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Influence of the crystalline electrical field on the magnetocaloric effect
of DyAl2, ErAl 2, and DyNi2
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Calculations of the magnetic entropy changeDSmag and the magnetocaloric effect~i.e., the adiabatic tem-
perature change! DTad in DyAl2, ErAl2, and DyNi2 using a Hamiltonian that takes into account the effects of
crystalline electrical field and exchange interaction have been carried out. Good agreement between the theory
and the experiment was obtained using the crystal-field parameters from inelastic neutron scattering for DyAl2

and ErAl2. The crystal-field parameters for DyNi2, which were reported from magnetization measurements, did
not give good agreement between the theory and the experiment. Using the experimentalDSmag versusT, and
Cmag versusT ~whereCmag is the magnetic heat capacity! we made an estimate of the crystal-field parameters
for DyNi2, which yield a satisfactory agreement between the theory and the experiment with regard toDSmag

andDTad. The appearance of a hump in the theoreticalDSmag(T) below the Curie temperature is discussed.
@S0163-1829~98!05642-2#
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I. INTRODUCTION

From a practical view point, the search for effective wor
ing substances for magnetic refrigeration remains impor
since further improvements in the overall magnetic refrige
tor performance are critically dependent on the magneto
loric properties of magnetic refrigerant materials. The int
est in this research area was considerably increased s
Brown1 described a near-room-temperature magnetic ref
erator, which when compared with conventional g
compression/expansion engines has potential advantag
energy savings and elimination of harmful CFC’s a
HCFC’s. Further improvements in energy efficiency requ
working substances with a large magnetocaloric effect,
the recent discovery2 of the giant magnetocaloric effect i
Gd5~Si2Ge2!, give other impulses towards the developme
of magnetic cooling~and also heating! technology.3

From the theoretical viewpoint, the study of effectiv
magnetic refrigerant materials is a fertile field, since it p
mits the application of a wide variety of physical mode
which includes crystal lattice dynamics, band theory, a
theory of magnetism, among others. The full understand
of the microscopic interactions, as well as the role of mo
parameters, is necessary for continued success in experi
tal investigations.

Our main goal in this work is to investigate the effect
crystalline electric fields~CEF’s! on magnetocaloric proper
ties of several well-known magnetic refrigerant materia
The two thermodynamic characteristics of the magneto
loric effect are DSmag ~the isothermal magnetic entrop
change! andDTad ~the adiabatic temperature change!, which
are observed upon changes in the external magnetic fi
These two quantities have fundamental importance for c
acterizing the potential of different materials for use in ma
netic refrigerators; usually the larger the magnetocaloric
PRB 580163-1829/98/58~18!/12110~7!/$15.00
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fect the better. A general analysis of magnetic refrigerat
and its optimization using theDSmag andDTad together was
combined in the concept of the refrigerant capacity by Wo
and Potter.4

When the CEF interaction can be neglected, the quan
tive theoretical analysis of the magnetocaloric effect in la
thanide materials is usually done by taking into account~1!
the magnetic exchange interaction between magnetic ion
the molecular field approximation,~2! the lattice heat capac
ity in the Debye lattice approximation, and~3! the electronic
heat capacity in the free-electron approximation.5 However,
in addition to the exchange interaction, CEF effects hav
fundamental importance on the magnetic properties of
lanthanide ions in many of the intermetallic compounds. T
CEF is created by the neighbors’ charges surrounding
magnetic ion, and the simplest approach for accounting
the CEF is that of the so-called point-charge model.6 When
the lanthanide ion is introduced in a crystal lattice, the d
generacy of its total angular momentum is completely
partially removed due to CEF, yielding a set of magne
energy levels, which in general depend on the direction
the exchange field.

In this paper we present the results of calculating the m
netocaloric effect~MCE! in three intermetallic compounds
DyAl2, ErAl2, and DyNi2, and comparing it with the experi
mentally determined MCE. The MCE was theoretically c
culated taking into account the exchange interaction in
molecular field approximation, the lattice and electronic e
tropies, and crystalline electric-field effects.

II. THEORY

All three compounds DyAl2, ErAl2, and DyNi2 studied in
this paper have cubic symmetry, and therefore CEF inte
tions can be described using two CEF parameters. Henc
12 110 ©1998 The American Physical Society
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these lanthanide magnetic systems the two terms in
Hamiltonian, which describe their magnetic behavior in
crystal, are given by

Ĥ5ĤCEF1ĤMAC , ~1!

where

ĤCEF5WF X

F4
~O4

015O4
4!1

~12uXu!
F6

~O6
0221O6

4!G ~2!

and

ĤMAG52gmBHJz. ~3!

Relation~2! is the single-ion CEF Hamiltonian written in th
Lea, Leask, and Wolf~LLW ! notation,7 whereW gives the
CEF energy scale andX (21,X,1) gives the relative con
tributions of the fourth and sixth degree inOn

m Stevens’
equivalent operators.8 The constantsF4 andF6 have the val-
ues F4560 andF6513 862. In presence of a cubic CE
both Dy and Er have the following set of CEF levels:G8

3

~quadruplet!, G8
2 ~quadruplet!, G8

1 ~quadruplet!, G7 ~doublet!,
andG6 ~doublet!. The solid lines in Fig. 1 represent the e
ergy position of these levels as functions of theX CEF pa-
rameter corresponding toW520.019 meV. It is interesting
to note that forW,0 and21,X<0.84, the ground state i
G8

3.
Relation~3! is the single-ion magnetic Hamiltonian, take

in the molecular field approximation, whereg is the Lande
factor,mB is the Bohr magneton, andH5H01lgmB^Jz& is
the external magnetic field plus the effective molecular fi
with the molecular-field constantl, and^Jz& being the aver-
age value of the total angular momentum in the easy m
netic direction. For DyAl2, ErAl2, and DyNi2 the easy mag-
netic directions are the^100&,9 ^111&,10 and ^100&,11

respectively.
The total entropyST of all three magnetic systems ha

three parts:~1! the magnetic entropySM , which includes the
combined CEF and magnetic Hamiltonians;~2! the lattice
entropy,Slat , which accounts for lattice vibrations that wi

FIG. 1. The CEF energy levels vs theX CEF parameter for Dy
and Er in cubic symmetry~solid lines!. The dotted lines show the
splitting of the G8

3 ground state in the presence of the exchan
interaction.
e

d

g-

be treated in the Debye approximation; and~3! the electronic
part Sel , which will be treated in the free-electron gas a
proximation. Hence,

ST~H,T!5SM~H,T!1Slat~T!1Sel~T!. ~4!

Since the lattice and electronic parts of total entropy
not depend on the magnetic field, the change of the t
entropyDST with the magnetic field changing fromH1 to H2
is DSM5DSmag, and can be calculated from the Maxwe
relation:

DSM~DH,T!5S~H2 ,T!2S~H1 ,T!5E
H1

H2S ]M

]T D
H

dH. ~5!

The magnetizationM can be obtained from the self
consistent solution of the magnetic state equation,

M5gmB

(^« i uJzu« i&exp@2~« i /KT!#

( exp@2~« i /KT!#
, ~6!

where« i and u« i& are, respectively, the energy eigenvalu
and eigenvectors of Hamiltonian~1!.

The lattice entropy in the Debye approximation and t
electronic entropy in the free-electron approximation a
given by

Slat523R ln@12exp~QD /T!#

112RS T

QD
D 3E

0

QD /T x3 dx

exp~x!21
, ~7!

and

Sel5gT, ~8!

whereR is the universal gas constant,QD is the Debye tem-
perature, andg is the electronic heat capacity coefficien
The adiabatic temperature change,DTad, for a magnetic field
change fromH1 to H2 can be calculated as the isentrop
difference between the total entropy functionsST(H2 ,T) and
ST(H1 ,T), which include all three contributions to the tot
entropy@Eq. ~4!#.

III. EXPERIMENT

The theoretically predicted magnetocaloric effect w
compared with that obtained from experimental data. B
DSmag and DTad were calculated from the experimental
measured heat capacity as a function of temperature in m
netic fields 0, 2, and 5 T. The details concerning the ca
rimeter and the heat capacity measurement procedures ca
found in Ref. 12, and the details of processing the heat
pacity data to yieldDSmag and DTad are given in Ref. 13.
The detailed results concerning the magnetic heat capaci
DyAl2, ErAl2, and DyNi2 will be published elsewhere.

IV. RESULTS FOR DyAl 2, ErAl 2, AND DyNi2

In order to theoretically calculate the temperature dep
dence of magnetic entropy changeDSmag and the adiabatic
temperature changeDTad in DyAl2, ErAl2, and DyNi2 for
two magnetic field changes (0→2 T) and (0→5 T), we
have carried out the following numerical calculations. Sin
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12 112 PRB 58VON RANKE, PECHARSKY, AND GSCHNEIDNER
both Er and Dy elements have the same total angular
mentumJ5 15

2 we built a 16316 square matrix using th
CEF and magnetic Hamiltonian. Updating this matrix w
the two CEF parametersX,Wand the exchange parameterl
we obtain a set of energy eigenvalues and eigenvector
self-consistent condition solving Eq.~6! simultaneously.
This allows one to determine the temperature and magn
field dependence of the magnetization@Eq. ~6!# and the mag-
netic entropy change@Eq. ~5!#.

Figure 2~a! shows the temperature dependence of
magnetic entropy change in ErAl2 for a magnetic-field
change from 0 to 2 and from 0 to 5 T. The open squares
circles represent experimental data.14 The solid lines repre-
sent theoretical results obtained from our calculations us
the CEF parameters determined from neutron scatte
measurements15 X520.262 andW520.0252 meV and the
exchange parameterl513.3(T2/meV). The exchange pa

FIG. 2. ~a! Temperature dependence ofDSmag in ErAl2 for a
magnetic-field change from 0 to 2 T and 0 to 5 T. The solid lines
represent the theoretical results obtained usingX520.262,
W520.0252 meV from Ref. 15 andl513.5(T2/meV). The open
circles and squares show the experimental data~Ref. 14!. ~b!
Magnetic heat capacity in zero magnetic field vs temperature
ErAl2. Open circles show the experimental data~Ref. 14! and the
solid line represents the theoretical results obtained usingX5
20.262,W520.0252 meV from Ref. 15 andl513.5(T2/meV).
The dotted theoretical line was obtained using (W,X,l)5
(20.03 meV,20.3, 13.5T2/meV).
o-
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d
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rameter was adjusted from our theoretical calculation
yield the Curie temperature equal to the temperature of
experimental peak inDSmag, which is associated with the
ferromagnetic to paramagnetic phase transition. T
experimental14 and theoretical curves for zero-field magne
heat capacity versus temperature in ErAl2 are show in Fig.
2~b!. The solid line represents the theoretical results obtai
using the CEF parameters cited above. The dotted theore
line was obtained using CEF parametersX520.3 and
W520.03 meV, which were determined from a local min
mum in parameter space using a least-squares-fit proce
of the theoretical magnetic heat capacity relative to the
perimental magnetic heat capacity in zero field.

Figure 3~a! shows the temperature dependence of m
netic entropy change in DyAl2 in the same magnetic fields a
in Fig. 2. The solid line is calculated theoretically using t
CEF parameters determined from neutron scatter
measurements15 X50.3 and W50.011 meV and the ex-
change parameterl544.0(T2/meV). Figure 3~b! shows the

in

FIG. 3. ~a! Temperature dependence ofDSmag in DyAl2 for a
magnetic-field change from 0 to 2 T and 0 to 5 T. The solid lines
represent the theoretical results obtained usingX50.3,W
50.011 meV from Ref. 15 andl544.0(T2/meV). The open circles
and squares show the experimental data~Ref. 14!. ~b! Magnetic
heat capacity in zero magnetic field vs temperature in DyAl2. Open
circles show the experimental data~Ref. 14! and the dotted line
represents the theoretical results usingX50.3,W50.011 meV from
Ref. 15 andl544.0(T2/meV). The solid line represents the the
retical results using (W,X,l)5(0.0184 meV, 0.21, 44.0T2/meV).
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PRB 58 12 113INFLUENCE OF THE CRYSTALLINE ELECTRICAL . . .
experimental14 and theoretical curves for magnetic heat c
pacity versus temperature in DyAl2. Here the dotted line
represents theoretical results obtained using the CEF pa
etersX50.3 andW50.011 meV, while the solid line repre
sents the theoretical results usingX50.21 and W
50.0184 meV determined from the least-squares fit comp
ing the theoretical and experimental magnetic heat capac
in zero field. The relatively poor fit of the heat capacity da
for DyAl2 between;20 and 50 K may be due to the sp
reorientation transition from thê100& to the ^111& ~upon
heating! at 40 K in DyAl2.

16 No attempt was made to ac
count for this transition in the theoretical calculations.

The results described above and depicted in Figs. 2~b! and
3~b! show that one can obtain reliable crystal-field para
eters from the experimentally determined heat capacity a
the electronic and lattice heat capacities have been subtra
off to give the magnetic heat capacity~also see below!. Al-
though this procedure does not give as precise values
CEF parameters as those obtained from neutron scatte
measurements, in the absence of such measurements, a
ful analysis of the heat capacity can lead to reliable CEF
exchange parameters; and, as will be shown below, they
probably more accurate than those obtained from magne
tion measurements.

Figure 4~a! shows the experimental data17 and theoretical
results for the DyNi2 magnetic entropy change and Fig. 4~b!
for the magnetic heat capacity. The dotted lines were
tained usingX50.49 andW520.0688 meV~Ref. 11! from
the magnetization measurements andl517.5(T2/meV) de-
termined from the procedure mentioned above. The ag
ment is poor, indicating that both CEF and exchange par
eters used in the calculations were unrealistic. Becaus
this we used the procedure outlined above for ErAl2 to find
the best fit between experiment and theory for the zero-fi
magnetic heat capacity, and we found that the parame
X520.1,W520.019 meV, andl515.5(T2/meV) yield a
much better agreement, which is shown in Figs. 4~a! and
4~b! as solid lines. Note that the latter set of CEF and
change parameters, leads to a hump below Curie temp
ture, which will be discussed below.

In order to calculate the adiabatic temperature change
ter having determined the magnetic entropy change produ
by application of a magnetic field we need to include t
lattice and electronic entropies given by Eqs.~7! and~8! and
introduce two new parameters, namely, the Debye temp
ture QD and the electronic heat capacity coefficientg.

The lattice and electronic entropies of DyAl2, ErAl2, and
DyNi2 were determined assuming that both the Debye te
perature and electronic heat capacity vary linearly in
RAl2 and RNi2 series of intermetallic compounds when theR
component changes across the series from nonmagnet
to nonmagnetic Lu. Therefore, for example in the case
DyAl2, the total of lattice and electronic entropy would be
prorated sum of 35.7%~i.e., 5

14! of the lattice and electronic
entropy of LaAl2 and 64.3%~ 9

14! of the lattice and electronic
entropy of LuAl2.

Using the experimental heat capacity data of LaAl2,
18

LuAl2,
19 LaNi2.2 ~Ref. 17! and LuNi2 ~Ref. 17! @note, that the

compound LaNi2 does not exist and, therefore, LaNi2.2 may
be considered as a good approximation of the former bec
of close relationship between the crystal structure of LaN2.2
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~Ref. 20! and LuNi2], we find that the electronic heat capa
ity coefficients are as follows: LaAl2 (g510.6 mJ/mol K2),
LuAl2 (g55.5 mJ/mol K2), ‘‘LaNi 2’’ ( g54.8 mJ/mol K2),
and LuNi2 (g54.6 mJ/mol K2). The estimated electronic
contribution to the total entropy was calculated assum
that the electronic heat capacity coefficients are indepen
of temperature. The Debye temperature for the four nonm
netic compounds were also determined from experime
heat capacities as functions of temperature, and these
shown in Fig. 5 with the close circles representing the c
culatedQD and the solid lines representing the polynom
fits. The lattice entropies of DyAl2, ErAl2, and DyNi2 were
calculated using Eq.~7! and the prorated~as described

FIG. 4. ~a! Temperature dependence ofDSmag in DyNi2 for a
magnetic-field change from 0 to 2 T and 0 to 5 T. The dotted line
represent the theoretical results usingX50.49,W520.069 meV,
which were obtained from magnetization data~Ref. 11!, and l
517.5(T2/meV). The solid lines represent the theoretical resu
using X520.1,W520.019 meV, andl515.5(T2/meV), which
were obtained from zero-field heat capacity data. The open cir
and squares show the experimental data~Ref. 17!. ~b! Magnetic
heat capacity in zero magnetic field vs temperature in DyNi2. Open
circles show the experimental data~Ref. 17! and the dotted line
represents the theoretical results usingX50.49,W520.069 meV
from magnetization data~Ref. 11! and l517.5(T2/meV). The
solid line represents the theoretical results using (W,X,l)
5(20.019 meV,20.1, 15.5T2/meV), which were obtained from
zero-field heat capacity data~Ref. 17!.
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above! Debye temperature of corresponding nonmagn
counterparts.

Figures 6, 7, and 8 show the comparison of the exp
mentally determined and theoretically calculatedDTad versus
T for ErAl2, DyAl2, and DyNi2, respectively. The crystal
field and exchange parameters considered here are the
as used in calculatingDSmag versusT.

V. DISCUSSION

As one can see from Figs. 2–4, and 6–8, using a Ham
tonian that combines the crystalline electrical-field effe
and the magnetic exchange interactions, we were able to
tain good agreement between the experimental and theo
cally calculated magnetocaloric effect in ErAl2, DyAl2, and
DyNi2. These results indicate that the simple molecular-fi
approximation permits a fairly accurate theoretical predict
of the magnetocaloric effect, at least in the case of cu
intermetallic compounds.

FIG. 5. The temperature dependencies of the Debye temp
tures of LaAl2, LuAl2, LaNi2, and LuNi2. The solid circles show
the effective Debye temperature and the solid lines are constru
using a ninth-degree polynomial regression fit.

FIG. 6. The temperature dependence ofDTad for ErAl2 for a
magnetic-field change from 0 to 2 T and 0 to 5 T. The solid lines
represent the theoretical results and the open circles and sq
show experimental data.
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For both ErAl2 and DyAl2 satisfactory agreement was ob
tained when CEF parameters determined from inelastic n
tron scattering experiments by Purwings and Leson15 were
used. In the case of DyNi2, however, the CEF paramete
were calculated by Gignoux and Givord11 from magnetiza-
tion measurements, and these yield a large discrepancy
tween the theory and the experiment@see Fig. 4~a! and Fig.
4~b!, symbols and dotted lines#. Based onDSmag(DH,T) and
CM(0,T) determined experimentally from our magnetizati
and heat capacity measurements, we were able to adjus
CEF and exchange parameters for DyNi2 to yield a much
better agreement of theory and experiment@see Fig. 4~a! and
Fig. 4~b!, symbols and solid lines#. The adjustment of the
CEF and exchange parameters is a valid approach, bec
the experimentalDSmag(DH,T) andCM(0,T) data reflect the
changes only in the magnetic entropy since the lattice
electronic entropies are magnetic-field-independent ther

ra-

ed

res

FIG. 7. The temperature dependence ofDTad for DyAl2 for a
magnetic-field change from 0 to 2 T and 0 to 5 T. The solid lines
represent the theoretical results and the open circles and sq
show experimental data~Ref. 14!.

FIG. 8. The temperature dependence ofDTad for DyNi2 for
magnetic-field change from 0 to 2 T and 0 to 5 T. The dotted an
solid lines represent the theoretical results us
(W,X,l)5(20.069 meV, 0.49, 17.5T2/meV) and (W,X,l)
5(20.019 meV,20.1, 15.5T2/meV), respectively. The open
circles and squares show experimental data~Ref. 17!.
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dynamic functions. The adjusted CEF parameters for Dy2

are X520.1 and W520.019 meV, and they differ
significantly from those reported earlier (X50.49 and
W520.0688 meV).11

It is worth noting, that in all cases (ErAl2, DyAl2, and
DyNi2) much better agreement between the magnetoca
effect measured experimentally and that calculated from
lecular field approximation is observed at temperatures
ceeding the Curie temperature.

Figures 4~a! and 4~b! ~solid lines! show that the theoreti
cally predictedDSmag(DH,T) develops a hump below th
Curie temperature. These humps originate from theG8

3

ground quadruplet CEF level. In the presence of the
change interaction the degeneracy of theG8

3 level is removed
and this leads to the appearance of four separated sin
states. The dotted lines in Fig. 1 show the splitting of theG8

3

ground state in the presence of the exchange fieldlM /mB
calculated atT57.0 K in DyNi2. One can see that the energ
separation between these singlet states strongly depend
the X CEF parameter and it has a minimum atX520.48
with a narrow energy splitting of 0.32 meV. WhenX devi-
ates fromX520.48 the energy splitting increases reachi
the values of 2.24 meV atX521 and 4.9 meV atX50.5.

Therefore, the dominance of theG8
3 density of states a

X520.1 for DyNi2 gives origin to the humps observed
low temperature in the theoretical curves in Fig. 4~a! and
Fig. 4~b!. The DSmag obtained using the CEF paramete
from Ref. 11~dotted lines in Fig. 4! do not show these peaks
since in this caseX50.49 ~i.e., low density ofG8

3 states!.
SubstitutingW50 into a CEF Hamiltonian, removes th

large low-temperature hump but brings about small hump
DSmag and in magnetic heat capacity versusT curves below
the Curie temperature. The appearance of the small hum
magnetic heat capacity was first noted by Fishman and L21

who showed that they are intrinsic for large total angu
moments and always exist whenJ>5/2 in the context of the
simple Heisenberg magnet model. Since we are conside
compounds containing Dy and Er, which have the same
large total angular momentum (J5 15

2 ), these humps are ex
pected to contribute to the imperfect agreement between
theoretical and experimentalDSmag andDTad as functions of
temperature and magnetic field below the Curie temperat
and their effect should be negligible above it. This expla
the observed excellent agreement of experiment and th
above the Curie temperature. Finally, we can see that ge
ally the theoretical curves for bothDSmag and DTad always
exceed experimental values in the vicinity of the Curie te
perature. This result was also expected since the theore
calculations were performed assuming single-crystal sp
mens with the magnetic field applied parallel to the ea
magnetizing direction, and the experimental data were
tained on polycrystalline samples.

Using the CEF parameters for DyNi2 determined in this
paper we observe much better agreement with the exp
mental data above 15 K compared with the results obtai
using CEF parameters from magnetization measurement
the other hand, the appearance of a hump inDSmag versusT
which is not present in the experimental data for DyNi2 in-
dicates that our CEF parameters are also not the final d
mination of the CEF levels but shows that more refined
i
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periments, such as inelastic neutron scattering, are need
determine reliable values.

A full understanding of the origin of the hump@appearing
below the Curie temperature on theoreticalDSmag(DH,T)]
associated with the density of CEF ground states in the p
ence of the exchange field, may have an impact on exp
mental investigations in order to design new materials w
large magnetocaloric effects. When we theoretically consi
theX CEF parameters near and atX520.48 ~i.e., high den-
sity of G8

3 states region! the hump transforms to a small pea
at low temperature. Indeed such a peak has been obse
experimentally in (Dy12xErx)Al2 alloys with x50.5,16

where the Curie temperature has been shifted to;40 K, i.e.,
theTc is sufficiently high compared to the temperature of t
small peak. This will be discussed in a future paper.

VI. CONCLUSION

As a result of this study we were able to show that t
magnetocaloric behavior in terms of both the magnetic
tropy change (DSmag) and adiabatic temperature chan
(DTad) can be calculated theoretically from molecular-fie
theory in the presence of a cubic crystalline electric field
comparison of the theoretically calculated magnetocaloric
fect with that determined experimentally in ErAl2, DyAl2,
and DyNi2 shows good agreement. In the case of ErAl2 and
DyAl2 satisfactory agreement between the theory and
experiment was obtained using the CEF parameters de
mined from inelastic neutron scattering experiments. F
DyNi2 the CEF parameters were adjusted using the exp
mental zero-magnetic-field heat capacity data.

The agreement between theory and experiment is bette
the paramagnetic region~i.e., above the Curie temperature!
than in the ordered state. Excessive magnetocaloric ef
predicted by theory below the Curie temperature is m
likely associated with the simplifications intrinsic to Heise
berg model and with the large angular momentum of Dy a
Er and also with the fact that theoretical calculations w
performed for single crystalline specimens with magne
field parallel to their easy axes, while experimental data w
obtained as polycrystalline samples.

The appearance of the large humps in the theoret
DSmag(DH,T) behavior at the temperatures significantly b
low the Curie temperature in DyNi2 is associated with the
removable degeneracy of theG8

3 crystalline electrical-field
level and the density of states being the function of C
parameters. The predicted humps exist because of the
density of states.
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