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In this paper, the magnetocaloric effect in the hexagonal intermetallic compounds belonging to theRNi5
series was calculated using a Hamiltonian including the crystalline electrical field, exchange interaction, and
the Zeeman effect. Experimental work was performed and the two thermodynamics quantities, namely, iso-
thermal entropy change and adiabatic temperature change were obtained for polycrystalline samples, using heat
capacity measurements, and compared to the theoretical predictions.
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INTRODUCTION

Many magnetic materials studied in the past have been
experimentally and theoretically reinvestigated focusing on
the magnetocaloric effect(MCE), i.e., the ability of magnetic
materials to heat up when they are magnetized, and cool
down when removed from the magnetic field. The recent
renewed interest in the MCE appears after the discovery of
the giant magnetocaloric effect in Gd5sSi2Ge2d near room
temperature.1 The magnetocaloric materials present great
technological interest in the refrigeration field since magnetic
refrigeration gives one of the most efficient and ecological
methods of cooling around room temperature and even
higher.2 More recently, two other potential magnetocaloric
materials, namely MnFeP0.45As0.55 (Ref. 3) and
MnAs1−xSbx,

4,5 were reported with giant magnetocaloric ef-
fect around room temperature. In the three above-mentioned
materials the first order magnetic phase transition from fer-
romagnetic to paramagnetic state is present and associated to
the experimental observation of the giant-magnetocaloric ef-
fect. Theoretical investigations on these materials were re-
cently reported in Refs. 6, 7, and 8.

Besides the technological interest, it is important to un-
derstand the MCE in terms of fundamental physics. For ex-
ample, the giant quadrupolar interaction present in the YbAs
compound9 and the quantum crossing effect in PrNi5 (Ref.
10) were well described by analyzing the isothermal entropy
change,DSmag, that occur upon change of an applied mag-
netic field using the appropriate Hamiltonian. The entropic
investigation(i.e., DSmag vs temperature) showed that the
magnetic entropy in PrNi5 (which is a paramagnetic com-
pound) increases with the application of magnetic field at
low temperature, the so-called anomalous entropy variation
effect.

Motivated by the anomalous entropy effect observed in
PrNi5, in this paper we fully investigated the MCE in the
RNi5 series (R=rare-earth element). The MCE, which is
characterized by the two thermodynamic quantities, namely,
DSmag (mentioned above) and the adiabatic temperature
change,DTad, were theoretically calculated and experimen-
tally measured in this series by heat capacity measurements

in 0 and 5 teslas. Here we report on the results of this work.

THEORY

The RNi5 compounds crystallize in the hexagonal
CaCu5-type structure11 and its magnetism is due to theR3+

ions. Therefore, the simplest theoretical approximation to
model the localized magnetic properties ofRNi5 compounds
is given by the following Hamiltonian:

Ĥ = ĤCEF+ ĤMAG, s1d

where

ĤCEF= B2
0O2

0 + B4
0O4

0 + B6
0O6

0 + B6
6O6

6 s2d

and

H& MAG = − gmBHbcossadJx + cossbdJy + cossgdJzc , s3d

Relation (2) gives the single ion crystal electrical field
(CEF) Hamiltonian, whereOn

m are the Steven’s equivalent
operators,12 and the coefficients,Bn

m, determine the strength
of the splitting of thes2J+1d-fold degenerate Hund ground
multiplet, withJ the total angular momentum. Relation(3) is
the single ion magnetic Hamiltonian, taken in the molecular
field approximation, whereg is the Landè factor,mB is
the Bohr magneton andH=H0+lM is the effective
exchange field(external magnetic field plus the effective
molecular field) with the molecular field constantl, and
M =gmBkcossadJx+cossbdJy+cossgdJzl being the magnetiza-
tion in the easy magnetic direction. The symbolsJh, h=x, y,
z stand for the three components of the total angular momen-
tum operator with the direction cosines relative to the crys-
tallographic axis.

The magnetic state equation is obtained by taking the
Boltzmann mean value of the magnetic dipole operator,
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M = gmBkJhl = gmB

o k«iuJhu«ilexpS−
«i

KT
D

o expS−
«i

KT
D . s4d

The «i and u«il are the energy eigenvalues and eigenvectors,
respectively, of Hamiltonian(1) andJh is the component of
the total angular momentum at an arbitrary directionh. The
magnetization and the magnetic entropy are determined un-
der the self-consistent solution of Eqs.(4).

The magnetic entropy can be determined by the general
relation, obtained from Helmholtz free energy,

SMsT,H0d = S1

T
D o

k=1

2J+1

«k exps− «k/kBTd

o
k=1

2J+1

exps− «k/kBTd

+ kB lnF o
k=1

2J+1

exps− «k/kBTdG , s5d

wherekB is the Boltzman constant. The lattice entropy can be
calculated by the Debye formula,

Slatt = − 3nR lnf1 − exps− TD/Tdg

+ 12nRS T

TD
D3E

0

TD/T x3 dx

expsxd − 1
, s6d

whereR is the gas constant andTD is the Debye temperature.
The electronic entropy is given bySele= ḡT where the Som-
merfeld coefficientḡ=36 mJ/mol K2, is taken from the non-
magnetic reference compound LaNi5,

13 and is assumed to be
the same for the whole series. The total entropy at any tem-
perature and magnetic field is given byST=Smag+Slatt+Sele.

After the above entropy calculations, the isothermal total
entropy changes,DST, that occurs for changes in the external
magnetic field, can be directly determined,

DSTsT,DHd = STsT,H2d − STsT,H1d. s7d

If the magnetic field and the magnetization do not alter
the Debye temperature, the total entropy changes(in an iso-
thermal process) is equal to the magnetic entropy change.

There are different ways to measure and calculate the
adiabatic temperature change,DTad, that occurs for changes
in the external magnetic field.14 Our theoretical and experi-
mental procedure was to determine the total entropy versus
temperature curves at magnetic fieldsH1=0 and H2=5 T,
from which theDTad was obtained using the equation

− DTadsT,DHd = T1sTd − T2sTd. s8d

This quantity, for a given pair of curvesSTsT,H1d and
STsT,H2d, is determined by the adiabatic process condition,
STsH1,T1d=STsH2,T2d.

EXPERIMENT

In order to verify the theoretical predicted behavior of the
magnetocaloric effect inRNi5 we prepared polycrystalline
samples(with R=Er, Gd, Ho, Dy, Nd, and Ce). The starting
materials had purities of 99.9% for theR elements, and
99.99% for Ni. After weighing appropriate proportions of the
elements, the samples were arc-melted several times in a
high purity atmosphere, being turned between meltings for
homogenization. The samples were characterized using x-ray
diffraction with Cu Ka radiation, which confirmed their
single phase nature. Magnetic characterizations—Curie tem-
peratures and saturation magnetization(where applicable)—
were done in a commercial SQUID magnetometer in fields
up to 7 T. The heat capacity was measured by the two tau
method in a commercial relaxation calorimeter(PPMS from
Quantum Design) without and with applied magnetic field of
5 T.

RESULTS AND DISCUSSIONS

In Table I we collected, for each compound of theRNi5
series, all the necessary magnetic parameters to be used in
our model presented above. The CEF parameters are in meV
units and the exchange parameters are in T2/meV. The
eighth column gives the crystallographic directions of the
easy magnetic direction which fixes the magnetic Hamil-
tonian, relation(3). For example, HoNi5 has thea-crystalline
easy axis, therefore, the proper direction cosines are
cossad=1, cossbd=0, and cossgd=0. It is worth noticing that
since the magnetization variation, for materials with CEF
anisotropy, generally depend on the applied magnetic field
direction, so the magnetic entropy change is also dependent

TABLE I. Magnetic parameters for intermetallics compounds belonging toRNi5 series.

Compounds B2
0 B4

03102 B6
03104 B6

63102 l Tc

Easy
direction Reference

GdNi5 32 15

DyNi5 0.198 0.0190 0.0095 0.0024 11.6 b 16

HoNi5 0.0991 0.0164 −0.0017 −0.0026 3.09 5 a 17

NdNi5 0.289 0.125 −0.302 −0.116 63.77 8 a 18

TbNi5 0.331 −0.0034 −0.0345 −0.0034 13.88 23 a 19

ErNi5 −0.0732 −0.0092 0.0124 0.0028 9 c 20

PrNi5 0.61 0.496 1.01 0.27 29.84 a 21
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on the applied field direction in crystallographic axes. The
theoretical calculations were performed in single-crystal as-
sumption above discussed. The last column in Table I ives
the references from where the parameters were obtained.

The lattice entropy of each compound of theRNi5 series
was estimated considering the isostructural and nonmagnetic
compound LaNi5. The temperature dependence of the Debye
temperature in LaNi5 was determined considering the Debye
analytical expression for heat capacity and the tabulated ex-
perimental data for heat capacity versus temperature from
Ref. 22. The adjustment was performed using a seventh or-
der degree polynomial, i.e.,TDsTd=on=0

7 anT
n. Therefore, the

lattice entropy, relation(6), was determined at each tempera-
ture using the appropriate Debye temperature. It is worth
noticing that, without this procedure, the calculation of the
DTad vs T could not be obtained with the desirable numerical
precision(necessary to guarantee the adiabatic process).

In Fig. 1 is displayed theDSmag andDTad versus tempera-
ture in the GdNi5 compound, calculated(solid line) and mea-
sured (open circles), for a magnetic field change from
0 to 5 T. TheDSmagandDTad maximum values occur at the
Curie temperature, as expected, since at this temperature an
applied magnetic field has maximum reduction effect on
magnetic entropy for normal ferromagnetic systems. Since
Gd is anS-state ion, the CEF parameters are neglected in the
calculations. So the only magnetic parameter for this com-
pound is the exchange parameter, which was determined to
be l=38.39 T2 meV in order to fix the experimental Curie
temperature from Ref. 13.

Figure 2 shows theDSmag and DTad versus temperature,
for a magnetic field change from 0 to 5 T for the DyNi5
compound. Note that sharp peaks appear in the experimental
data at the Curie temperature, for both curves, in accordance

with the theoretical results. On the other hand, for HoNi5, the
theoretical calculation predicts broad peaks forDSmag and
DTad around the phase transition temperature, see Fig. 3,
which are in good agreement with the experimental data.

For NdNi5, the model parameters considered from Ref.
16, when used into the magnetic state equation, relation(4),

FIG. 1. Temperature dependence ofDSmag (a) and DTad (b) in
GdNi5 for a magnetic field change from 0 to 5 T. The solid lines
represent the theoretical results and the open circles show the ex-
perimental data.

FIG. 2. Temperature dependence ofDSmag (a) and DTad (b) in
DyNi5 for a magnetic field change from 0 to 5 T. The solid lines
represent the theoretical results and the open circles show the ex-
perimental data.

FIG. 3. Temperature dependence ofDSmag (a) and DTad (b) in
HoNi5 for a magnetic field change from 0 to 5 T. The solid lines
represent the theoretical results and the open circles show the ex-
perimental data.
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do not reproduce our experimental Curie temperature, as
shown in Fig. 4. However, the theoretical curves present the
same profile as the experimental ones.

For TbNi5, as displayed in Fig. 5, again the magnetic
parameters found in the literature provide good agreement
between the theoretical curves and the experimental data for

the magnetocaloric effect. In the ferromagnetic phase the
concavity is positive for theDSmag curve and negative for
DTad curve versus temperature, showing the sensibility of the
proper use of the CEF parameters. When we have low con-
centration(density of states) of magnetic levels in low tem-
perature region, low magnetic entropy appears and therefore
a negative concavity inDSmagversusT is expected. The CEF
controls the number of magnetic states at low temperature,
and in general, the CEF interaction splits the
s2J+1d-degenerated magnetic states.

Figure 6 shows theDSmag andDTad versusT for ErNi5. In
this compound we found the best agreement between theory
and experiment for the magnetocaloric effect[see Fig. 6(b)].
Note (see Table I) that the easy magnetic direction in ErNi5
is perpendicular to the basal plane, i.e., it is in the
c-crystallographic direction. In order to show the sensibility
of the magnetocaloric effect on the change of direction of
applied magnetic field we choose two other directions,
namelyk100l (a direction in basal plane) andk111l (diagonal
cubic direction), see the dotted curves in Fig. 6(b). In the
hard magnetization direction, the lowestDTad is obtained
from the magnetic material for the same magnetic field
change, in our caseDH=5 T. In addition, for the intermedi-
ate directionk111l, between the easy and hard magnetic di-
rections, the model predicts a shift of about 7 K to below the
Curie temperature in theDTad peak. This shift can be impor-
tant in designing new refrigerant magnetic material. Never-
theless, experimental results using single crystals are neces-
sary to confirm the predicted temperature shift.

Figure 7(a) presents the results forDSmag versusT for the
PrNi5 compound. The theoretical model predicts an anoma-
lous behavior in the entropy change belowT=14 K in which
the PrNi5 (paramagnetic material) increases entropy when

FIG. 4. Temperature dependence ofDSmag (a) and DTad (b) in
NdNi5 for a magnetic field change from 0 to 5 T. The solid lines
represent the theoretical results and the open circles show the ex-
perimental data.

FIG. 5. Temperature dependence ofDSmag (a) and DTad (b) in
TbNi5 for a magnetic field change from 0 to 5 T. The solid lines
represent the theoretical results and the open circles show the ex-
perimental data.

FIG. 6. Temperature dependence ofDSmag (a) and DTad (b) in
ErNi5 for a magnetic field change from 0 to 5 T. The solid lines
represent the theoretical results and the open circles show the ex-
perimental data.
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the magnetic field is applied. The origin of this anomaly was
attributed to the crossing of the two fundamental CEF
levels.10 Nevertheless, as far as we know, the magnetocaloric
effect, i.e.,DTad versusT [see Fig. 7(b)] was not investigated
in this compound. The anomalous MCE was theoretically
predicted and measured quantitatively, i.e., the PrNi5 com-
pound cools upon magnetization and warm upon demagneti-
zation belowT=14 K. In fact, this result could be qualita-
tively expected from the thermodynamic relation that holds
for the adiabatic process,

dTad= −
T

C
S ]S

]H
D

T
dH, s9d

whereC is the total heat capacity(a positive quantity). In the
normal magnetic system,DS,0 for DH.0, leading to

DTad.0. In our anomalous PrNi5 case, forDH.0 we get
DS.0 [see Fig. 7(a)] and therefore, from relation(9),
DTad,0, as it was effectively determined from our specific
heat measurements.

CONCLUSION

Using a model that includes CEF anisotropy we calcu-
lated the magnetocaloric thermodynamic quantitiesDSmag
andDTad versus temperature for the hexagonal magnetic sys-
tems,RNi5 series, using the model parameters found in the
literature for these compounds. Also, experimental work was
performed in order to compare to our theoretical results. The
agreement between theory and experiment for each com-
pound is very satisfactory taken into account that no fitting
procedure, adjusting model parameters, was performed. In
general our theoretical curves forDSmag andDTad reproduce
our experimental results in profile but with slightly higher
values than the experimental ones. This can be attributed to
the fact that theoretical calculations were performed consid-
ering single crystals and the experiments were done using
polycrystalline samples. The existence of the anomalous
MCE (DTad vs T) in PrNi5 was calculated and experimentally
verified, with very good agreement. The anisotropy of the
MCE in ErNi5 was theoretically investigated applying the
field into three different directions. As expected, the highest
MCE occurs in the easy magnetic direction. The possibility
change of the peak position ofDTad vs T, in ErNi5, when the
applied field is considered in thek111l direction, was theo-
retically predicted. This question requires further experimen-
tal investigation using single-crystalline samples.
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