
PHYSICAL REVIEW B, VOLUME 63, 184406
Influence of the crystalline electrical field on the magnetocaloric effect
in the seriesRNi2 „RÄPr, Nd, Gd, Tb, Ho, Er…
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The magnetocaloric properties in the seriesRNi2 (R5Pr, Nd, Gd, Tb, Ho, Er! were fully investigated using
a model Hamiltonian that includes the exchange magnetic interaction and the crystalline electrical-field anisot-
ropy. All theoretical results was obtained using the proper model parameters found in the literature for the
compounds belonging to this series. For ErNi2 we obtained a good agreement between theoretical and experi-
mental data in the magnetocaloric potentials. An anomalous second peak was predicted to exist in the mag-
netocaloric curves for HoNi2 and it was ascribed to the high density of states at low temperature.
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I. INTRODUCTION

Magnetic refrigeration is based on the magnetocalo
phenomena of the ability of some magnetic materials to h
up when they are magnetized and cool down when remo
from the magnetic field. The experimental demonstration
the use of this effect in 1933 to reduce temperature belo
K lead to a Nobel prize in chemistry for Giauque1,2 and the
following investigations were mainly concerned with obta
ing ultralow temperature by extending this technique
nuclear adiabatic demagnetization. More recently, the in
est in this research area was considerably increased
Brown3,4 described a near-room-temperature magnetic
frigerator, using an entropy change process obtained f
the paraferromagnetic phase transition in ferromagn
materials.

In the last decade, much effort has been made to inve
gate the magnetocaloric potential for different magnetic m
terials such as amorphous alloys,5,6 nanocomposites, and su
perparamagnetic materials.7–10 An extremely large
magnetocaloric effect was recently reported
La0.8Ca0.2MnO3 at T5230 K ~Ref. 11! and the so-called
giant magnetocaloric effect was discovered in Gd5Si2Ge2 at
T5276 K.12 In both these compounds, the simultaneo
structural and magnetic transitions at the Curie tempera
are crucial to the large entropy change.

In spite of much magnetocaloric experimental resu
available nowadays, theoretical investigations are still
manding. Several microscopic theoretical models, alre
developed to determine the magnetic state of magnetic
terials and series of materials, can be applied to best un
stand and improve the study of the magnetocaloric eff
Recently, theoretical investigations using a Hamiltonian t
includes crystalline electrical-field~CEF! interaction pre-
dicted an anomalous magnetocaloric effect in paramagn
0163-1829/2001/63~18!/184406~7!/$20.00 63 1844
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PrNi5. This compound cools upon magnetizing and war
upon demagnetizing. This anomaly was experimentally c
firmed by heat-capacity measurements.13 Also, investigations
in CEF-magnetic anisotropy in DyAl2 pointed out the exis-
tence of an anomaly in its magnetic entropy that consists
an increase in the entropy when the magnetic field is app
in the ^111& direction. This anomaly was associated with t
change in the easy direction of magnetization from^100& to
^111& for a critical applied magnetic field in thê111&
direction.14

In this paper we present a full investigation of the ma
netocaloric effect in the seriesRNi2 (R5Pr, Nd, Gd, Tb, Ho,
Er! in which the CEF anisotropy plays a fundamental ro
except for Gd, which has no orbital momentum contributio
Besides the CEF, the exchange interaction in molecular-fi
approximation and the Zeeman effects were included in
model Hamiltonian. From the model Hamiltonian, we det
mined the two thermodynamic quantities that characte
the magnetocaloric potential:DSmag ~the isothermal mag-
netic entropy change! and DTad ~the adiabatic temperatur
change!, which are observed upon changes in the exter
magnetic field15 as shown in Fig. 1. In the model Hami
tonian, all theoretical results were determined using
proper magnetic parameters forRNi2 compounds found in
the literature. For HoNi2 we theoretically predicted the exis
tence of a second peak inDSmag andDTad versus tempera-
ture curves in low temperature. This anomalous peak w
fully understood and associated with the high density of
CEF state observed in the Lea-Leask-Wolf~LLW ! energy-
states diagram. An investigation of the CEF quenching eff
in the seriesRNi2 was also performed using the sum ru
from the thermodynamic Maxwell relation. For the ErN2
compound the comparison between theoretical res
and experimental data showed a good agreement,
for others compounds, experimental data was not fou
©2001 The American Physical Society06-1
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II. THEORY

The compounds in the seriesRNi2 present cubic symme
try, and therefore, the influence of the electrostatic anis
ropy at R ions in RNi2 crystals can be described by tw
parameters in the CEF Hamiltonian. The Ni ion in ser
RNi2 behaves like a nonmagnetic ion, and the magnetic
teraction only exists between rare-earth ions. The to
Hamiltonian also includes the magnetic term and is given

Ĥ5ĤCEF1ĤMAG , ~1!

where

ĤCEF5WF X

F4
~O4

015O4
4!1

~12uXu!
F6

~O6
0121O6

4!G , ~2!

and

ĤMAG52gmBH@cos~a!.Jx1cos~b!.Jy1cos~g!.Jz#.
~3!

Equation~2! is the single-ion CEF Hamiltonian written i
the LLW notation,16 where W gives the CEF energy scal
and X (21,X,1) gives the relative contributions of th
fourth and sixth degrees inOn

m , Stevens’ equivalen
operators.17 The constantsF4 and F6 have the values
tabulated.16

Equation ~3! is the single-ion magnetic Hamiltonian
taken in the molecular-field approximation, whereg is the
Lande factor,mB is the Bohr magneton,H5H01lM is the
exchange field~external magnetic field plus the effective m
lecular field! with the molecular-field constantl, and M
5gmB^cos(a).Jx1cos(b).Jy1cos(g).Jz& being the magnetiza
tion in the easy magnetic direction. The symbolsJh,h
5x,y,z stand for the three components of the total angu
momentum operator and the cosines are the direction cos
in the crystallographic axis.

The total entropyST considered in our lanthanide mag
netic systems have mainly three contributions and can
presented as

FIG. 1. Typical behaviors for the temperature dependence of
total entropy in a magnetic material, for zero and applied exte
magnetic field. The arrowsA→B andB→C represent the isother
mal entropy and adiabatic temperature changes, respectively.
closed cycleA8→B→C8→D→A8 is the Carnot cycle.
18440
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ST~H0 ,T!5SM~H0 ,T!1Slat~T!1Sel~T!, ~4!

whereSM is the magnetic entropy,Slat is the entropy of the
lattice, andSel is the entropy of the conduction electron
The magnetic entropy can be determined by the genera
lation

SM~H0 ,T!5S 1

TD (
k51

2J11

Ekexp~2Ek /kT!

(
k51

2J11

exp~2Ek /kT!

1k lnF (
k51

2J11

exp~2Ek /kT!G . ~5!

The temperature and field dependence of the above mag
entropy is not trivial, since for a given pair (H0 ,T), the M
5M (H0 ,T,M ) must be determined self-consistently in ord
to obtain the proper energy eiginvaluesEk from the total
Hamiltonian, Eq.~1!, to update Eq.~5!.

The lattice entropy can be calculated by the Debye in
polation formula

Slat~T!523R lnF12expS T

TD
D G

112RS T

TD
D 3E

0

TD /T x3dx

exp~x!21
, ~6!

whereR is the gas constant andTD is the Debye temperature
The lattice entropy contribution decreases whenTD in-
creases. The electronic entropy can be obtained from
standard relation

Sel~T!5ḡT, ~7!

whereḡ is the electronic heat-capacity coefficient.
We are interested in the isothermal magnetic entro

changes2DSmag and the adiabatic temperature chan
DTad that occur for changes in the external magnetic fie
These quantities are obtained from Eqs.~5! and ~4!, respec-
tively:

2DSM~T,H0!5S~T,H050!2S~T,H0!, ~8!

DTad5TH~T!2TC~T!. ~9!

The latter quantity is determined by the adiabatic proc
conditionST(H0 ,TH)5ST(H050,TC) as shown in Fig. 1. In
a reversible Carnot cycle, the isothermal heat absorptionQC
and expulsionQH , at constant reservoir temperaturesTC and
TH , respectively, are directly related to the refrigera
capacity15 QH2QC5THDSmag2TCDSmag5DTadDSmag.
It is worth noticing that the higher the two, simultaneous
thermodynamic quantitiesDSmag and DTad , the larger the
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TABLE I. Crystalline electrical field, exchange parameters, Curie temperatures, and the easy m
directions for theRNi2 series.

Compounds X W ~meV! l (T2/meV) Tc(K) Easy direction References

GdNi2 0 0 93.5a 77.85 @001# 18,19
PrNi2 20.64 20.23 115.7 0a @001# a 20
NdNi2 20.89 0.28 119a 11 @001# 21
TbNi2 20.73 20.066 32a 37.5 @111# 21,22
HoNi2 20.44 0.021 11.3a 15 @001# 21
ErNi2 20.54 20.034 10a 7 @001# 23

aParameters determined using the theoretical model.
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area in the Carnot cycle (A8→B→C8→D→A8) will be and
therefore the refrigerant capacity of the magnetic materia

In a magnetic system, the variation of the entropy with
external magnetic field depends on the temperature de
tive of the magnetization and is given by the Maxwell the
modynamic relation

S ]S

]H0
D

T

5S ]M

]T D
H0

. ~10!

In this way, the isothermal entropy changes, Eq.~8!, can be
expressed in the general form, i.e., independent of a par
lar microscopic model as

DS~H0 ,T!5E
0

H0S ]M

]T D
H0

dH0 . ~11!

Integrating over the whole temperature range, an area
rule can be obtained,

2E
0

`

DS~H0 ,T!dT5M0 .DH0 , ~12!

whereM0 is the magnetization atT50 K. The above rela-
tion will be used to study the quenching effect on the m
netic moment in the rare-earth elements in the seriesRNi2.

III. APPLICATION

In Table I is listed the three magnetic parameters, i.e.X,
W, and l, necessary to construct the temperature and fi
dependence of magnetic entropy for the seriesRNi2, as well
as their Curie temperatures and the easy magnetic direc

In order to best determine the lattice contribution to t
total entropy in seriesRNi2, we used the temperature depe
dence of the Debye temperature for nonmagnetic compou
LaNi2 and LuNi2 obtained from heat-capacity experimen
data.24 The lattice entropy was determined assuming t
heat capacity varies linearly in theRNi2 series of intermetal-
lic compounds when theR component changes across t
series from nonmagnetic La to nonmagnetic Lu. With the
assumptions, the expression for the lattice entropy can
determined by the following average expression:

Slatt
R ~T!5

~142n!Slatt
La ~T!1nSlatt

Lu ~T!

14
, ~13!
18440
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wheren gives the relative position of the rare-earth eleme
in the rare-earth series; in our case we haven52,3,7,8,10, 11
for R5Pr, Nd,Gd,Tb,Ho,Er, respectively.

The electronic heat-capacity coefficientḡ for all RNi2
compounds considered in this work wasḡ
55.4 mJ mol21 K22, taken from the nonmagnetic com
pound LuNi2.25

IV. RESULTS AND DISCUSSION

Figures 2 and 3 show the temperature dependence o
magnetic entropy changesDSmag, and the adiabatic tem
perature changeDTad , respectively, upon changes in the e
ternal magnetic field from 0–5 T in the seriesRNi2. Except
for PrNi2, which is a paramagnetic compound, all the oth
compounds are ferromagnetic. The sharp peak in theDSmag
and DTad curves comes from the paraferromagnetic ph
transitions and occurs in the vicinity of the Curie tempe
tures since, in these regions, the maximum order-diso
magnetic alignment changes take place. Note that there i
DSmag and DTad sharp peak in PrNi2, but only a smooth
variation due to the Schottky effect in heat capacity, asso
ated with the crystalline electrical-field levels splitting.

For TbNi2, the value 1/A3 must be considered for th
three direction cosines in the magnetic Hamiltonian, Eq.~3!

FIG. 2. The temperature dependence ofDSmag in RNi2 for a
magnetic-field change from 0–5 T. These curves were obtai
using the parameters from Table I. The dotted curve shows
anomalous behavior for the HoNi2 compound.
6-3
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to take into account its easy magnetic direction^111&, see
Table I. For the other directions, different from the ea
magnetic direction, lower values for the magnetocaloric
fect were theoretically observed at the Curie temperature

For ErNi2 we could compare the theoretical results w
the experimental ones for magnetic-field changes from 0
and 0–5 T, and a good agreement in bothDSmag andDTad
curves were obtained as shown in Figs. 4 and 5, respectiv
The experimental results displayed in Figs. 4 and 5 w
obtained by Pecharsky and coworkers26 at Ames Laboratory
using heat-capacity measurements as discussed for si
systems in Ref. 24, DyAl2 , ErAl2, and DyNi2. It is worth
noticing that the experimental results do not have a sh
peak as displayed in the theoretical curves. The physical
gin of this difference is closely related to the short-ran
order. One would expect that even above the Curie temp
ture, where the spontaneous magnetization~the long-range
order! vanishes, the exchange field will be responsible
some correlations between the directions of neighbor
magnetic ions. This effect does not occur when

FIG. 3. The temperature dependence ofDSmag for RNi2 for a
magnetic-field change from 0–5 T.

FIG. 4. The temperature dependence ofDSmag for ErNi2 for a
magnetic-field change from 0–2 and 0–5 T. The solid lines rep
sent the theoretical results and the open circles and squares
experimental data.
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molecular-field approximation is carried out, as performed
our model.

We can note that ErNi2 and NdNi2 have approximately
the sameDSmag peak temperature but ErNi2 has a stronger
magnetocaloric effect than NdNi2 ~about 56% higher!. It
means that for the same changes in magnetic fieldDH0
55 T, more heat can be extracted from ErNi2 (DQ
5TDS).

From Eq. ~5!, the maximum magnetic entropy availab
Smag

max5R ln(2J11) depends only on the total angular mome
tum J. Therefore the HoNi2 compound is expected to pro
duce larger magnetocaloric effects since the Ho ion has
largest total angular momentum in the rare-earth seriesJ
58). Nevertheless, this argument does not apply in gen
due to two main reasons:~1! the quenching effects on th
orbital contribution to the ionic magnetic moment are due
the CEF interaction and~2! the microscopic mechanisms a
responsible for the onset of magnetic order. When the p
ferromagnetic transition occurs abruptly, as in the first-or
magnetic phase transition, a high magnetocaloric effec
expected. These two points will be discussed below.

A very interesting and anomalous behavior is theore
cally predicted to exist in the HoNi2 compound. Both the
DSmag andDTad curves present a small second peak at l
temperature (T;1.5 K). In order to investigate the origin o
this anomalous second peak, we plotted the CEF lev
scheme as a function of theX-CEF parameter for Ho in the
cubic symmetry system, the so-called LLW diagram, see F
6. The vertical dotted line in the LLW diagram, obtaine
using the properX-CEF parameter values for HoNi2 (X5
20.44), indicates the ordination of the CEF levels, which a
G5

1 (triplet) ground state, G1 (singlet), G4
1 (triplet),

G3
1 (doublet),G5

2 (triplet), G4
2 (triplet), andG3

2 (doublet).
Consequently, the CEF interaction only partially breaks
(2J11) Hund’s degenerated energy states. These partia
ergy degenerancies are totally removed by the excha
field. Therefore, considering the exchange field that exist
HoNi2 at T51.5 K, which comes from the spontaneo

-
ow

FIG. 5. The temperature dependence ofDTad for ErNi2 for a
magnetic-field change from 0–2 and 0–5 T. The solid lines rep
sent the theoretical results and the open circles and squares
experimental data.
6-4
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magnetization (M /mB57.96) at this temperature, we cou
determine the fully nondegenerated energy diagram show
the inset of Fig. 7. Figure 7 shows the density of states
fined as 2/E12E0 versus theX-CEF parameter. Here,E1 and
E0 are the ground and the first excited magnetic ener
respectively. It can be noted that the density of states
sents three peaks for the followingX-CEF parameters:X5
20.44, 0.56, and 1.0. Consequently, the second peak
appears inDSmag andDTad curves at about (T;1.5 K) in
HoNi2 has been understood and connected to the high
sity of states, since HoNi2 has X520.44, see Table I. In
order to confirm our results, we have performed a theoret
investigation of the other twoX parameters, and the secon
peak at (T;1.5 K) was again obtained forX50.56 and 1.0.
For other values of theX parameter, only one peak assoc
ated with the magnetic phase transition was observed
HoNi2.

A similar anomalous behavior in the magnetocaloric
fect in the (Dy12xErx) Al2 alloy was reported and vastl

FIG. 6. The LLW diagram for Ho showing the CEF lev
scheme of HoNi2 along the dotted line atX520.44.

FIG. 7. Density of states for the two lowest levels obtained
T51.5 K versus theX-CEF parameter. ForX520.44 we get the
proper HoNi2 curve in Fig. 2 that presents the two peaks. The in
shows the energy-level splittings due to the exchange field aT
51.5 K.
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studied experimentally by Gschneidner and coworkers us
heat-capacity measurements.27–30

To investigate the quenching effect in rare-earth ions
the RNi2 crystal, we used Eq.~12!. This relation states tha
the area under theDSmag versusT curves must be equal to
the product between the saturation magnetization values
ion M0 asT→0 K and the change in the external magne
field DH0. In the absence of the CEF and therefore t
quenching effect, the saturation magnetization per rare-e
ion is given by the product of theg-factor and the total an-
gular momentumJ. In Table II, the second and third column
give the saturation magnetization and the area5M0DH0 for
each magnetic compound, whereDH055 T and the CEF
interaction was neglected (W50). The fourth column gives
the area under theDSmag versusT curves obtained from Fig
2, in tesla units. Finally, the last column presents the ra
between these two areas, which we will call from now o
the quenching factor~QF!.

QF5
area~without2CEF!

area~with2CEF!
5

@M0#CEF50

@M0#CEFÞ0
. ~14!

The quenching factor, as defined above, gives the infor
tion about the available heat quantity in the whole tempe
ture range that we can extract from the magnetic sys
when the CEF is present, compared to the free-ions magn
system. For GdNi2, we haveQF51 since Gd presents a 4f
spin state that does not have CEF perturbation. Therefore
this point of view, Gd is a good element to be considered
a magnetic materials to be used for refrigerant material. T
CEF effect in PrNi2 is very strong and does not allow th
existence of a ferromagnetic phase, leading to the high
quenching factor (QF54.35) analyzed in the seriesRNi2.
Although the Ho presents the highest magnetic moment,
quenching factor in HoNi2 (QF51.22) is higher than TbNi2
(QF51.12). ErNi2 and NdNi2 have approximately the sam
values for the quenching factor, namely,QF51.82 and 1.88,
respectively. Integrating the experimentalDSmag versusT
curve in ErNi2 in Fig. 4, we obtainedQF52.22, which is
higher than the theoretical prediction. In part, this differen
can be attributed to the extrapolation procedure in numer
integration in low-temperature region.

t

t

TABLE II. From left to the right, for theRNi2 series the col-
umns give~1! the saturation in gJ per magnetic ion,~2! the area
under theDSmag versusT curve without CEF interaction,~3! the
area under theDSmag versusT curve with CEF interaction, and~4!
the quenching factor.

Compounds gJ Area~tesla! W50 Area ~tesla! QF

GdNi2 7 35 35 1.0
PrNi2 3.2 16 3.71 4.35
NdNi2 3.27 16.35 8.7 1.88
TbNi2 9 45 40.1 1.12
HoNi2 10 50 41 1.21
ErNi2 9 45 24.96, 20.3a 1.82, 2.22a

aIndicates the results from experimental data.
6-5
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On the other hand, the quenching factor does not g
information about how a high magnetocaloric effect can
extracted in an interval temperature range, such as in
vicinity of the Curie temperature. The area sum rule, E
~12!, states that the area under theDSmag versusT curve
must be constant. In this way, a high magnetocaloric ef
can be obtained in the short temperature region, if outs
this regionDSmag is neglected. Therefore, investigations
microscopic interactions that can be responsible for cumu
ing area under a small region ofDSmag versusT ~such as
interactions that leave the magnetic system to order un
first-order transition! can produce, at first, a colossal magn
tocaloric effect. The CEF effect produces a reduction in
available area under theDSmag versusT curve, as stated by
the quenching factor, but, on the other hand, it does
implicate that the CEF anisotropy is opposite to the appe
ance of the magnetocaloric effect. Actually, the CEF anis
ropy, at least theoretically, can bring about a first-order m
netic phase transition,31,32 and consequently, as discuss
above, be responsible for the giant magnetocaloric effec

It is worth noticing that the quenching factor gives t
reduction of the magnetic moment and can be easily de
mined by heat-capacity measurements with and with
magnetic-field application. Also, the magnetocaloric expe
mental curveDSmag versusT provides an excellent way to
determine the CEF parameters, since we do not need to
into account the lattice and electronic contribution in t
isothermentropy changes, see Eq.~4!. We must bear in mind
that Eq. ~4! was considered for magnetic systems on
assumption that the magnetic-phonon interaction can
neglected.
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V. CONCLUSION

We investigated and discussed the main influence of
CEF on the magnetocaloric potential in theRNi2 series. A
good agreement between the theoretical and experime
data was obtained for ErNi2, considering that we did not us
any fitting procedure. For the other magnetic compoun
treated in this work, unfortunately,DSmag andDTad data are
still lacking. Using the proper CEF and exchange parame
for HoNi2 we were able to predict an anomalous peak
DSmag andDTad curves at about (T;1.5 K). This anoma-
lous peak was fully understood and connected to the h
density of states that exists in HoNi2, at low temperature, for
the CEF parameterX520.44. In addition, we performed
theoretical analyses of the CEF-quenching effect on the m
netocaloric potential, connected to the sum area rule,
arises inDSmag versus temperature behaviors. These stud
highlighted the importance of the first-order magnetic ph
transition needed to increase the magnetocaloric effect.
lier investigations33 of microscopic interaction mechanism
that can improve the magnetocaloric effect and these stu
have provided practical interest for producing new refrig
ant materials for the magnetic refrigerator.34

ACKNOWLEDGMENTS

We thank Professor V. K. Pecharsky for sending us
perimental results. We also acknowledge partial supp
from CNPq, Faperj, and Capes.
ids

s-
v-

r,
.

hys.

de

e-
*Corresponding author. Email address: vonranke@nitnet.com.b
1W.F. Giauque, J. Am. Chem. Soc.49, 1870~1927!.
2W.F. Giauque and D.P. MacDougall, Phys. Rev.43, 768 ~1933!.
3G.V. Brown, J. Appl. Phys.47, 3673~1976!.
4G.V. Brown, IEEE Trans. Magn.13, 1146~1977!.
5X.Y. Liu, J.A. Barclay, R.B. Gopal, M. Fo¨ldeàki, R. Chahine,
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