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Structural, magnetic and magnetocaloric properties of (Pr,Sm),Fe;; compound at
room temperature.

H. Jaballah,""2 W. Bouzidi,2 R. Fersi,’ N. Mliki,! and L. Bessais?

Y Université de Tunis El Manar, Faculté des Sciences de Tunis,
Laboratoire Matériaux Organisation et Propriétés, Tunis 2092, Tunisia.
2Univ Paris Est Creteil, CNRS, ICMPE, UMR 7182, 2 rue Henri Dunant, F-94320 Thiais, France
(Dated: October 5, 2021)

In the present work, we report on the structural, magnetic, and magnetocaloric properties of the
(Pr, Sm)2Fe;7 system prepared by arc melting under high pure argon and homogenized at 1073 K
to minimize other possible impurity phases. X-ray diffraction (XRD) coupled with Rietveld analysis
with FullProf computer code reveals the presence of a single-phase of (Pr, Sm)2Fei7. This compound
crystallizes in the rhombohedral ThoZn7 type structure. The lattice parameters decrease when Sm
substitutes Pr. Hence, the temperature dependence of the magnetization is determined. The Curie
temperature increases from 285 K to 299 K after the Pr substitution. This increase in T¢ is mainly
due to the de Gennes factor. The Arrott plot around second-order magnetic transition, magnetic
entropy changes ASy, the relative cooling power, and temperature-averaged entropy change (TEC)
are reported. This compound is considered a magnetic refrigerant for use at a low magnetic field

based on these results.

PACS numbers: 75.50.Bb, 75.50.Tt, 76.80.4+y

Keywords: Intermetallic rare-earth transition-metal compounds; Magnetic materials; Magnetocaloric Effect.

I. INTRODUCTION

The R-M intermetallic compounds combining a rare
earth element (R) and a transition metal (M) have inter-
esting properties due to their extremely varied potential
applications. Among these applications, we may cite the
high-density magnetic recording SmyCoq7—Cu [1], and
TbFeCo [2], the hard magnetic materials SmCo, NdFeB,
and PrCo [3-6], and the magnetic refrigeration [7].

Iron-rich RoFe;7 intermetallic compounds are studied
in several works for their: magnetic properties, as well
as their thermodynamic properties, and the absence of
thermal hysteresis [8-19]. Additionally, Kou et al. [20]
have analyzed the magnetic anisotropy in several RoFe;7
systems, where R = Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho,
Er, Tm, Lu, Y. Moreover, absorption and storage ca-
pacity of hydrogen were examined by Isnard et al. in
RyFei7 (R = Ce, Pr, Nd, Gd) [21]. Their magnetostric-
tion and thermal expansion properties were also studied
by Mori et al. [22]. Sun et al. [23] have reviewed the
magnetic properties, Fe-Fe and R-Fe exchange interac-
tions for RyFei7 and their nitrides. Also, Long et al. [24]
have as well investigated neutron and Mossbauer effect
of ProFeq7 and ProFe 7Ns . Further information about
structural, magnetic, and microscopic physical proper-
ties of SmoFe;7 and PryFe;7 and their nitrides have been
provided by Zeng et al. [25].

On the other hand, for many years, human activities
have led to a sharp increase in greenhouse gas emis-
sions due to the need for refrigeration, air conditioning,
and cryogenics. However, these systems mostly use re-
frigerants that contain volatile organic compounds such
as hydrofluorocarbons. Such compounds are made up
of carbon and hydrogen, which can easily be found in
gaseous form in the atmosphere and cause climatic dam-
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ages. They can also have harmful effects on animals and
plant species as well as on humans. Thus, using less
polluting refrigeration systems becomes crucial in this
situation.

Magnetic refrigeration is an alternative way for cool-
ing matter using a magnetic field. In the last years, a
reasonable interest has been giving to the study of mag-
netocaloric materials. [10, 26-32]. Many research stud-
ies have reported materials with high magnetocaloric ef-
fect (MCE) at high temperatures, but few have interest-
ing MCE and second-order magnetic transitions around
300 K. Since discovering MCE, the researchers have stud-
ied several magnetocaloric materials; the most promis-
ing materials for magnetic refrigeration at room temper-
ature are Gds(Ge,Si)4 [27, 33-35], La(Fe,Co,Si)15(H,C)
[36—41], FeoP [42—-45], manganites Ry _, A, MnOg3 [46-49]
and related alloys and compounds.

Gadolinium is the only element having a high mag-
netocaloric effect near room temperature. However, its
relatively rapid oxidation corrosion, high price, and in-
sufficient global resources do not allow it to compete
with conventional refrigeration systems. This work aims
to synthesize new material with an interesting magne-
tocaloric effect room temperature, chemically stable, and
lower costs than Gd. We focus on iron-rich ProFe;r;
based compounds, its relatively large magnetic entropy
change maximum around room temperature with a large
full width at half-maximum of magnetic entropy change
and its reversible magnetocaloric effect make ProFej; a
good competitor for Gd-based magnetic materials. Nev-
ertheless, its Curie temperature (the working tempera-
ture in materials for cooling application) is lower than
room temperature. To obtain a Curie temperature equal
to room temperature is possible to substitute the Pr
atom with Sm atom because the Curie temperature of

© 2021 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/
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70 SmoFeq7 is higher than room temperature. Several sam-
s ples (Pr,Sm)oFe;7 have been prepared with different com-
a1 positions ( x=0.24, x=0.3, x=0.36 and x=0.42), only the
&2 composition with the nominal composition x=0.36 one
a3 gives To= 300 K. Here, we present the structural, mag-
s netic, and magnetocaloric properties of (Pr, Sm)sFeq;
s with the nominal composition x=0.36.

86 II. EXPERIMENTAL METHODS

e (Pr, Sm)sFe;7 with the nominal composition x=0.36
has been prepared from high pure elements iron(Fe)
80 99.9%, praseodymium (Pr) 99.98% and samarium(Sm)
99.98% by arc-melting technique under a purified argon
atmosphere. The elements are placed in a copper crucible
cooled by cold water. After ingot formation, the com-
o3 pound is wrapped in tantalum foil and introduced into a
silica tube sealed under secondary vacuum 2 x 10~ bar
[50-52]. The ingot has been heat-treated for seven days
at 1073 K, and is finally water quenched [53-55].

o Phase analysis has been performed by X-ray powder
e diffraction (XRD), using D8 Brucker diffractometer with
% Cu Ka radiation A = 1.54178 A. XRD data of the sam-
ples have been collected between 20° and 80° at room
temperature with 0.015 step width.

XRD diagrams are analyzed with the Rietveld method
[56, 57] using the Fullprof program [58, 59]. The peak
shape function has been selected as Thompson-Cox-
Hastings pseudo-Voigt type [60]. The goodness of fit
indicators Rp and x? are calculated from the program
output to measure the quality of refinement, and they
are defined as:
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where Ik (O) is the observed Bragg intensity and
Ik (C) is the calculated one. y;(0O) is the intensity ob-
served at the i*" step in the step scanned powder diffrac-
tion pattern, y;(C) is that calculated, and w; is the
weight of the observation. NNV is the total number of points
used in the refinement, and P is the number of refined
parameters.

The refined parameters are unit cell parameters, scale
us factors U, V, W, background points, and atomic positions
us [5, 61-63]. The atomic input parameters that have been
120 used to determine the structure of our samples are from
121 Ref. [9, 64, 65]

Magnetic properties are measured using a mag-
123 neto/susceptometer Manics DSMS8 operating on the same
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124 principle as a Faraday type balance between 300 and
s 900K [66]. A Physical Properties Measurement System
s (PPMS) magnetometer is used for magnetic measure-
ments at low temperatures between 200 and 340 K. Re-
cently, it has been reported that the demagnetizing field
might have a notable influence on the result of magne-
tocaloric effect [67]. To get the internal field H;, =H, -
NpemagM(T, Hezt), where M is the measured magneti-
zation, the external applied magnetic field H.,; has been
corrected for the demagnetization effect. Demagnetiza-
tion constant Npemag has been determined from M vs
Heyr curve in a low field region following the method
given in Ref [68]. The corrected magnetic field H; has
been used for the present magnetic results.
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III. RESULTS AND DISCUSSION

138

A.

139 Structure analysis

XRD patterns of the ProFe;7 and the Pry g4Smg 3gFeq7
compounds are presented with their Rietveld refinement
in Fig. 1(a) and Fig. 1(b), respectively. The pure PryFe;7
compound crystallizes in a rhombohedral structure of the
ThyZn7 type in the space group R3m. In this structure,
Pr atoms occupy 6c¢ sites, while Fe atoms occupy four
different crystallographic sites: 18f,18h,6¢ and 9d (in
Wyckoff notation).
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Table I. a and ¢ unit cell parameters, R, x* factors, and
atomic positions from Rietveld refinement of Pra_,Sm,Fe;7.

z=0 xz = 0.36
a(A) 85848 (3) 8.5796 (4)
c(A) 124659 (1) 12.4647 (4)
c/a 1.4521 1.4526
vV (A%) 795.67 794.63
X2 1.45 2.08
Rp 2.98 4.103
z{18f}(Fe)  0.284 0.283
z{18h}(Fe)  0.506 0.503
2{6c}(Pr)  0.345 0.356
z{6c}(Fe)  0.093 0.092
2{18h}(Fe)  0.157 0.166
us The  Rietveld refinement shows that  the

19 Pry g4Smg.3sFe;7 compound crystallizes in the same
150 space group as PraFe;; (R3m). The atomic, strctural
151 parameters, Rp and 2 factors are listed in Table 1.
Fig. 2 shows that after the partial substitution of Pr by
Sm, we notice a small decrease in the lattice parameters
a, cand V. For x = 0, a and ¢ are respectively 8.5848(3)
s and 12.4659(1) A . Similar lattice parameter values and
atom positions were found in the previous work [9, 64].
For = 0.36 a and c are 8.5796(4) and 12.4647(4) A,
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Figure 1. The Rietveld refinement pattern of XRD data for
(a) PraFei7 and (b) Pri.64Smo.36Fe17 compounds. The black
and red line presents respectively the calculated intensities
and the experimental intensities. The green vertical bars cor-
respond to (hkl) line positions (Positions of Bragg peaks).
The blue line shows the difference between the calculated and
experimental intensities.

respectively, while slight decrease in cell volume from
795.67 A to 794.63 A3 and c/a ratio remains almost con-
stant. This behaviour can be explained by the size of the
Sm atom, which is slightly small compared to the size of
the praseodymium one.

For Sm concentration 0 and 0.36, we note that all
angular positions shift to the right, in Fig. 3 we show
angular position shift of the peak that corresponds to
(hkl)=(303), a decrease of lattice parameters causes
the observed shift, several works reported the same be-
haviour, we can cite Ref. [69]. In order to estimate the
concentration of the prepared sample from the outputs
of Rietveld refinement, we use Vegard’s law; this law has
mainly been used in the calculation of solid solution com-
positions and even recently [69, 70|, the simplest expres-
sion of this law for a binary (A-B) compound is defined
as follows [71]:

177

178

17

©

18

S

18

2

18

bs}

183

184

185

186

187

188

189

190

191

PrzFeﬂ Prl.msmo.ae':en Sm Fe17
gsesd i |-12.4665
sse{ |\ ] [ 12,4660
\ -
sse2] \ | - L 12.4655
\ 3 _— L 12,
8580 ] : 12.4650
L 124645
_ 85784
o L 12.4640
® 8576
L 12,4635
8.5741 L 12.4630
85721 L 12,4625
8570 L 12.4620
8.568 +——i — —— — 12.4615
00 05 10 15 20 25 30 35 40 45

Sm - concentration per formula unit

Figure 2. Cell parameters versus Sm content x, Inset shows
cell volume and c/a vs Sm content.
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Figure 3. (303) Bragg position for PraFeq7, Pri.64Smo.36Fe1r

as_p=aas(l —x)+ap

Where a4_p, aa, ap are lattice parameters of binary
compound, pure A compound and pure B compound, re-
spectively. From a value of PryFey7, Pro_, Sm, Fe;; and
SmsyFe;; the preceding equation gave x ~ 0.35 which is
very close to the nominal composition within the exper-
imental uncertainties.

B. Magnetic properties

Here, we present the magnetic properties of
Pry 64Smg 3sFe;7 compound. It is worthy to note that
this composition has been chosen for the following rea-
son: It is well known that T¢ of ProFei7 and SmoFeq;
are equals to 285 and 386 K, respectively. To obtain a
compound with a Curie temperature around the room
temperature, we started by preparing ProFe 7 as the ini-
tial mixture, and we used the nearly linear variation of



12 Pro_,Sm,Fe;; Curie temperature with Sm content to 210 ferromagnetic state to a paramagnetic one. The value of
13 reach T ~ 300K. Therefore, for x = 0.36, this goal 2u T¢ for the compound ProFe;7 is equal to 285 K, this value
104 18 achieved. 212 is consistent with the one found by Gorria et al. [13].
15 Magnetization variation as a function of the temper- 23 After the partial substitution of Pr by Sm T¢ increases,
106 ature is measured under a weak magnetic field equal to 214 it equals 299 K. Fig. 5 shows a quasi-linear variation of
17 0.05 T. The Curie temperature T¢ is determined by cal- 25 T with Sm content which is in a good agreement with
s culating the first derivative of M(T). The value of the 2s Vegard’s law mentioned above, similar behavior has been
100 Curie temperature corresponds to the minimum of the 27 reported in [65, 72].

200 magnetization derivative curve. We notice that Ty in-

201 creases after the substitution of the Pr atom by the Sm .

00 atom. Table II. Interatomic distances (dre-re(A4)) and coupling type
for the rhombohedral R3m structure type for Pra_,Sm,Fe;7,
x = 0 and x = 0.36. NN is the number of near neighbor atom.

T T T T SiteS x=02x2=0.36 NN

| 6c—6c AFM 231 228 1
- _ 6c—9d FM 264 2637 3
h \' | 6c—18f FM 2.69 2677 6
7 | \ | 6c—18h FM 268 26 3
g T =299K \ | 9d — 18f AFM 243  2.42 2
Sz T<Tc Y 9d —18h AFM 243 24 4
& 1: \ | 9d—6c FM 263 263 4
=1t T<T, \ 1 18f — 18f AFM 243 242 2
] '\ 7 18f — 18h AFM 2.55 2.4 2
| wEmE A e N, 18f —6c FM 269 268 1
— 18h —9d AFM 243 24 3
210 240 270 300 330 360 390 18h — 18h FM 248 25 1
T(K) 18, —6c FM 267 2.6 2
18h —9d AFM 2.44 2.4 2
Figure 4. Temperature dependence of magnetization of 18h — 18f AFM 2.56 24 2
Pri.64Smp.s6Fe17 under an applied magnetic field uoH =
2 0.05T.
204 28 1o in rare-earth transition-metal intermetallic com-
219 pounds are governed by three kinds of exchange coupling
PryFe;; SmyFe;; 220 JrRr, Jrr and Jrp. Therefore, T can be given by the
3 - - . - 5 an following relation [73]: which allows us to discuss the
4009 222 different parameters which influence the value of T¢:
"
3 ] : 3kpTc = apere + arr + [(arere — arr)? + 4arrearer]'?
§ 301 4 Ly, Sm, e, )299 K . 23 Where a,_g is the magnetic interaction energy between
S 0] | : 24 o and 3 spin.
& | »s  Neglecting the exchange interaction between two rare-
% 3204 26 earth atoms arp is relatively weak compared to the other
s ; ‘ ; 227 terms of energy of magnetic interaction. So, it can be
“ 30']'/' P 28 written as follows:
280 - - :
5 3kpTc = apere + [afepe + 4arFoarer) ">

‘I T - T T T T T T T T ;
00 02 04 06 08 10 12 14 16 18 2.0
Sm - concentration per form ula unit 20 Where
GFeFe — ZFeFeJFeFeSFe(SFe + 1)
Figure 5. T¢ versus Sm content (z) of Pra_;Sm;Fei7 com- 23

205 pounds

arFearer = Z1Z2Sre(Sre + 1)GJRpe
206

27 Fig. 4 shows the variation of the magnetization as a ., where G is the de Gennes factor:

208 function of the temperature. It shows a sudden drop in

200 Magnetization, the signature of a phase transition from a G=(9r —1)*Jr(Jr +1)



23 Jpere and Jrpe are the exchange coupling constant be-
233 tween tow iron atoms and between iron atom and rare-
2 earth atom, respectively.

gr is the Landé factor of rare-earth atom.

26 Swe and Jr are the spin moment of the iron atom and
237 the total moment of rare-earth atom, respectively.

28 In Pry g4Smg 3¢Fer7, each atom of Pr or Sm has an av-
239 erage of Z; = 19 iron near-neighbours; each an atom of
20 iron has an average of Zo = 2 atoms of Pr or Sm and a
number of Zpepe = 10 iron neighbors. This relation shows
22 that T is governed by the 3d — 3d exchange interactions
23 between the transition metal atoms and the 3d — 4f ex-
24 change interactions between the rare-earth and the tran-
25 sition metal. Consequently, T is mainly controlled by
xs the exchange interaction between the atoms of iron Jgepe
27 and between the rare-earth atom and the iron atom Jrpe
25 [52, 74]. Many parameters can have an influence on the
29 value of T¢ in RoFey; intermetallic materials. Among
0 these, we can mention de Gennes’s factor. Indeed, T is
»1 governed by the magnetic energies of exchange ape_ e
»2 and ag_pe, the strength of ar_p. is proportional to de
253 Gennes factor of rare-earth [75-77]. Ref [23] shows the
»ss dependence of T on the de Gennes factor in RoFeq7 com-
255 pounds (R = Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm).
6 A maximum of T is shown for Gd with the highest de
»7 Gennes factor, T¢ increases almost linearly when the de
»s Gennes factor increases with different slopes for light and
9 heavy rare-earth atom. Table III shows de Gennes factor
260 values tabulated by Kirchmayr and Poldy (1978)[78]

235

241

Figure 6. Curie temperature of RyFe;7 for different rare-earth
atom

Table III. de Gennes factor value of different rare earth

4f™ 3%ion G
1 Ce 0.18
2 Pr 0.80
3 Nd 184
5 Sm 4.46
7 Gd 15.75
8 Tb 105
9 Dy 7.08
10 Ho 4.5
11 Er 255
12 Tm 1.17

1 Another parameter is affecting T in RoFey; com-
22 pounds which is the distances between the iron atoms. In
23 fact, the sign of the exchange integrals is determined by
204 the distances dpere, when dpere is less than 2.45 A Jpepe is
s negative and the coupling between the pair of iron atoms
26 is antiferromagnetic [79]. Otherwise, dpere is greater than
27 2.45 A the exchange integral becomes positive, and the

%s iron pairs become ferromagnetically coupled. The pres-
ence of Fe-Fe distances less than and greater than 2.45 A
in ProFey7 and Pry g4Smg 36Fe17 compounds results in a
competition between two types of ferromagnetic and an-
tiferromagnetic couplings (Table II). The coexistence of
a negative and positive coupling is the origin of the rel-
atively low temperature in the compounds ProFe 7 and
Pry 64Smg 3Fe7. After the partial substitution of Pr by
Sm in ProFe;7 the coupling nature of the different pairs
of Fe is not affected, but we notice a slight decrease in
the Fe-Fe distances in the 6¢c — 6¢ site, which can de-
crease the value of Curie temperature. So the increase
of Te cannot be explained by the variation of the Fe-Fe
distances. Ultimately, there is a competition between the
two contributions to T: de Gennes factor and iron-iron
distance. In SmyFe 7 compound T¢ is equal to 400 K but
in ProFej7 Te is equal to 285 K, although the unit cell
volume and iron pairs distance for these two compounds
is very close (VpryFre;r — VomaFer, = 3213) there is a rela-
tively large difference in the value of Tz. This difference
shows that rare-earth-transition metal magnetic energy
exchange is much stronger in SmyFe;7 than in ProFeq7.
In conclusion, the contribution of Sm de Gennes factor
201 in magnetic energy exchange can explain the increase of
22 To after the partial substitution of Pr by Sm. Similar
23 behavior has been noted for other compounds such as
294 PFQ,IDyIFel'y [65]
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Figure 7. magnetization M (uoH,T) curves of

Pr1.64Smo.36Fe17.

Fig. 7 presents isothermal magnetization M (uoH,T)
measured at different magnetic fields between 0 and 3T
and temperatures from 200 to 340 K. It shows that for
208 temperatures lower than the T which corresponds to a
200 ferromagnetic state, the magnetization increases notably
a0 according to the magnetic field. However, for tempera-
s tures higher than T, the material is paramagnetic, the
32 magnetization increases slowly with the applied magnetic
303 field. We also note that for a given magnetic field, the
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30 magnetization decreases when the temperature increases.
s Fig. 8 shows the magnetization as a function of the
s magnetic field applied at the temperature 200 K. To de-
s7 termine the value of the magnetization at saturation and
s the anisotropy constant we used the following saturation

300 law:
a
- 772)
K

= () (55)

sn Where K and M, are the anisotropy constant and the
312 saturation magnetization, respectively. The anisotropy
a3 field can be easily deduced from H, = 2K/M,. The
sie values of M, K and H, are listed in Table IV.

M:Ms(l

30 with

160 T T T T

140

120 T
2 100 |_M(T=200K,H)(Am’.kg") |
£ &0 |
T 604
¥ ] i
% 40
2 90
= 1 i

04
_20 ] T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0
M H(T)
Figure 8. Magnetization M (H) vs magnetic field of

Pri.645mg.36Fe17 measured at T'= 200K .

ss We plotted the Arrott plots M? = f(H/M) deduced
a6 from isothermal magnetization M(H) curves (Fig. 9).
317 From the shape and the slope of the curves, we can de-
a1 termine the type of the phase transition: If the slope is
310 negative and the Arrott plots close to the Curie temper-
a0 ature have the S shape, the transition from the ferro-
31 magnetic state to the paramagnetic state is, therefore, a
sz first-order transition. If the curves have a single inflexion
33 point and a positive slope, the transition from the ferro-
magnetic state to the paramagnetic one is a second-order
transition.

324

325

C. Study of the phase transition according to the

Landau model

326
327

We develop in this part the Landau model to confirm
30 the nature of the phase transition. The order of the
330 transition phase is determined by developing free mag-
31 netic energy as a function of temperature around the T,

328
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(M HIM)(T/AM’ kg )

600

Figure 9. The Arrott plots of Pri.¢4Smg.36Fe17 compound.

Table IV. magnetic characterization of Pro_,SmgFei7 and
Pr2F617

Ms(Am?kg™!) T.(K) K(MJ.m™3) poHy(T)

ProFeqr 165 285 5.09 7.33

PI‘1,64Sm0‘36F617 146 299 2.49 4.07

neglecting the very high power terms of magnetization.
Free energy F' as a function of total magnetization can
be developed in the form:

1

1 1
F= §a(T)M2 + Zb(T)M4 + 6(;(T)M6 — o MH

Applying the equilibrium condition for free energy

33
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33!
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dF
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we obtain:

poH = a(T)M + b(T)M? + (T)M?
a6 The coefficients a(T"), b(T") and ¢(T') are the Landau pa-
rameters determined from the equilibrium condition by
plotting poH as a function of the magnetization M. a(T)
and ¢(T') are always positive (Fig 10 and Fig. 11), from
a(T) we can determine the value of the Tz which corre-
sponds to its minimum. However, b(T) can be positive,
zero, or negative, the sign of b(T') can indicate if the mag-
netic transition is first-order phase transition or second-
order phase one (Fig. 12). Indeed, if b(T¢) > 0 the mag-
netic transition is a second-order transition phase, oth-
erwise the magnetic transition is a first-order transition
s phase. For Pry g4Smg s4Fei7 b(T¢) > 0 which confirms
us that the magnetic transition is a second-order type.
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Figure 10. Landau parameter a(T") vs temperature around

the T¢ for Pri ¢4aSmo.s6Fe17 sample.
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Figure 11. Landau parameter ¢(T) vs temperature around

the T¢ for Pri.e4Smg seFei7 sample.

349 D. Magnetocaloric effect

To calculate the variation of the magnetic entropy
change caused by the application of a magnetic field, it
is necessary to integrate the following Maxwell relation:

H
oM
AS :,u/ <> dH
M o aT ),

Where M is the magnetization, T is the temperature,
s and H is the applied magnetic field. Since, the isothermal
35 M (H) curves are measured by discrete field changes, the
s following expression might be used [80]:

350
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352

353

AH;

M; — M,

|ASu| = po Ziml —
. K] 7
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Figure 12. Landau parameter b(T) vs temperature around

the T¢ for Pri.64Smg ssFei7 sample.

57 Where M; and M, are the initial magnetization at
s 1; and T4, temperature respectively when the magnetic
s fleld increases by AH;. In table V, we have presents
w0 —ASy values for some RoFei; compounds. It clearly
s shows that (Pr,Sm)sFeq7 has a good magnetocaloric ef-
32 fect at a relatively low field.

Table V. T¢, magnetic entropy change and magnetic field
change of some RsFei7 compounds.

Compound Tc —ASu wAH Ref
(K) (J/kgK) (T)
Y2F617 303 3.2 5 [8]
LusFe7 264 15 2 [10]
NdyFei;; 339 2.5 1.5 [81]
NdyFe7 331 34 15 18]
GdoFer; 475 1.2 1.5 [16]
ProFey7 286 2 2 [13]
Pr1,64Sm0,36Fe17 299 2.5 2 This work

Gd 293 4.8 2 [82]
GdNi 69 9 2 83]
HoNi 37 68 2 83]
ErNi 0 15 2 83]
GdzCo 128 5 2 [84]
ThCos 230  4.61 3 [85]
Gd5GeQSe2 275 14 2 [82]

3 Fig. 13 illustrates the variation of the magnetic en-
s tropy around Curie temperature of Pryg4Smg seFerr
35 for external variation of the magnetic field between
w6 0 and 3T. For a magnetic field change pgAH= 3T
sor |ASM| ~ 3.57/(kg.K) at T= 305 K. The partial substi-
e tution of Pr By Sm increase the operating temperature
30 that corresponds to the maximum of |ASy], is higher
a0 in Pry g4Smg. 36Fe;7; compared to the parent compound
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Figure 13. Magnetic entropy change AS(T,uoH)m for
Pri.64Smo.s¢Fei7 sample.

Table VI. Magnetocaloric effect of Pry.64Smg ssFei7.

o AH(T) 1 16 2 26 3
|ASM|(T/(kg.K)) 1.22 1.87 2.5 298 3.24
STEWHM () 51 58 63.76 69.4 78

RCP(J/kg)  62.22 108.46 159.4 202.65 247.26
RCarea(J/kg) 48.46 86.81 121.1 164 195.1

sn ProFeq7. |ASy| remains almost constant after the substi-
a2 tution with Sm. Even though many research studies have
sz reported materials with high ECM at low temperatures,
ann there are few materials with high MCE and second-order
transition phase from ferromagnetic state to paramag-
a6 netic state around to 300 K.

The relative cooling power (RCP) is an essential pa-
rameter in the magnetocaloric application. It is related
39 with the maximum of entropy change by the following
s0 relation [37):

375

377

378

RCP = —ASy 6T7FWHM

Where §TFWHM s the full width at half-maximum
in the temperature dependence of the magnetic entropy
3 change, the maximum of —AS), the variation of the tem-
s8¢ perature AT and relative cooling power (RCP) are given
in Table VL.

381

382

385

s Another important parameter to evaluate the magne-
se7 tocaloric effect is the refrigerant capacity (RC)area, it is
s the amount of heat that can be transferred in one thermo-
30 dynamic cycle. The RC value represents the area under
30 —AS) curve using the temperature of FWHM. It can be

s calculated by integrating the following expression:

Tmaz

RCArea(H) = / ASM(T, I’I)djj7

Tmin

392

Trmae — Tmin = 5TFWHM

3 In addition to RCP and RC,;q, temperature-averaged
s0¢ entropy change (TEC) is another parameter that has
35 been used to check the applicability of materials for mag-
16 netic refrigeration technologies. TEC was introduced by
so7 L. D. Griffith et al. [90] as another figure of merit. TEC
s can be calculated using magnetic entropy change data as
300 follows:

Tmid"!‘ATI;ic
1
TEC = —— ASy (T)|dT
e [AS(T)]
ATg_c
Trmid— P

wo  Where ATy _¢ is defined as the temperature range for
w01 the measuring device and represents the difference be-
w2 tween hot and cold heat exchangers. T,,;q represents
w3 the temperature value in the middle of ATH_c that
maximises TEC. Fig. 14 shows the variation of TEC
with ATy ¢ under several magnetic field changes be-
tween 1T and 3T. One can see that TEC decreases
slightly and monotonously with ATy _¢, it is very close
to the maximum of entropy change value for low values
of ATy _¢. It is easy to see that TEC increases mono-
tonically with the applied magnetic field for a given tem-
perature. The obtained TEC(ATy_c=5K, poH=3T)
and TEC(ATH_C:E) K, ‘LL()H:]. T) for Pr1_64Sm0_36Fel7
are 3.71 Jkg~'.K~! and 1.4 Jkg—'.K~!, respectively.
Table VII shows TEC value of our sample and TEC val-
ues of other materials for comparison. Pry g4Smg 3gFe;7
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411

412

413

414

415

a16 AT;i% is comparable to ATlf;% of Prg.5Erg.1519.4MnOj3
a7 [86] and TmFeq ;Mng 303 [87], slightly higher than gﬁ%
as of Prg5Eug.1Sr94MnO3 [86], gfo% of TmFeg sMng 203
a9 [87], gﬁ% of LaggNagoMnOs [88], and AT;;EO% of

Ho2CoMnOg [89].

RCP for Pry g4Smg 36Fei7 is around ~ 250J/kg for a
magnetic field change equal to 3T.

There are several magnetocaloric materials that have
been studied for magnetic refrigeration at room tempera-
ture: Gds(Ge,Si)s [27, 33-35], La(Fe,Co,Si)15(H,C) [36—
41], FeoP [42—-45], manganites R;_,A,MnOg3 [46-49] and
related alloys and compounds. In these materials the
w28 magnetic transition from the ferromagnetic state to the
w29 paramagnetic state is a first order transition phase show a
a0 large |[ASy| at operating temperature, but possess a low
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Table VII. TEC value of our sample and TEC values of other materials for comparison.

Material Tmia ApoH ATg_¢  TEC A Ref
K T K  J(Kkg)™" J(KkgT)™"
Pri.64Smg.36Feir 300 3 5 3.71 1.24 This work
PI‘Q,5EUO_1SI‘0,4M1103 2799 5 5 445 089 [86}
Pr0_5Eu0,1Sro,4Mn03 188.5 5 5 4.9 0.98 [86]
TmFeo_7Mn0‘3O3 11 7 5 7 1 [87}
TmFeo sMng 203 12 7 5 6.4 0.914 (87]
Lao,gNao,zMnO:; 330 5 5 4.6 0.92 [88]
La()‘sca()‘osNao.lsMnO:g 315 5 5 4.55 0.91 [88]
Ho2CoMnOg s 7 5 6.5 0.928 [89]
ss2 It should be mentioned that detailed researches show that
45 ' I . — . »s3 the Maxwell relation can not be utilized close to the Curie
7:7: g:Tﬂ »ss temperature because of the coexistence of paramagnetic
4.0+ A H=2T »ss and ferromagnetic phases; the sudden drop in the mag-
35] * 0t e o, —vuH=2.6T] a6 netization causes a discontinuity in the entropy change
o te ¢ ST t Curie t ture. C tly, the 1 t
— — . »s7 at Curie temperature. Consequently, the large entropy
v 301 R '\'\v\v ¢ 8 peak is a fallacious result because of the inappropriate
2 ,5] e L a0 use of the Maxwell relation [92, 93]. For materials that
2 e A
O 204 7
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Figure 14. TEC vs ATy_c at several magnetic fields for a 064 &53\ A
Pr1.64Smo.36Fe17. 054 Xg?x
&;&X i
0.4 o
RCP because of their low working temperature range 034
STFWHM 10K as opposed to materials with second or- e T pg - o T
der transition phase like the parent compound PryFe;; - - e Q ' ' '
with 6TFWHM 100K [72].
For Pryg4SmgssFei; RCP is found to be around
_1 . .
159.4J.kg™" under a magnetic field change of 2'T which Figure 15. Universal curve of entropy change VS reduced

is around 75% of that observed in pure Gd and makes
our compound a potential candidate for magnetic refrig-
eration around the room temperature [82].

From the point of view of magnetic refrigeration, the
irreversibility of the magnetocaloric effect is a major dis-
advantage. Indeed, a minimal thermal hysteresis is a
basic constraint for a practical refrigerant [91]. For ex-
ample, the materials mentioned above like (Gds(Ge,Si)q,
La(Fe,Co,Si)15(H,C),FesP) exhibit a first-order transi-
tion phase, show a large |ASy|. However, with a rela-
tively large thermal hysteresis contrary to materials that
display a second-order magnetic transition. Compared to
these materials, Prq g4Smg 3gFe17 exhibits a second-order
magnetic transition at a T¢ very close to room temper-
ature with a moderate |ASy| and high RC'P.
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464

465

466

467

468

469

temperature © for Pri ¢4Smg 36Fe17 sample

exhibit a second-order magnetic phase transition from
the ferromagnetic to the paramagnetic state, it is possi-
ble to obtain a universal phenomenological curve using
normalized entropy change —AS/—AS.x as a function
of rescaled temperature [94].

O =—(T-1Tc)/(T:1 —Tc), T < Tc

©=(T-Tc)/(Ta — Tc), T > Te

Where O is the rescaled temperature, Trl and Tr2 are
the temperatures of the two reference points that have



a0 been selected as those corresponding to —ASy=—aXx
1 ASmax (where 0 < a < 1) [95]. Some theoretical studies
a2 have proved that it is not necessary to use two reference
a3 point temperatures lower and higher than T Trl and
aa Tr2, but only one Tr can be used for a material with a
a5 single magnetic phase. Nevertheless, in the case of an im-
ars portant demagnetization factor or the existence of mul-
a7 tiple magnetic phases, it is required to use two reference
ws temperature points [96].
The analysis of the universal scale demonstrates mag-
a0 netic homogeneity. This approach should remove the de-
a1 pendency of the set of curves ASy(H, T) on both tem-
perature and field so that all curves treated using the
same scaling procedure will collapse on a common uni-
versal curve. A lack of success in achieving this universal
collapse can be explained by a magnetic inhomogeneity
in the material [96]. As described above, we use detailed
statistical analysis to determine the magnetic homogene-
ity in the material and the order of magnetic transition.
After rescaling temperature and choosing a=0.5,
Fig. 13 shows that the normalized entropy change for
all applied magnetic fields collapses in a single universal
curve. This suggests that Pri g4sSmg 3gFei7 is magnet-
ically homogeneous undergoes a second-order magnetic
transition phase around T¢=299 K.
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Figure 16. Field dependence of magnetic entropy change at
Tc for Pri.64Smo 3sFe17 sample.

Fig. 13 clearly shows that magnetic entropy change
of Pry g4Smg 3sFe;7 sample reach its maximum around
Curie temperature. The maximum of magnetic entropy
change depends strongly on the applied magnetic field. A
nonlinear relation can be expected between ASY;** and
woH as follows:

495
496
497
498
499

500

Asﬁaz ~ ,LL()Hn

where n=2/3 in the case of mean field model [97]. For
se2 real ferromagnetic material the previous relation was rec-
s03 tified by Lyubina et al [98]. It was modified as follow:

501

10

AST = AlpoH + Ho)" — AHY" + B(uoH)"?

Where A and B are intrinsic parameters of the material
and Hy is a measure of homogeneity of the compound.
Fig. 16 shows AS}** vs poH and fit parameters. One
can easily notice that the fit of the experimental data
with AST4 = a(uoH)?/? equation is failed, on the other
hand, ASTI® = A(uoH + Ho)" — AHZ'® + B(uoH)Y/?
equation has clearly been in good agreement with the
MCE behaviour of Pr; g4Smg 3sFe;7 sample, similar be-
havior was observed in Ref. [86, 99]. It confirms the
second-order nature of his magnetic transition, as demon-
strated above by Both the Landau model and Arrott plot.
The experimental data follow AST* = a(uoH)™ equa-
tion with the local exponent n equals to 0.581. The ob-
tained values of n are slightly deviated from the typical
value of n = 2/3 within the mean-field model [100]. This
deviation justifies the invalidity of the mean-field model
for our sample. For materials that exhibit a second-order
magnetic transition phase, it has been demonstrated in
s» previous work that magnetic entropy change can be ex-
523 pressed as AST" oc H™(T-H) [101]. The exponent n can
sz« be locally determined using the following relation:
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Figure 17. Temperature dependence of the local exponent n
at different magnetic fields from 1 to 3T for Pry g4Smg.ssFeir
sample.

In the paramagnetic state n—2 when T > T, in the
ferromagnetic state n—1 when T <« T¢ and around
magnetic phase transition (T— T¢) n(Te)=1+(8 —
1)/(B8 + ). Previous works have reported that the ex-
ponent n depends on the temperature and the applied
magnetic field; it is known that for materials with a
single magnetic phase, n is field independent at Curie
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s temperature. Nevertheless, in the case of materials that
s:3 present multi magnetic phase, n is field-dependent at any
su temperature [102]. Fig. 17 shows the variation of the
s35 local exponent n with the temperature at several mag-
s3 netic fields calculated using the logarithmic derivative of
s ASys with an applied magnetic field. Fig. 17 shows that
s33 the exponent n is field-dependent below and above Tg,
s3 in contrast, at T=T¢ is almost constant, unlike the be-
ss0 haviour observed for multiphase systems where n is field-
sa dependent in Ref. [103, 104]. The Rietveld refinement of
s Pry g4Smg 36Fe17 sample, a thermal derivative of magne-
tization, the universal curve of magnetic entropy change
and the behaviour of n exponent at Curie temperature
indicates that our sample presents a single-phase and a
single magnetic phase transition. For different magnetic
field n ~ 0.58, is deviated from the n value of the mean-
s field model but is consistent with the value calculated
sa0 from n(T¢) expression using the values of 8 and v of
ss0 the Ising model (8 = 0.325, v = 1.241), this suggests
ss1 that the mean-field model is not the appropriate model
ss2 to describe the magnetic phase transition in our sample.
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IV. CONCLUSION

553

ssa The structural, magnetic, and magnetocaloric proper-
ss5 ties have been studied for the intermetallic (Pr, Sm)oFeq7
compound. X-ray diffraction at room temperature shows
that this compound crystallizes in the rhombohedral
ThyZny7 type structure. Rietveld refinement shows that
the cell parameters decrease when the Sm replaces the Pr.
After the substitution of Pr by the Sm T increases from
285 to 299 K. This increase of T is mainly due to the de
Gennes factor. The study of the phase transition accord-
ing to the Landau model proves that Pry g4Smg ssFes7
exhibits a second-order transition phase. The magnetic
entropy change, relative cooling power and TEC, were
calculated. The value of T, which is close to the room
temperature and a large temperature range with a quasi
constant ASy value, consequently the studied compound
exhibits a good magnetocaloric effect.
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