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In the present work, we have studied the structural and magnetic properties of the compounds
PrCozCus, PrCoz.5Cuz.5 and PrCosCus as well as their spin reorientation transition and mag-
netocaloric behavior. All three compounds crystallize in the hexagonal CaCus-type structure.
The lattice parameters increase when copper replaces cobalt. The temperature dependence of the
magnetization has been determined at low and high temperatures. It revealed that the Curie tem-
perature decreases from ~ 1000 K to 310K after the substitution of cobalt by copper (PrCosCus).
For the copper-rich compound, a merging of the transition from the planar ferromagnetic state to
the axial ferromagnetic one and the transition from the ferromagnetic state to the paramagnetic
one is observed. A constant entropy variation is observed over a wide temperature range centered
around room temperature. It results from the merging of the entropy measured around the spin
reorientation temperature and that measured around Curie temperature.

PACS numbers: 75.50.Bb, 75.50.T't, 76.80.+y
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I. INTRODUCTION

Due to their interesting performances in terms of mag-
netic properties, a particular interest has been given to
the study of compounds based on rare earth elements
(R) and 3d transition metals (T). The origin of the ex-
ceptional magnetic properties of compounds based on
R-T intermetallics is the coexistence of two complemen-
tary types of magnetism: the localized magnetism of rare
earths and the itinerant magnetism of 3d transition met-
als. They are interesting for several applications. Among
them, we may cite the high-density magnetic recording
(SmyCo;7—Cu [1], and TbFeCo [2]), the hard magnets
(SmCo, NdFeB, and PrCo [3-6]), and the magnetic re-
frigeration (Gds(Ge,Si)4 and La(Fe,Co,Si);3(H,C)). R-T
binary systems have been the subject of numerous sys-
tematic research in order to determine the existing com-
pounds, their range of stability and their crystallographic
structure. The most studied stoichiometry in R-T binary
systems is RT5. Two main motivations can explain this.
First of all, in these phases, R and T can be substituted
by other rare earth elements and 3d transition metals.
This provides a wide range of possibilities for tuning the
composition and thereby the properties of the resulting
compound. Second, these phases are the base for the for-
mation of other intermetallic compounds based on rare-
earth elements and 3d transition metals.

According to the literature, it is clear that the studies
carried out on RT5 intermetallic compounds have been
concentrated on the optimization of the anisotropy field,
the coercive field and microstructure for permanent mag-
net application [7—10]. Another potential application of
RTj5 is magnetic cooling, which is based on the magne-

tocaloric effect (MCE).

The magnetocaloric effect is a characteristic of paramag-
netic and ferromagnetic materials where there is a rise in
temperature when exposed to changes in magnetic field
in adiabatic conditions; whereas a cooling effect arises
when the material is demagnetized [11]. MCE reaches
its maximum around the Curie temperature in the case
of ferromagnetic materials. It is well known that inter-
metallic RT5 have very high Curie temperatures. There-
fore, it is necessary to decrease the value of T'¢ in order to
have the maximum of the magnetocaloric effect around
the room temperature.

The aim of this study is to obtain a pure PrCos phase
and to lower its Curie temperature from ~1000K to a
value close to room temperature. For this purpose, there
are two alternatives: performing a substitution either in
the site of rare earth atoms or in the site of transition
metal atoms. Substitution in the rare earth site is rel-
atively difficult due to the volatile nature of rare earths
and their rapid oxidation upon contact with air. On top
of that, since praseodymium has a low de Gennes fac-
tor, the range of variation of the T value as a function
of the concentration of the substituent will be narrow.
A alternative is the substitution in the transition metal
site. The transition metal atom (T) must fulfill two crite-
ria: the transition metal should form a stable Pr(Co,T)s
phase and T must have a magnetic moment zero or lower
than cobalt. For the binary PrCos, copper fulfills the two
previous criteria. In this paper, we present the effect of
copper on the structure, thermomagnetic properties and
advantage of the anisotropy change phenomenon in the
magnetocaloric effect around room temperature.



II. EXPERIMENTAL METHODS

PrCos_,Cu, compounds have been prepared from
high purity elements cobalt (99.98%), copper (99.98%)
and praseodymium (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 compound is wrapped in tantalum
foil and introduced into a silica tube sealed under sec-
ondary vacuum 2 x 1076 bar [12-14]. The ingot has been
heat-treated for seven days at 1223 K, and was finally,
water quenched [15-17].

Phase analysis has been performed on powder by X-ray
powder diffraction (XRD). A D8 Brucker diffractometer
with Cu Ko radiation A = 1.54178 A was used. XRD
data of the samples have been collected between 20 and
80° at room temperature with 0.015° step width.

XRD diagrams are analyzed with the Rietveld method
[18, 19] using the FullProf program [20, 21]. The peak
shape function has been selected as Thompson-Cox-
Hastings pseudo-Voigt type [22]. 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 I (C)
is the calculated one. y;(O) is the intensity observed
at the i*" step in the step scanned powder diffraction
pattern, y;(C) is that calculated, and w; is the weight of
the observation. N is the total number of points used in
the refinement and P the number of refined parameters.

The refined parameters are unit cell parameters, scale
factors U, V, W, background points, and atomic positions
[5, 23-25]. To refine the structure of the studied sam-
ples, the input atomic parameters have been taken from
Refs. [26-28].

Magnetic properties are measured using a mag-
neto/susceptometer Manics DSMS8 operating on the same
principle as a Faraday type balance between 300 and
900K [29]. A Physical Properties Measurement System
(PPMS) magnetometer is used for measurements at low
temperatures between 70 and 330 K. Recently it has been
reported that, the demagnetizing field might have a no-
table influence on the result of magnetocaloric effect [30].
The following equation was used to get the internal field

Hint = He:ct - NDemagM(T7 Hemt)

M is the measured magnetization, H.,; is the external
applied magnetic field (non corrected field) that should
be corrected to take into account the demagnetization
effect. Demagnetization constant Npemqg has been de-
termined from M vs Hgy; curve in a low field region fol-
lowing the method given in Ref. [31]. The corrected mag-
netic field H;,; has been used for the present magnetic
results.

III. RESULTS AND DISCUSSION
A. Structure analysis

Fig. 1(a) shows the XRD diffractograms of the alloys
Pr(Co,Cu)s for (z = 2, 2.5, 3).The compounds are sin-
gle phase and crystallize into the hexagonal CaCus-type
structure with P6/mmm space group. We note that Cu
atoms replace Co atoms without any change in the struc-
ture. However, by increasing the Cu content, a progres-
sive shift of the peaks to smaller diffraction angles occurs.
It indicates the increase of the cell volume and is due to
the difference between the atomic radii of Cu and Co
atoms.
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Figure 1. (a) XRD diffractograms of the bulk al-
loys for PrCo2Cus, PrCo25Cuz 5 and PrCo3;Cuz com-
pounds. Rietveld refinement pattern of XRD data
for PrCo;Cus (b), PrCoz5Cus;s (¢) and PrCosCu; (d)
compounds. The blue circles and red line present re-
spectively the experimental intensities and the calcu-
lated intensities. The blue vertical bars correspond to
(hkl) line positions (Positions of Bragg peaks). The
blue line shows the difference between the calculated
and experimental intensities.

The XRD diagrams of the compounds PrCo,;Cus,
PrCos 5Cus 5 and PrCozCus are presented with their Ri-
etveld refinements in Fig. 1(b), (c) and (d). The pure
PrCos compound crystallizes in a hexagonal CaCus-type
structure in the P6/mmm space group [32]. In this
structure, Pr atoms occupy the la sites, while Co atoms



occupy two different crystallographic sites: 3¢ and 2c
(in Wyckoff notation). The Rietveld refinement con-
firms that the compounds PrCo;Cus, PrCos 5Cus 5 and
PrCosCus crystallize in the same space group as PrCos
(P6/mmm). The atomic, structural parameters and
agreement factors (Rp and x?) are listed in Table. I.

We performed several refinements trying to distribute
the copper atoms over the two cobalt sites 2¢ and 3g,
while respecting the nominal composition of each sample.
The best agreement factor Rp obtained corresponds to
the substitution of cobalt by copper at the 3g site for
all three samples. When copper occupies the other site
2¢, we notice a deterioration of x? (goodness of fit). This
can be explained by the difference in size between Co and
Cu. Indeed, the radius of the Cu is slightly larger than
that of Co. This is why Cu prefers the 3g site which has
a larger volume than the 2c site.

Table I. @ and c unit cell parameters, Rp, x> factors, and
atomic positions from Rietveld refinement of PrCos_,Cu,.
a (A) 5.0643(6) 5.0710 (9) 5.0753 (5)
c (A) 4.0187(8) 4.0293 (7) 4.0388 (3)
c/a 0.7935(3) 0.7945(3) 0.7957 (4)
vV (A®%) 89.265 89.733 90.098
X2 3.89 4.15 3.71
Rp 9.64 9.35 5.25
Preferential site for Cu 39 39 3g
Free powder
a Oriented powder
@ o o
S 78 Yes  sRss
5 N T
= N
) (=}
% | =]
3
£

25 30 35 40 45 50 55 60 65 70 75
20

Figure 2. X-ray diffraction of free and oriented powder for
PrCozCus compound.

Table. T shows that after the partial substitution of
cobalt by copper, there is an increase in the cell param-
eters a, ¢ and V. For x = 2, a and c are respectively
5.0643(6) and 4.0187(8) A. Similar cell parameter values
and atom positions have been found in previous work [8].
For z = 3, a and c are 5.0753(5) and 4.0388(3)A, respec-

tively. The cell volume increases slightly from 89.265 A3
to 90.098 A3 as well as the ratio ¢/a. The increase of the
¢/a ratio shows that the expansion of the lattice occurs
in an anisotropic way.

The RCos; compounds show a significant uniax-
ial magneto-crystalline anisotropy; it results from the
anisotropies contributed by the R atom. Figure 2 shows
the comparison between the X-ray diffractograms of the
free powder and the oriented powder measured at 300 K
on PrCo3Cus. The XRD obtained on the oriented pow-
ders shows a disappearance of some reticular planes and
the strengthening of the (00!) indexed Bragg peaks com-
pared to the diagram measured on the free powder; thus,
the axis of easy magnetization at room temperature is
the c-axis. This magnetic anisotropy is clearly evidenced
by the strengthening of the (002) Bragg peak. The same
results are obtained for the two other compositions.

B. Magnetic properties
1. Thermomagnetic properties

a. Curie temperature: The variation of magneti-
zation against temperature under an applied magnetic
field equal to 50 mT for samples sealed under secondary
vacuum is shown in Fig. 3. It shows an abrupt drop in
magnetization, signature of a phase transition from a fer-
romagnetic to a paramagnetic state. The Curie temper-
ature T¢ is determined by the first derivative of M (T).
The value of the Curie temperature corresponds to the
minimum of the derivative of the magnetization curve.

<) g =
: \
= =
= s ‘e
\
o
LTY
260 320 350 400 450 500 500 600 700 800
K) T(K) T(K)
=310K T 460K
_ _ T =650 K
8 8 £
s s E
5 5 5
= = =
=l =l =l
—_ PrCo Cu, 7 PI’COZSCU25 PrCoCu,
260 280 300 320 340 300 400 500 500 600 700 800
T(K) T(K) T(K)
Figure 3. Magnetization plotted versus temperature for

PrCo2Cus, PrCos 5Cus.s and PrCosCus compounds, under
low applied magnetic field equal to 50 mT.

The evolution of T as a function of the Cu content is
shown in Tab. II. T¢ decreases significantly after the sub-



stitution of the Co atom by the Cu atom. The value of
Tc for the compound Pr(Co,Cu)s decreases with increas-
ing copper concentration, for z = 2,2.5 and 3, the values
of T¢ are equal to 650 K, 460 K and 310 K, respectively.

Table II. Curie temperature values as a function of copper
content for PrCos_,Cu,

PrCos_,Cu, x=0 x=2 x=2.5 x=3
Te (K) 912 [33] 650 460 310

In the general case, the Curie temperature is governed
by the exchange interactions. In the case of an R-T in-
termetallic compound, there are three types of exchange
interactions: the exchange interaction between the mag-
netic moments of the transition metal atoms (3d-3d), the
exchange interaction between the magnetic moments of
the rare earth atoms (4f—4f), and the exchange interac-
tion between the two sublattices (3d—4f).

Among these three configurations, the 4 f—4 f exchange
interaction is the weakest. Similarly, we can neglect
the 3d-4f exchange. Therefore, only the interaction be-
tween the 3d—3d transition metal magnetic moments con-
tributes to the Curie temperature. In this case, only the
3d-3d exchange interaction will be considered. Note that
there are two types of 3d-3d exchange interactions in in-
termetallics, positive and negative. In the case where the
interatomic distance (T-T) is less than a certain critical
distance (2.45 A), the exchange interactions are negative;
otherwise, they are positive [34]. The Rietveld refinement
results show a very small volume change, and actually,
the T-T distances did not vary significantly.

Another important factor responsible for the increase
of T¢ is the electronic effect. In fact, the copper atom has
two extra electrons compared to the cobalt atom, the two
extra electrons of Cu can fill the 3d band, consequently
the 3d band becomes more symmetrical which results in
a decrease of cobalt magnetic moment. In the end, the
decrease of T can be explained by the magnetic dilution
due to the substitution of an atom with high magnetic
moment (Co) by a non-magnetic atom (Cu) with larger
number of electrons.

b. Spin-reorientation transitions: The spin re-
orientation transition is a magnetic transition accompa-
nied by a change of magneto-crystalline anisotropy, in
other words, a change of easy magnetization direction,
this transition can be observed in anisotropic magnetic
materials that present at least two sublattices favoring
two different competitive easy magnetization directions.
The compositions we present in this study include a rare
earth atom (Pr) with an electronic shell 4f flattened
perpendicular to the direction of the moment, this fa-
vors a planar anisotropy. Moreover, the compounds con-
tain cobalt which favors an axial anisotropy. Since the
above mentioned transition is accompanied by a magne-
tization variation, we present in this section the results
of magnetization measurements at low temperature, in

the following we explain with more details the observed
phenomenon. Thus, the effect of this transition on the
magnetic entropy variation is presented, because of the
importance of this quantity on the evaluation of magne-
tocaloric materials.
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Figure 4.  Magnetization plotted against temperature for
PrCo2Cus, PrCos 5Cus.s and PrCosCus compounds at low
temperature, under low applied magnetic field equal to 50 mT.

Fig. 4 shows the variation of magnetization as a func-
tion of temperature between 77 K and 300 K for the com-
pounds PrCos_,Cu, (x = 2,2.5,3) measured under an
applied magnetic field equal to H.,;=50mT. For the
three compositions a jump in the magnetization value
is observed. The temperature corresponding to the ob-
served maxima increases with the increase of the copper
content. The sharpest peak is observed for the compound
PrCoyCus.
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Figure 5. Derivation of magnetization plotted against tem-

perature for PrCo>Cus (right), PrCos2.5Cusz.5 (middle) and
PrCosCusz (left) compounds at low temperature, under low
applied magnetic field equal to 50mT.

Fig. 5 shows the magnetization derivative for the com-
pounds PrCos_,Cu, derived from Fig. 4. All the deriva-
tive curves have two extrema. For z = 2 and x = 3 the
second extremum (minimum) is higher than the first ex-
tremum (maximum), on the other hand, for z = 2.5 the



maximum is higher than the minimum. The highest ex-
tremum for the three compositions is the one correspond-
ing to the maximum of the magnetization derivative for
a copper concentration equal to x = 2.5.

The anisotropy of the rare-earths is imposed by the
shape of the magnetic 4f electron band, such that rare-
earths with a positive second-order Steven coefficient «;
(Er and Sm) exhibit axial anisotropy along the c-axis
and, therefore, enhance the anisotropy of the Co sublat-
tice that is also along the c-axis. On the other hand, rare
earths with o;; < 0 (Pr, Nd, Th, Dy and Ho) tend to have
an easy magnetization direction in the basal a — b plane
of the hexagonal structure [35]. In the latter case, we
have a coexistence of these two competing anisotropies,
which are: axial for the Co sublattice and planar a —b for
the rare earth sublattice [36]. This competition induces a
spin reorientation phenomenon in these compounds and
governs some magnetic properties.

For temperatures below transition temperature from
the planar ferromagnetic state to the conical ferromag-
netic state (Tsgr1), the anisotropy of the Pr sublattice is
larger than that of the Co sublattice and, consequently,
the total magnetic moment lies in the basal a — b plane.
Note that, in this case, the magnetic moments of Pr and
Co are collinear [36]. On the other hand, for a tempera-
ture higher than transition temperature from the conical
ferromagnetic state to the axial ferromagnetic state Tisgo,
the anisotropy of the Co sublattice is higher than that of
the other sublattices, therefore, the basal plane becomes
the hard plane and the c-axis becomes the easy magne-
tization direction. Again, in this case, the two magnetic
moments are collinear [36].

For a temperature value between Tsr1 and Tsgs, there
is a strong competition between the magnetocrystalline
anisotropy magnetic moments of the two sublattices Pr
and Co and, as a consequence, the total magnetic mo-
ment takes a conical arrangement between the basal
plane and the c-axis. In a different way than before,
the magnetic moment of these sublattices is non-collinear
[36] for temperatures between Tsr1 and Tsre. Thus, the
spin reorientation process occurs in a temperature range
between Tsgr1 and Tsge [36] rather than at a specific
temperature. Measurements of magnetization as a func-
tion of temperature elucidate the above discussion; Tsr1
and Tsgro correspond to the first and second inflection
points of the M (T') curves, as shown in Fig. 5 for samples
with x = 2, 2.5, and 3. Upon examining the mag-
netic properties of the three compounds, it can be
seen that the spin reorientation transition in the
compound with x = 2.5 exhibits a pronounced dis-
tinction compared to the other two compounds.
Specifically, the transition from the conical fer-
romagnetic state to the axial ferromagnetic state
is less evident. To clarify this particular behav-
ior, we plan to perform neutron diffraction and
Monte-Carlo simulations.

From the magnetization curves, we show a schematic
magnetic phase diagram for this PrCos_,Cu, series, as

Axia FM

Conica FM
Planar FM

T T T
00 05 10 15 20 25 30
Copper content

Figure 6. Schematic magnetic phase diagram for PrCos_,Cu,
compounds. FM and PM mean ferromagnetic and paramag-
netic state, respectively. Curie temperature of PrCos is taken
from Ref. [33]

presented in Fig. 6. For low temperatures, the total mag-
netic moment lies in the a — b plane. For a given com-
position, the axis of easy magnetization changes direc-
tion with increasing temperature, but the system state
remains ferromagnetic, further increasing the tempera-
ture a phase transition from ferromagnetic to param-
agnetic state is observed. As the copper concentration
increases, the spin reorientation temperature increases
and the Curie temperature decreases. The decrease of
the Curie temperature is due to the magnetic dilution
following the substitution of cobalt by copper. The in-
crease of the spin reorientation temperature with the cop-
per concentration is explained by the fact that the axial
anisotropy becomes less favored when the cobalt content
decreases.

2. Critical behavior around room temperature

In this section, our focus is solely on investigat-
ing the ferromagnetic-paramagnetic (FM-PM)
phase transition of PrCo;Cujs, for two primary
reasons. Firstly, the FM-PM transition occurs
at room temperature, unlike the other two
compositions where the Curie temperatures are
high. Secondly, the PrCo;Cu; compound boasts
the narrowest temperature interval between the
ferromagnetic-paramagnetic phase transition and
the spin reorientation transition. Therefore, a
comprehensive analysis of the critical behavior
exhibited during the FM-PM transition is crucial
to gain a deeper understanding of the magnetic
properties of PrCo;Cu;s to see if the presence of
a region with fluctuations close to the critical
temperature (T¢) has any effect on the univer-
sality class of the ferro-paramagnetic transition.
The understanding of this phenomenon allows
the development of new magnetic materials,



new devices and new technologies that can have
important practical applications.

We begin by identifying the phase transi-
tion, and then we present a detailed study of the
critical behavior. From the magnetic isotherms
measured around the Curie temperature with a
relatively small step, we can deduce the Arrott
plot. From the shape and the slope of the curves,
we can determine the type of the phase transition
[37]: if the slope is negative and the Arrott plot
close to the Curie temperature have the S shape,
the transition from the ferromagnetic state to
the paramagnetic state is, therefore, a first-order
transition. If the curves have a single inflection
point and a positive slope, the transition from
the ferromagnetic state to the paramagnetic one
is a second-order transition. The positive slope
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Figure 7.  Arrott plot for PrCo2Cus. The red circles cor-
respond to the critical isotherm. The black straight line is a
linear extrapolation of the critical isotherm in the high field
region.

of the isotherms in the high field region depicted
in (Fig. 7) clearly indicates that the PM-FM
transition is of second order.

Determining the phase transition order is not
the only advantage of the Arrott plot. In fact,
based on Arrott plot, we can identify:

e Firstly, Xal and Mg (T) as the intercepts on
the H/M axis and positive M? axis, respec-
tively.

e Secondly, we can easily identify the isotherm
which corresponds to Curie temperature and
consequently T¢ value.

Arrott plot method assumes that the critical ex-
ponents follow mean field theory. Following this
method, isotherms plotted in the form of M? vs
H/M constitute a set of parallel straight lines,
and the isotherm at the critical temperature T¢
should pass through the origin.

In the case of mean field model Fig. 7 shows that the
critical isotherm pass through the origin for 7' = 315 K.

In addition, the isotherm plots exhibit some curvature,
which calls for more sophisticated analysis. To clarify
the nature of magnetic transition phase we have used
the modified Arrott plot of M'/# vs (H/M)/7 [38]. The
modified Arrott plot is given by the Arrott-Noakes equa-
tion of state:

(H/M)YY = pe + qM/? (1)

where ¢ = (T'—T¢)/T¢ is the reduced temperature, and
p and g are constants. Actually, three models have been
proposed in literature to determine the modified Arrott
plots. These are the 3D-Heisenberg model (8 = 0.365,
~v = 1.386), 3D-Ising model (8 = 0.325,y = 1.241), and
tricritical mean-field model (8 = 0.25, v = 1.0) [39].
The purpose of modifying the Arrott plot is to
check if one of the three models can describe the
phase transition better than the mean-field model
and hereby determine correct values of the crit-
ical exponents 3, v and J. Unfortunately, none of
these models can describe the phase transition from the
ferromagnetic state to the paramagnetic state. This is
obvious because of the isotherm non-linearity observed
in Fig. 8.

To find out the appropriate critical exponents 8 and ~,
a rigorous iterative method has been used [40]. Starting
from the Mean field model with initial values of 3 and
~ 0.5 and 1, respectively. A linear extrapolation is done
from the high-field region which gives Mg(T) and x; ' (T)
as an intercept M1/# and (H/M)'/7 axis, respectively.

A new set of 8 and « can be obtained by fitting the
data following the Eq. (2) and Eq. (3).

Ms(T) = Mg (0)(—€)?, T < Te (2)

Xo (1) = xg ' (0)(e)",T > Tc 3)

where Mg(0) and X, '(0) are the critical amplitudes and
e = (T'—T¢)/Tc is the reduced temperature [41].

Then a new modified Arrott plot is constructed using
the new values of 5 and . As a result, new Mg(T') and
Xo 1(T) are generated from the linear extrapolation from
the high-field region. Consequently, new 3 and =y can be
obtained. This procedure was repeated until the values
of 3, and v became unchanged.

Fig. 9 presents the final Mg(T) and ;' (T') with solid
fitting curves. The values of critical exponents § and v
and value of T are obtained.

Kouvel-Fisher method is used in order to determine
with more precision the values of 3 and v [42]:

dMs(T)>_1 _T-T¢
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Figure 8. Modified Arrott plots for PrCo2Cus. using the tri-
critical mean field model (top), 3D-Heisenberg model (center)
and 3D-Ising model (bottom). The red circles correspond to
the critical isotherm. The black straight line is a linear ex-
trapolation of the critical isotherm in the high field region

-1

Based on this method, Mg(T) (%) and

-1 dxg ' (1)~ . .
Xo (T) (T) are a linear functions of tempera-
ture with slopes of 1/~ and 1/, respectively. They in-
tercept temperature axis for T=T¢. As shown in Fig. 10,
the linear fits give 8 and v with T¢.

The third exponent ¢ has been calculated using Widom

scaling law as follows [43]:

6=1+/8

8 and y values determined from the modified Arrott plot
method and Kouvel-Fisher plot were used to deduce §
values.

Furthermore, § value can be deduced from the fitting
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Figure 9. The spontaneous magnetization M, (T)(left) and
the inverse of initial susceptibility x5 '(T) (right) plotted
against temperature for PrCo2Cus. The solid lines represent
the fit.
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Figure 10. Kouvel-Fisher plots of Mgs(T)/(dMs(T)/dT)

(left) and x5 ' (T)/(dx5*(T)/dT) (right) for PrCo2Cus. The
red solid lines represents the fit
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Figure 11. The isothermal magnetization curve against ap-
plied magnetic field at T¢ for PrCosCus sample. The inset
shows the same plot in logarithmic scale.



of the critical isotherm using the following equation:
M =DHY e=0,T=T¢ (6)

Where D is the critical amplitude [41]. Fig. 11 shows
the isotherm magnetization M (H) at T ~ T¢, with the
inset plotted on a log-log scale. §=3.15(3) was deter-
mined based on the fit of the critical isotherm, it is close
to the values deduced from the modified Arrott plot and
Kouvel-Fisher plot. The critical exponents PrCosCus
samples are close to critical exponents of mean-field
model with a slight deviation.

We verify the validity and the reliability of the founded
critical exponents based on the scaling hypothesis:

M(H,e) = € fo(H/e"*7) (7)

where f_ for T < T¢ and fy for T' > T are the regular
functions. By writing magnetization and magnetic field
in these renormalized forms, renormalized magnetization
m = ¢ PM(H,T) and renormalized field h = ¢ A7 H,
Eq. (7) can be written as:

m = fi(h) (8)

m and h is an important criterion to check the validity of
the found critical exponents. Eq. (7) implies that for an
appropriate values of 3, 7y, and §, we obtain tow universal
branches one below Curie temperature and the second
above Curie temperature.

Fig. 12 shows that the renormalized isotherms collapse
into independent universal branches, which means that
the selected critical exponents 3, v, and J are valid.
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Figure 12. Scaling plots below and above T¢ for PrCo2Cus
sample. The inset shows the same plot in logarithmic scale.

Based on the results in this section, it is evi-
dent that the ferromagnetic (FM) interaction in
PrCoy;Cu; exhibits remarkable properties. First,
the estimated exponents are close to those pre-
dicted by the mean-field model, albeit with a

slight deviation. This suggests that the interac-
tion can be characterized as long-range. However,
the slight deviation could possibly be attributed
to fluctuations around the spin reorientation that
occur prior to the FM-PM transition. Further in-
vestigations using DFT and Monte Carlo simula-
tion are needed to fully understand and elucidate
this intriguing behavior.

3. Magnetocaloric effect

The magnetocaloric effect is a thermodynamic phe-
nomenon that occurs when certain magnetic materials
undergo a temperature change in response to a change in
magnetic field. Specifically, when the magnetic field ap-
plied to a magnetic material is changed, the temperature
of that material may increase or decrease, depending on
the magnetic properties of the material and the direction
of the magnetic field change.

This phenomenon is due to the fact that the magneti-
zation of a magnetic material is related to the entropy of
the system, which measures the degree of molecular dis-
order. Thus, when the magnetic field is changed, the en-
tropy of the system can also change, resulting in a change
in temperature.

The magnetocaloric effect is important because it can
be used to produce magnetic cooling systems, which are
more environmentally friendly and energy efficient than
traditional cooling systems.

From the magnetization versus applied magnetic field
curves at various temperatures and using the appropriate
numerical approximation, it is possible to determine the
magnetic entropy change ASj; due to a change in the
external applied field.

H oM
s [ (20) o
M MOO ar )

Where M is the magnetization, T is the temperature
and H is the applied magnetic field. However, if the
isothermal M (H) curves are measured by discrete field
changes the following expression might be used [44]:

M; — M,
|ASM| = o E ﬁ AH;
i 3 3

Where M; and M;; are the initial magnetization at
T; and T}, temperature respectively when the magnetic
field increases by AH;.

In order to show the spin reorientation phenomenon
on the M (H) curves more clearly, we have plotted them
for the compound PrCosCus (see Fig. 13) whose magne-
tization peak at T' = Tgg is the sharpest 4).

These features are reflected in the curves of the entropy
variation, as shown in the corresponding Fig. 13. We can
see a positive peak at Tspr1 which is related to the spin



Table III. TEC and RCP values of PrCos_,Cu, compounds and of other materials for comparison

Compound wodH  ASpax RCP TEC(5K) gfﬁl Ref
T K J(K- kg)™" J(K- kg- T)™*

PI‘Q‘5E1“0,1SI‘0,4MI103 5 6 360 4.45 0.89 [45]
PI‘0‘5E110,1SI‘0_4M1103 5 5,6 330 4.9 0.98 [45]
La.o,sNao,zMn03 5 4.8 200 4.6 0.92 [46]
Lag.sCap.05Nag.15MnO3 5 4.7 188 4.55 0.91 [46]
Ho>CoMnOg 7 - - 6.5 0.928 [47]
Pr1,64Sm0_36Fe17 3 3.9 247.26 3.71 1.24 [48]
PryCor (Gd2Cor type structure) 1.5 3.5 103 - 0.928 [49]
ProCor (CeaNir type structure) 1.5 1.1 18.5 - 0.928 [49]
Pr;Co1g 1.5 5 18.2 - 0.928 [50]
GdaFe, 1.5 0.79 13.3 0.7 0.928 [51]
GdFe1.9Cuo.1 1.5 1.2 21.6 - - [51]
GdFel_gCuo_l 1.5 0,9 14.8 - - [51]
HoFeq.4Co1.6 1.5 0.5 - - - [52]
HoFeo.14Co1.86 1.5 1.5 - - - [52]
ErFeo_gCol,g 1.5 1 - - - [53]

PrCozCus 2 1.15(Tsr) 43 1 0.5 This work

. PrCos.5Cuss 2 1 (Tsgr) 41 1 0.5 This work

PrCosCus 4 0.5(Tsr)
0.7(T¢) ~128 - - This work
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Figure 14. Magnetization M (uoH,T) curves and magnetic

Figure 13. Magnetization M (uoH,T) curves and magnetic entropy change AS(T, fioH)t for PrCosCiz compound.

entropy change AS(T, uoH)m for PrCosCus compound

reorientation from the plane to the cone, a negative part at Tspro related to the spin reorientation from the cone
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Figure 15. Magnetization M (uoH,T) curves and magnetic

entropy change AS(T, uoH)m for PrCoz.5Cuz.5 compound

to the axis. Based on the magnetization versus tempera-
ture curve of the compound PrCosCus, the negative and
positive peaks are more noticeable for the composition
PrCo3Cus as shown in Fig. 13.

Figure. 14 shows typical isothermal magnetization
curves for the sample PrCos 5Cus 5. Note that the low
temperature isotherms from 117K to 182K show an in-
crease then a decrease of the magnetization value, this
is more noticeable at low magnetic field values, this be-
havior is due to the spin reorientation. For higher tem-
perature values, we found a slight monotonic decrease of
the magnetization values, as expected (see Fig. 4). For
the compound PrCos 5Cuss, we focused on the study
of maximum at Tspgy, because it is higher than Tsgo
maximum. This is because the magnetization around
the spin reorientation from the planar to the conical ar-
rangement shows a sharper change than that around the
ferromagnetic-ferromagnetic transition from the conical
to the axial arrangement, as shown in Fig. 4. Now, let’s
focus on the compound PrCos_,Cu, with a copper con-
centration equal to x=3, in fact the increase of the copper
concentration leads to an increase of the spin reorienta-
tion temperature and a decrease of the Curie temper-
ature by magnetic dilution, this effect induces a merg-
ing of the magnetic entropy around the Curie tempera-
ture with that around the spin reorientation temperature
Tsgr2. This results in a huge increase of the width of the
entropy variation, the width of ASy; exceeds 130K (see
Fig. 15). Moreover, the spin reorientation processes are
accompanied by a magnetostriction effect along the c-

10

axis increasing the magnetocaloric potential. In order
to evaluate the cooling power around the spin reorienta-
tion temperature, we have calculated the figures of merit
RCP and TEC, The calculated values are grouped in
Tab. IIT with other compounds for comparison.

IV. CONCLUSION

In conclusion, the results of the Rietveld re-
finement demonstrate that the PrCo;_,Cu, com-
pounds are single-phase and crystallize in the
CaCu; structure of the P6/mmm space group.
The 3¢ site is identified as the preferred substitu-
tion site, and an increase in lattice parameters is
observed with the substitution of cobalt by cop-
per. X-ray diffraction on oriented powders re-
veals that, at room temperature, the anisotropy
is axial along the c-axis. Thermomagnetic mea-
surements show that increasing copper concen-
tration in the system leads to a decrease in T,
while also showing spin reorientation at low tem-
peratures. The spin reorientation temperature
increases with higher copper concentrations. The
critical exponents adapted for the description of
the FM-PM phase transition demonstrate a devi-
ation from the mean field model. Magnetocaloric
effect in PrCo;s_,Cu, compounds has been stud-
ied, by increasing the copper concentration, it is
possible to merge the magnetic entropy variations
around T¢ and Tsr. The spin reorientation phe-
nomenon could be an advantage for the magne-
tocaloric effect, this effect could be exploited in
other materials that show both this phenomenon
and a high magnetization.
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