was carried out on a BRUKER diffractometer using Cu Kα radiation (λ = 1.5405 Å) with an internal silicon standard in order to insure an accuracy of ±10 -3 Å for the unitcell parameter. The intensities were measured at angles ranging from 2θ = 20 • to 80 • with a step size of 0.015 • . The Rietveld refinement of the diffractograms where then carried out using the FullProf computer code [27,28] in the supposition of the Thompson-Cox-Hastings line profile which allows the multiple-phase refinement in case of coexisting phases. The size of the diffraction domain in the sample was determined from the line pattern broadening, using the formula of Scherrer. The best refinement fit agreement is given by the usual agreement factors R B and χ 2 [3,29].

All the magnetic measurements such as Curie temperature T C and isothermal magnetic curves M (H) were measured on a differential sample magnetometer MAN-ICS in fields up to 15 kOe, on 10 mg powder samples.

III. RESULTS AND DISCUSSION

A. Structure analysis

It is important to emphasize that the structure of the PrCo 3 phase with a PuNi 3 -type structure is described by the stacking along the c-axis of the unit blocks PrCo 2 (MgCu 2 ) and PrCo 5 (CaCu 5 ) [30]. The AB 3 unit blocks are obtained by stacking the A 2 B 4 and AB 5 unit blocks three times. The block cell contains two non-equivalent crystallographic sites: Pr atoms in 3a and 6c sites, whereas, Co atoms in 3b, 6c and 18h sites.

X-ray diffractograms were refined using the FULL-PROF program with the Rietveld method using a Thompson-Cox-Hastings-pseudo-Voigt peak shape function [31][32][33]. As a measure of refinement quality, two fac- tors of agreement R B and χ 2 were used. The parameters of the unit cell were derived with Si standard (a = 5.4308 Å) leading to an accuracy of the unit cell parameters of ±1.10 -4 Å [34,35]. Fig. 1 shows the profile fit using the Rietveld analysis for the PrCo 3 compound. These results show that the sample is a single-phase with around 1% of a secondary phase. The diffraction peaks are indexed in the rhombohedral R 3m space group (PuNi3-type structure). In the table I, we have listed the best values of R B and χ 2 . The unit cell parameters (a= 5.0783(5) Å and c= 24.7943(9) Å) for PrCo 3 are in good agreement with the results found in the literature [36]. The atomic positions (x, y, z) and the occupation of the different Wyckoff positions of the compound PrCo 3 are grouped in table I.

B. Magnetic and magnetocaloric properties

Thermomagnetic properties

In this part, we will focus on intrinsic and extrinsic magnetic properties. The Curie temperature T C , is the intrinsic magnetic order transition. In intermetallics, constituted by rare-earth-transition-metal alloys, the magnetic transition temperature depends on three types of exchange interactions. The exchange interaction 3d -3d (J Co-Co ) between the moments of the Co sublattice, and the 4f -4f (Exchange (J Pr-Pr )) and the intersublattice 3d -4f exchange interaction (J Pr-Co )). We note that the 4f -4f rare earth interaction is expected to be low and negligible in comparison compared to the other two types of exchange interactions [37,[START_REF] Franse | Handbook of magnetic materials[END_REF].

The temperature dependency of the magnetization (Fig. 2) shows that T C is equal to 330 K determined by the calculation of the minima of the dM/dT derivative. This para-to ferromagnetic transition is due essentially to the predominance of the positive Co-Co exchange interactions 3d -3d [37,[START_REF] Franse | Handbook of magnetic materials[END_REF]. 

Phenomenological approach

To determine the MCE in the magnetic material PrCo 3 , a phenomenological model is used to simulate magnetization vs temperature curve, under a low magnetic field within the adiabatic conditions. It was demonstrated by the mean field theory that the magnetisation dependence on the temperature and on T C is given by [START_REF] Hamad | [END_REF]:

M (T ) = M fer -M par 2 tanh [δ(T C -T )] + T dM dT | T <T C + γ (1 
) where M fer is an initial magnetization value at the ferro-paramagnetic transition for T < T C and M par is a final value of magnetization at the ferro-paramagnetic transition for T > T C . δ and γ parameters are given by the following two equations:

δ = 2( dM dT | T <T C -dM dT | T C ) M fer -M par γ = M fer + M par 2 - dM dT | T <T C .T C
where dM dT | T <T C represent the sensitivity of magnetization dM dT at ferromagnetic state and dM dT | T C is magnetization sensitivity dM dT at T C . Under adiabatic condition, the magnetic entropy change can be obtained by the integration of magnetization derivative as follow:

∆S M = -δ.H max M fer -M par 2 sech 2 [(δ(T C -T ))] + ( dM dT | T <T C ).H max (2) 
Eq. 2 Shows that an observed relatively large magnetic entropy change is a consequence of high magnetization at ferromagnetic state and rapid drop in magnetization at T = T C . Hence, the peak of the magnetic entropy change ∆S max M can be calculated using the equation Eq. 2, in fact, for T C = T ∆S M =∆S max M , so, it is expressed as follow:

∆S max M = (-δ (M fer -M par ) 2 + ( dM dT | T <T C ))H max
The specific heat can be deduced from ∆S M , using the relation below[? ]: ∆C p = T δ∆S M δT Based on the above formula, heat capacity change ∆δC p , can be expressed as:

∆C p = -δ 2 .H max .T M fer -M par 2 sech 2 [(δ(T C -T ))] × tanh[δ(T C -T )]
(3) From this phenomenological model ∆S max M and ∆C p,H can be simply evaluated for PrCo 3 compound under magnetic field variation. Fig. 3 shows a good agreement between modeled and experimental magnetization variation with temperature for PrCo 3 , symbols represent experimental data, and the red line corresponds to modeled magnetization.

Moreover, Fig. 4 and Fig. 5 show ∆S M and ∆C p,H variation with temperature under a tow low magnetic fields , respectively. Predicted values of ∆S max M and ∆C p under tow relatively low magnetic field for PrCo 3 are determined as shown in Tab II. From Fig. 4 and Fig. 5 we can easily see that the increase of magnetic field causes an increase of ∆S M values from 0.13 J.(kg.K -1 ) to 0.27 J.(kg.K) -1 . 

Experimental approach: magnetocaloric effect

The MCE shows the isotherm entropy change. For a constant pressure, the total entropy, S(T, H) is the combination of electronics (S el ), magnetic (S m ), and lattice (S lat ) [START_REF] Tishin | The magnetocaloric effect and its applications[END_REF]. It can be expressed as follows: 

S(T, H) = S m (T, H) + S lat (T ) + S el (T )
We calculated the MCE in terms of the isothermal magnetic entropy change ∆S M using the magnetization isotherms measured at different temperatures. For PrCo3, we determined the isothermal magnetization between 310 and 355 K, under a weak magnetic field of 1.5 T. Fig. 6 illustrates the representative isothermal magnetization curves M (H, T ) of the intermetallic compound, recorded at various temperatures near T C . Analysis of Arrott's plots, M 2 versus H/M , obtained from the magnetic field dependency of isothermal magnetization, is shown in figure Fig. 7. Having in mind Banarjee criterion [50], the positive slope and linear behavior near T C confirm that the magnetic phase transition is of second order from the ferromagnetic to the paramagnetic state. The MCE has been investigated in terms of change in isothermal magnetic entropy ∆S M from the magnetisation isotherms obtained around T C . We calculate the change in magnetic entropy using Maxwell's thermodynamic relation, via this equation [START_REF] Pecharsky | Magnetocaloric effect from indirect measurements: Magnetization and heat capacity[END_REF]52]:

M ( A m 2 / k g ) µ 0 H ( T ) 3 1 0 K 3 1 5 K 3 2 0 K 3 2 5 K 3 3 0 K 3 3 5 K 3 4 0 K 3 4 5 K 3 5 0 K 3 5 5 K P r C o 3
T = 3 5 5 K T = 3 1 0 K 5 K M 2 ( ( A m 2 / k g ) 2 ) µ 0 H / M ( k g . T / A m 2 ) 3 1 0 K 3 1 5 K 3 2 0 K 3 2 5 K 3 3 0 K 3 3 5 K 3 4 0 K 3 4 5 K 3 5 0 K 3 5 5 K P r C o 3
∆S M (T, ∆H) = µ0Hmax 0 ∂S(T, H) ∂H T dH (4) 
From Maxwell's thermodynamic relation

∂S(T, H) ∂H

T = ∂M (T, H) ∂T H (5) 
We can finally obtain the equation of magnetic entropy variation :

∆S M (T, ∆H) = µ0Hmax 0 ∂M (T, H) ∂T H dH (6) 
Based on the magnetization isotherm data, we can obtain indirectly the MCE [53]:

∆S M (T i , ∆H) = µ 0 i M i+1 -M i T i+1 -T i ∆H i (7) 
Where µ 0 is the vacuum magnetic permeability, and M i , M i+1 are the magnetization values measured at T i and T i+1 in a field change of ∆H i [53]. From these calculations, we deduce the evolution of ∆S M with temperature and applied field. value is reached at T = T C . The maximum value is about 1.3 J/(kg.K) under a magnetic field of 0-1.5 T. It's important to note that the -∆S max M is high compared to other materials for magnetic refrigeration, such as Pr 2 Fe 17 (∆S = 2 J/(kg.K), µ 0 H = 1.5 T) [44], SmNi 5 (∆S = 1.2 J/(kg.K), µ 0 H = 1.5 T) [25] and GdNi 3 FeSi (∆S = 0.5 J/(kg.K), µ 0 H = 1.5 T) [46]. Table IV summarize the maximum in entropy change -∆S max M , Curie temperature and applied field for different intermetallic compound, developed for MCE application. The relative cooling power (RCP) is the second parameter for MCE characterization. We can deduce RCP, by application of the following equation based on magnetic entropy change [54,55]:

RCP = -∆S M δT F W HM (8) 
The RCP is equal to 21 J/kg for the intermetallic PrCo3. Let's notice that, the high magnetic entropy change and the larger δT can provide a high RCP value.

In order to compare the predicted magnetic entropy change using the phenomenological approach and the magnetic entropy change obtained by experimental approach, both curves are plotted on the same figure. shows a good agreement between the two approaches, based on this result, the phenomenological model can be used to predict and describe the MCE of the intermetallic compounds.

IV. CONCLUSION

In this work we demonstrated that by using arc melting, PrCo 3 samples can be obtained faster than with other synthesis methods. The pure nanocrystalline phase PrCo 3 is finally obtained with a process consisting of high energy ball milling followed by a short heat treatment.

Rietveld refinement of XRD data confirmed the crystallization of the compound into rhombohedral PuNi 3 type structure (space group R 3m). The rare earth Pr atoms occupy both 3a and 6c crystallographic sites, whereas the Co atoms are placed on the sites 3b, 6c and 18h.

We also report new magnetic and magnetocaloric properties obtained for the first time for the nanocrystalline PrCo 3 : it exhibits a Curie temperature of 330 K and a maximum in entropy variation of 1.3 J/kg.K. From these measurements we also deduced its relative cooling power, which is approximately equal to 21 J/kg. We have deduced from the Arrott plots that the nature of its ferromagnetic to paramagnetic transition is of second order.

In addition, a theoretical approach was used that permit to successfully predict ∆S M , using a faster indirect method that delivers important information about the magnetocaloric properties of PrCo 3 compound. Due to its magnetic transition near ambient temperature, PrCo 3 can be a potential candidate, that could be optimized by targeted substitution to exhibit a large magnetocaloric effect.
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 9 Figure 9. Phenomenological ∆SM versus experimental one around the Curie temperature for PrCo3 compound

Table I .

 I Unit cell parameters of the rhombohedral PrCo3 compound of P uNi3 type structure, space group R 3m.

	Parameters	value
	a( Å)	5.0783(5)
	c( Å)	24.7943(9)
	z(6c)Pr	0.1408(3)
	z(6c)Co 0.3331(5)
	x(18h)Co 0.4965(4)
	y(18h)Co 0.5034(6)
	z(18h)Co 0.0802(4)
	c/a	4.8915
	V ( Å) 3	551.417(2)
	RB	5.2
	χ 2	3.1

Table III .

 III M fer (Am 2 .(kg) -1 ), Mpar (Am 2 .(kg) -1 ), dM dT |T <T C (Am 2 .(kg.K) -1 ) and dM dT |T C (Am 2 .(kg.K) -1 ) determined from experimental M (T ) for PrCo3 µ0H (T) M fer Mpar dM dT |T <T C

		dM dT |T C
	0.13 22.74 11.6 -0.299	-1.24
	0.23 25.19 14.56 -0.334	-1.13

Table IV .

 IV Summary of magnetocaloric properties of PrCo3 compound compared with other magnetic materials.

	Compound	µ0H (T) TC (K) -∆S max M	J/(kg.K)	Ref.
	PrCo3	1.5	330	1.3	This work
	Pr2Co7 (P63/mmc)	1.5	600	1.1	[41]
	Pr2Co7 (R-3m)	1.5	580	3.7	[41]
	Pr5Co19	1.5	690	5.2	[42]
	Gd2Fe16Si	1.5	522	3.07	[18]
	Gd	1.5	293	3.8	[43]
	Pr2Fe17	1.5	285	2	[44]
	SmNi5	1.5	29	1.2	[25]
	SmNi	1.5	42	0.65	[45]
	GdNi3FeSi	1.5	168	0.5	[46]
	GdNi	2	69	8.9	[47]
	TbNi	2	67	11.5	[47]
	DyNi	1.5	61	2	[48]
	LaFe11.8Si1.2	1	186	3.1	[49]
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