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Theoretical investigation of crystalline electric field influence on the magnetocaloric effect
in the cubic praseodymium system PrNi2
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We report a theoretical investigation of the magnetocaloric effect in paramagnetic intermetallic PrNi2. We
choose this particular compound because it presents high cubic symmetry, and two sets of crystalline elec-
trical field parameters were reported, allowing a systematic study. In one of these sets, the magnetic entropy
increases upon applied magnetic field in the low temperature region (T < 10 K) for H = 5 T. This anomaly was
investigated through a model Hamiltonian which includes the magnetic, exchange, and crystalline electric field
interactions. The simulated curves of the temperature dependence of isothermal entropy variation and adiabatic
temperature change present the inverse magnetocaloric effect, which is not expected for a paramagnetic system.
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I. INTRODUCTION

The magnetocaloric effect (MCE) is the thermal response
of a magnetic material, when submitted to an applied mag-
netic field change. This response is usually measured through
�ST and �Tad , namely, the isothermal entropy and adiabatic
temperature changes upon magnetic field variation, respec-
tively [1]. The MCE depends on several conditions, e.g., the
material temperature and the crystallographic direction of ap-
plied magnetic field. In general, the MCE intensity reaches
higher values around the temperature of magnetic phase tran-
sition and for magnetic field changes applied along the easy
magnetic direction. Research on the MCE creates an enabling
environment for an optimum balance between applied and
basic sciences. From the applied point of view, the main focus
is concerned with using the MCE materials as a refrigerant
body to work in a magnetic refrigerator which can save en-
ergy; it is also a green technology [2–4]. On the basic search
side, the MCEs are strongly correlated with several physical
properties, e.g., magnetic and structural phases transitions
[5,6], magnetoresistivity [7,8], disorder at the rare-earth sites
[9], degree of magnetic sample amorphization [10], crystalline
and magnetic anisotropy [11,12], and so on.

In a crystal lattice the (2J + l )-fold ground state degen-
eracy of rare-earth magnetic ions can be partially removed
due to the neighboring electrical charges, the so-called crystal
electrical field interaction (CEF). The remaining degeneracy
is determined by the symmetry of the CEF at the rare-earth
site. The MCE of rare-earth intermetallic compounds depends
on the CEF interaction, which can generate strong magnetic
anisotropy and a nonlinear magnetic field dependence of the
(2J + 1) energy levels. The rotating magnetocaloric effect,
where �ST and �Tad are calculated by changing the magnetic
field direction (instead of its intensity, which is fixed), is
directly related with the CEF anisotropy [13–15]. In the para-
magnetic PrNi5 compound, an anomalous magnetocaloric was
predicted through the calculation of nonlinear dependence of
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magnetic energy levels, due to the hexagonal CEF interaction.
This compound presents an inverse magnetocaloric effect as-
cribed to the crossing of CEF levels [16].

In this work, we investigate the influence of CEF interac-
tion on the paramagnetic PrNi2. This compound has certain
important characteristics and simplicities that allow a sys-
tematic study, namely: (1) cubic symmetry, where only two
parameters are necessary to describe the CEF interaction; (2)
low and integer value (J = 4) of total angular momentum; (3)
the fundamental ground state is a nonmagnetic �3 double,
so the onset of magnetization can only be induced by an
exchange or magnetic field through transition admixtures with
excited states; and (4) there are two possible sets of CEF pa-
rameters, determined through the inelastic neutron scattering
experiment. The first set of CEF parameters (W = –0.23 meV,
x = –0.64) [17] leads to the ground and first excited level
scheme, �3 and �5, and the second one (W = –0.18 meV, x =
0.58) [18] leads to �3 and �4. These two CEF levels schemes
lead to marked differences in magnetocaloric potentials �ST

and �Tad . Our systematic study of the influence of CEF on
the MCE goes beyond the PrNi2 system; it has been extended
to the entire allowed space of the x CEF parameter, through
the use of the Lea, Leask, and Wolf (LLW) diagram [19].

II. THEORY

The paramagnetic PrNi2 compound crystallizes in the
Laves phase (C15 structure) in which the Pr3+ ions are lo-
calized in equivalent sites of cubic point symmetry, so we
need only two CEF parameters [17,18]. In the molecular field
approximation, the magnetic behaviors of PrNi2 are described
by the following Hamiltonian:

H = W

[
x

(
O4

F4

)
+ (1 − |x|)

(
O6

F6

)]

− gμB

∑
k=x,y,z

[λ〈Jk〉 + H cos αk]Jk . (1)

The first term gives the crystalline electrical field interac-
tion in Lea, Leask, and Wolf (LLW) notation [19], where W
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FIG. 1. LLW diagram showing the two investigated CEF level
schemes for PrNi2. Set 1 (W = –0.23 meV, x = –0.64): vertical solid
line; set 2 (W = –0.23 meV, x = –0.64): vertical dash-dotted line.

scales the CEF energy levels splitting and x, (−1 � x � 1)
gives the ratio of fourth to sixth order terms of O4 and O6

operators. The O4 = O0
4 + 5O4

4, O6 = O0
6−21O4

4 are com-
binations of, Om

n -Stevens’s equivalent operators [20] and F4 =
60, F6 = 1260 are scale factors attributed to the Pr3+. The sec-
ond term represents the magnetic and exchange interactions, g
being the Landé factor, μB the Bohr magneton, λ the exchange
parameter, Jk the total angular momentum component, and
(H → μ0H ) is the magnetic field applied along the cosine
directions (cos αk).

Due to the CEF Hamiltonian in relation (1), the ninefold
degenerate ground eigenvectors of the Pr3+ ion, written in
Jz eigenvectors base, are decomposed into �1 (singlet), �3

(doublet), �4 (triplet), and �5 (triplet), given by

�1 : |e1〉 = a|4〉 + b|0〉 + a| − 4〉, (2a)

�3 : |e2〉 = c|4〉 − d|0〉 + c| − 4〉, (2b)

|e3〉 = e|2〉 + e| − 2〉, (2c)

�4 : |e4〉 = f |3〉 + g| − 1〉, (2d)

|e5〉 = f | − 3〉 + g|1〉, (2e)

|e6〉 = e|4〉 − e| − 4〉, (2f)

�5 : |e7〉 = g|3〉 − f | − 1〉, (2g)

|e8〉 = g| − 3〉 − f |1〉, (2h)

|e9〉 = e|2〉 − e| − 2〉. (2i)

The coefficients, a = √
30/12, b = √

21/6, c = √
42/12,

d = √
15/6, e = √

2/2, f = √
2/4 and g = √

14/4, fix the
orthonormality condition 〈ei|e j〉 = δi j and do not depend
on the x-CEF parameter. On the other hand, the CEF en-
ergy eigenvalues depend on the x-CEF parameter and can
be mapped in the so-called LLW diagram, constructed with
W = 1, as shown in Fig. 1 (thick lines).
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FIG. 2. Temperature dependence of magnetic entropy in PrNi2,
for H = 0 and 5 T, considering the two sets of parameters: Set 1
solid and set 2 dash-dotted curves.

The temperature and magnetic field dependence of the
magnetic entropy are given by

Smag(T, H ) = R

[∑
i

exp

(
− εi

kBT

)

+ 1

kBT

∑
i εi exp

( − εi
kBT

)
∑

i exp
( − εi

kBT

)
]
, (3)

where R is the gas constant, kB the Boltzmann constant,
and εi the energy eigenvalues of the Hamiltonian given in
relation (1).

III. RESULTS AND DISCUSSIONS

The two reported sets of CEF model parameters for PrNi2

were used in this work: set 1: (W = –0.23 meV, x = –0.64)
[17] and set 2: (W = –0.18 meV, x = 0.58) [18]. It is worth
noticing that, in both sets W < 0; therefore, the LLW diagram
should be read from top to bottom in the corresponding W
scale (i.e., after multiplying the vertical axis of Fig. 1 by the
respective value of W). In Fig. 1, the vertical solid (x = –0.64)
and the dash-dotted (x = 0.58) lines indicate the CEF levels
schemes, namely, set 1: �3 (0), �5 (2.539 meV), �4 (6.440
meV), and �1 (15.456 meV) and for set 2: �3 (0), �4 (3.492
meV), �1 (8.381 meV), and �5 (9.482 meV). These results
were obtained with high precision, and set 1 is in good agree-
ment with the ones in Ref. [17]. On the other hand, for set 2,
a considerable discrepancy (of about 13%) was observed with
the ones reported in Ref. [18]. For both sets of CEF param-
eters the easy magnetic direction is 〈001〉 and the exchange
parameter was taken from Ref. [17].

Figure 2 shows the temperature dependence of the mag-
netic entropy for the two sets of CEF parameters with and
without applied magnetic field. For set 1, in which the ground
and first excited states are �3 − �5, a crossing between the
entropy curves for H = 0 and H = 5 T is observed around
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FIG. 3. Temperature dependence of −�ST in PrNi2, for mag-
netic field change from H = 0 to 5 T, using the parameters of set 2.
The inset shows the energy level splitting due to the applied magnetic
field.

T = 10 K. Below T = 10 K, an anomalous effect occurs in
which the magnetic entropy increases when the magnetic field
is applied. Above T = 10 K, the magnetic entropy decreases
with increasing magnetic field and saturates at Smag(max) =
R ln(9), where R is the gas constant, as expected. As the
temperature goes to zero, in zero field, we obtain Smag(min) =
R ln(2), which is ascribed to the doublet ground state. For set
2, in which the ground and first excited states are �3 − �4,
the magnetic entropy decreases with magnetic field in the
entire temperature range. For H = 5 T, and temperature above
T = 0.5 K, the �3 doublet splits into two singlet states so the
magnetic entropy goes to zero for the low temperature region,
as shown in the dash-dotted curve for H = 5 T.

Figure 3 shows the temperature dependence of
isothermal entropy change �ST = Smag(T, H = 5 T) −
Smag(T, H = 0), considering set 2 of CEF parameters. The
maximum value of �ST = Rln(2) is achieved as T → 0 K.
The inset shows the splitting of the nine energy levels [see
relation (2)] as the magnetic field increases from zero to five
T, at T = 0.5 K. The strong magnetic field dependence of
the fundamental energy level ε1(H ) comes from the allowed
transition α0 = 〈e6|Jz|e2〉 = 〈e2|Jz|e6〉 = √

84/3, which
admixtures the nonmagnetic ground state |e2〉 with the |e6〉
(see the dotted arrow) [21].

Figure 4 shows the temperature dependence of �ST , upon
magnetic field variation from 0 to 5 T, for set 1 (solid
curve). Using set 1, an inverse magnetocaloric effect (defined
as −�ST < 0) was predicted in the calculated temperature
interval from T = 0.5 K to T ∼ 10 K. The inverse magne-
tocaloric effect is not expected in a paramagnetic system as
is the case for PrNi2. A systematic analysis was performed
considering a small change in the x-CEF parameter around
the fixed value of set 1 (x = –0.64). The dotted and dashed
curves in Fig. 4 show �ST vs T for xa = –0.68 and xb = –0.6,
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FIG. 4. Temperature dependence of −�ST in PrNi2, for mag-
netic field change from H = 0 to 5 T, using the parameters of set
1: solid curve. The dashed and dotted curves were calculated using
the x-CEF parameters xa = –0.68 and xb = –0.60, respectively, as
displayed in the LLW diagram.

respectively, for the same W scale used in set 1. The vertical
dashed and dotted lines for xa and xb are displayed in the
LLW diagram (Fig. 1) and preserve the same order of CEF
levels scheme (�3 − �5 − �4 − �1) from set 1. The inten-
sity of anomalous minimum values in −�ST vs T, namely:
0.14, 0.42 and 1.5 J mol−1 K−1, increases as the x CEF pa-
rameter approaches the crossing in energy levels (�3 − �5)
(see the LLW diagram). In order to investigate the origin of
this anomalous effect, which appears using the parameters of
set 1, we plotted the magnetic field dependence of the nine
energy states at T = 0.5 K, as shown in Fig. 5. Comparing
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FIG. 5. Energy level splitting, due to the applied magnetic field
with model parameters from set 1, at T = 0.5 K.
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FIG. 6. Magnetic entropy versus x-CEF parameter, at T = 1 K.
Dotted, solid, and dashed curves were obtained using, respectively:
only CEF interaction, CEF plus exchange interaction, and CEF plus
exchange and Zeeman interactions (with H = 5 T).

these energy level splittings with the ones for set 2 (inset of
Fig. 3), three striking differences and characteristics should
be highlighted: (1) the admixtures of nonmagnetic ground
state level �3 with the exited magnetic ones can be neglected;
i.e., the magnetic field practically does not change the energy
of the fundamental level; (2) the double degeneracy, in the
fundamental level, is kept for low values of the magnetic field;
and (3) increasing the magnetic field, the first excited state
approaches energetically to the ground state. Characteristics
(1) and (2) lead to the observed value R ln(2) for the mini-
mum entropy for (T → 0 K) as show by the solid curve in
Fig. 2 at H = 5 T. Characteristic (3) leads to anomalies in
which the magnetic entropy increases when the magnetic field
increases. In general, increasing the magnetic field separates
the magnetic energy levels (Zeeman effect), decreasing the
density of states, and consequently decreasing the entropy. On
the other hand, if the energy levels approach with increasing
magnetic field (increasing the density of states), the entropy
increases.

To show that the region around x = –0.64, where the
anomaly appears, is singular in the entire interval (–1 < x <

1), we studied the x-CEF parameter dependence of magnetic
entropy. As shown in Fig. 6, calculations were performed
with W = –0.23 meV of set 1, at T = 1 K, in three scenarios:
(I) only CEF interaction, represented by the dotted curve;
(II) CEF plus exchange interaction, represented by the solid
curve;and (III) CEF plus exchange and Zeeman interactions
(with H = 5 T), represented by the dashed curve. In scenario
(I), the plateau in the interval (–1 < x < –0.75) describes the
entropy value R ln(3) due to the �5 (triplet), ground state.
The entropy peaks at x = –0.74 achieving the value of R ln(5)
due to the crossing between �5 (triplet) and �3 (doublet), as
shown in the LLW diagram (Fig. 1). The long plateau, from
x = –0.73 to 0.83, has the value R ln(2), since in this region
�3 (doublet) is the ground state. Around x = 0.85 a high peak
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FIG. 7. Temperature dependence of �Tad in PrNi2, for magnetic
field change from H = 0 to 5 T, using the parameters of set 1 (solid
curve) and set 2 (dash-dotted curve).

of R ln(6) appears due to the crossing among �3 (doublet), �4

(triplet), and �1 (singlet). From x = 0.88 to 1, the magnetic
entropy vanishes since in this interval the ground state is �1

(singlet). In scenario (II), where the exchange interaction is
included, the two peaks observed in scenario (I) decrease and
approach each other. Furthermore, the central plateau regions
are reduced. In scenario (III), when the magnetic field is in-
cluded, the left peak is displaced to high x values and the right
peak disappears. Therefore, comparing the curves of magnetic
entropy with H = 0 and H = 5 T, solid and dashed curves
in Fig. 6, we can conclude that only around x = –0.64 (see
the arrow) does the magnetic entropy increase with magnetic
field. The inset in Fig. 6 magnifies the narrow and singular
region of the x-CEF parameter, where the anomaly appears.

In order to obtain the adiabatic temperature change, �Tad ,
upon magnetic field change in PrNi2, the lattice and electronic
entropy must be added [1]. At low temperature, the electronic
entropy is given by Sel = γ T and the lattice entropy Slatt =
Slatt (	D, T ), was taken in the Debye assumptions. The param-
eters γ (Sommerfeld parameter) and 	D (Debye temperature)
for PrNi2 were taken from the heat capacity measurement
in LaNi2 (an isostructural, nonmagnetic compound), namely:
γ = 12.52 mJ mol−1 K−2 and 	D = 242 K [22]. Figure 7
shows the temperature dependence of the adiabatic tempera-
ture change in PrNi2, for magnetic field variation from H = 0
to H = 5 T. The solid and dashed curves were calculated us-
ing the CEF parameters from set 1 and set 2, respectively. As
expected, set 2 leads to normal magnetocaloric effect. For set
1, an anomalous magnetocaloric effect is predicted in which
the paramagnetic compound PrNi2 cools down upon magnetic
field application below T ∼ 10 K, for magnetic field change
from H = 0 to 5 T. The above calculation was performed upon
magnetic field change from H = 0 to 5 T; the calculations for
lower magnetic field changes, e.g., H = 0 to 2 T show the
same profile, reducing only the peak intensity values.
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IV. FINAL COMMENTS

A striking and conceptual characteristic of a paramagnetic
system consists of decreasing magnetic entropy when a mag-
netic field is applied. This behavior is expected due to the
alignment of the magnetic moments along the field direction.
Using a microscopic model, we predicted an anomalous mag-
netocaloric effect in a simple cubic paramagnetic compound
PrNi2, for set 1 (W = –0.23 meV, x = –0.64) CEF parame-
ters. This anomaly leads our investigated paramagnetic system
to cooling down (in an adiabatic process) and increasing mag-
netic entropy (in an isothermal process) upon magnetic field
application, at low temperature (T < 10 K). This anomalous
effect comes from the unusual CEF splinting of the (2J + 1)
fundamental multiplet of Pr3+ (J = 4) in the PrNi2 com-
pound. The nonmagnetic doublet �3 ground state is almost
independent of magnetic field due to the weak admixtures
with the excited magnetic levels and the first excited level
converges to doublet �3, when the magnetic field increases.

This behavior is opposite to what is observed in the usual Zee-
man effect for a paramagnetic system, where the energy levels
εm ∝ mH , (m = J, J−1, · · · ,−J ) diverge linearly when the
magnetic field increases, which leads to increasing entropy.

To confirm our theoretical prediction, experimental results
are desired, preferably in a monocrystalline sample, where
the anomalous magnetocaloric effect in PrNi2 should be more
prominent than in a polycrystalline sample, as discussed in
Ref. [16].
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