
PHYSICAL REVIEW B 66, 094402 ~2002!
Magnetocaloric effect in the intermetallic compoundsRCo2 „RÄDy,Ho,Er…
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In this paper we study the magnetocaloric effect in the rare-earth cobalt intermetallic compounds
RCo2 (R5Dy, Ho, Er). We use a theoretical model, in which the localized spins of the rare-earth ions are
immersed into an effective subsystem of the itinerant electrons. In the calculation of the magnetic entropy, we
consider both the localized spins and the itinerant electrons contributions. The calculated curves of the adia-
batic temperature change and of the isothermal magnetic entropy change with magnetic field for these inter-
metallic compounds show a jump around the magnetic ordering temperature, in good agreement with the
experimental data.
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I. INTRODUCTION

The magnetocaloric effect, the property of some magn
materials to heat up or cool down when they are submitte
a varying magnetic field in an adiabatic process, has prac
importance in the technological application of magne
refrigeration.1–6 Although the magnetocaloric effect is we
known since the beginning of the last century, no real hi
temperature applications have been made until very rece
The magnetocaloric effect is intrinsic to all magnetic ma
rials and is measured both by the adiabatic tempera
changeDTad(T,hext) and by the isothermal magnetic e
tropy changeDSmag(T,hext) by an application or removal o
an external magnetic field. Therefore these two character
quantities of the magnetocaloric effect depend on the t
perature and on the magnetic-field variation.

The magnetocaloric effect has been investigated
perovskites,7–9 magnetic molecular clusters,10,11and in rare-
earth intermetallic compounds.12–29In recent years there ha
been increasing interest in the search for new magnetic
terials with large magnetocaloric potentials. For instance
giant magnetocaloric effect have been observed in the c
pounds Gd5Ge2Si2,2MnFeP0.45As0.55,30and in high-spin mo-
lecular magnets.10Despite the large amount of experimen
data on the magnetocaloric effect, there are only a few
oretical explanations for them.10,13–17As far as the rare-earth
intermetallic compounds are concerned, some interesting
perimental results have been reported for a wide range
temperature. For instance, we can mention the existence
second peak in the magnetocaloric curves at l
temperature;28the anomalous magnetocaloric effect,13where
the increasing applied magnetic field makes the magn
entropy to increase at low temperature; the tablel
effect,12where the peak in the isothermal magnetic entro
change remains constant along a small range of tempera
and the giant magnetocaloric effect,2where a large peak oc
curs in the magnetocaloric curves.

The theoretical models most used in the literature to st
the magnetocaloric effect in rare-earth intermeta
compounds,13–17take mainly into account, in the calculatio
of the magnetic entropy, the contribution arising from t
localized spins of the rare earth ions. These localized mo
0163-1829/2002/66~9!/094402~6!/$20.00 66 0944
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including the crystalline electrical field have succeeded
explaining the experimental data of the magnetocaloric ef
in the rare earth intermetallic compounds involving nonma
netic atoms such as RNi2 , RAl2, and RNi5 among
others.13,17,21In the framework of the localized models, th
anomalous magnetocaloric effect observed in PrNi5 is ex-
plained based on the crossing of the split 4f energy levels,
due to the crystalline electrical field, with increasing ma
netic field. However, the above-mentioned models fail to
plain the magnetocaloric effect in the intermetallic com
pounds RCo2(R5Dy, Ho, Er). This is because thes
compounds exhibit special magnetic properties, namely:~i! a
magnetic moment as large as 1.0mB induced at the Co at-
oms; ~ii ! a first-order magnetic phase transition that is
rectly associated with the metamagnetism at the Co s
These findings indicate that the 3d itinerant electrons play an
important role in the magnetic and the thermodynamic pr
erties of these intermetallic compounds. Thus, in the theo
ical description of the magnetocaloric effect in the interm
tallic compounds RCo2, we should consider both th
localized spins and the itinerant electrons.

Based on the above considerations, in this work we th
retically study the magnetocaloric effect in the intermeta
compoundsRCo2(R5Dy, Ho, Er). The understanding o
the role of the 4f localized spins and the 3d itinerant elec-
trons in the establishment of the magnetic order can give
a good insight in the physical mechanism that governs
magnetocaloric effect in these compounds for all range
temperatures. In order to carry out the calculations, we u
model Hamiltonian in which the 4f localized spins of the
rare-earth ions are immersed into an effective subsystem
interacting 3d itinerant electrons. We also include the effe
of the crystalline electrical field on the 4f spins of the rare-
earth ions. For the sake of simplicity we use the Hartr
Fock approximation to treat the Coulomb interaction b
tween the itinerant electrons and the molecular-fi
approximation to deal with the exchange interaction betw
4 f localized spins. The calculated curves of the adiaba
temperature change (DTad3T) and of the isothermal mag
netic entropy change (DSmag3T) for these intermetallic
compounds show a jump around the magnetic ordering t
perature, in good agreement with experimental data.
©2002 The American Physical Society02-1
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plan of this paper is as follows. In Sec. II we present o
model, whereas Sec. III is devoted to show our numer
calculations and discussions

II. THE MODEL

In order to describe the intermetallic compoundRCo2 we
begin with a model Hamiltonian in which the localized spi
of the rare-earth ions are coupled to an effective subsys
of itinerant electrons.31

H5Hd1H f1Hd f1HCF, ~1!

where

Hd5(
is

«0sdis
1 dis1(

i l s
Til sdis

1 dls1U(
i

ni↑ni↓

2gemB(
i

si
dhext, ~2!

H f52J0(
i l

Ji
f .Jl

f2gimB(
i

Ji
fhext, ~3!

Hd f52Jd f(
i

Ji
fsi

d , ~4!

HCF5WFx
O4

015O4
4

F4
1~12uxu!

~O6
0221O6

4!

F6
G . ~5!

The HamiltonianHd describes a subsystem of itinerant ele
trons where the termTil s represents the electron hoppin
energy between two different sites,U is the Coulomb inter-
action parameter between itinerant electrons, andhext repre-
sents the external magnetic field applied along the easy m
netization direction. The HamiltonianH f describes the
subsystem of localized spins whereJf is the total angular
momentum of the rare-earth ions andJ0 is the effective ex-
change interaction parameter between 4f localized spins.
The HamiltonianHd f gives the coupling between the loca
ized spins and the itinerant electrons, wheresi

d is the spin of
itinerant electrons andJd f is an effective exchange couplin
parameter. Finally,HCF is the crystalline electrical field
Hamiltonian for the cubic symmetry,32whereW is an energy
scale andx gives the relative importance of the fourth- an
sixth-order terms.Om

n are the Stevens’operators;F4 andF6

are numerical factors common to all matrix elements.33The
parametersgi and ge are the Lande` factor of the rare-earth
ions and the itinerant electrons, respectively. Using
Hartree-Fock approximation to treat the Coulomb interact
between the itinerant electrons and the molecular-field
proximation to deal with the interaction between the loc
ized spins, the Hamiltonian~1! can be written as

Hd
e f f5(

i
F«01U^n2s&2

1

2
s~Jd f^J

f&1gemBhext!Gdis
1 dis

1(
i l

Til sdis
1 dls , ~6!
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H f
e f f52(

i
~J0^J

f&1Jd f^s
d&1gimBhext!Ji

f1HCF. ~7!

Now the HamiltonianHd
e f f describes a subsystem of itinera

electrons under the action of the effective magnetic field g
erated by the 4f localized spins. The effective Hamiltonia
H f

e f f describes a subsystem of 4f localized spins under the
action of the crystalline electric field and coupled to the it
erant electrons. The problem defined by the coupled Ham
toniansHd

e f f and H f
e f f should be solved in a self-consiste

way. The temperature dependence of the magnetization a
ciated with the localized spins subsystem is given byMR

5gimB^Jf&, where^Jf& is the average of the total angula
momentum of the rare-earth ions. On the other hand,
magnetic moment of the effective subsystem of the itiner
electrons is given byMd5n↑2n↓ , wherens (s5↑ or ↓) is
the electron occupation number given by

ns5E
2`

m

rs~«! f ~«!d«, ~8!

wherers(«) is a spin-dependent density of states,f («) is the
Fermi distribution function, andm is the chemical potential
Using the Green-function techniques we get the density
statesrs(«) as

rs~«!52
1

p
ImE r0~v!dv

z2«0s
, ~9!

where z5«1 i0, «0s5«01U^n2s&20.5s(Jd f^J
f&

1gemBhext), and r0(v) is a standard paramagnetic mod
for 3d density of states. So the total magnetization of t
intermetallic compound is given by the summation of t
contribution of the itinerant electrons (Md) and the localized
spins (MR) subsystems.

The magnetic entropy associated with the subsystem
localized spins is given by the relation15–17

Sloc~T,hext!5RF ln(
i

e2bEi1
1

kT

(
i

Eie
2bEi

(
i

e2bEi
G ,

~10!

whereEi are the energy eigenvalues of the effective Ham
tonian (H f

e f f), R is the universal gas constant, andb
51/kT, wherek being the Boltzmann’s constant. The fre
energy of the subsystem of itinerant electrons is given by18,19

F52
1

b (
s

E
as

bs
ln~11e2b(«2m)!rs~«!d«, ~11!

where as and bs are the bottom and the top of the spi
polarized density of states. The electronic magnetic entr
obtained by the thermodynamic relationSel52(]F/]T) is
given by
2-2
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Sel~T,hext!5RF(
s

E
as

bs
ln~11e2b(«2m)!rs~«!d«

1
1

kT (
s

E
as

bs
~«2m!rs~«! f ~«!d«G .

~12!

The lattice entropySlat in the Debye approximation is give
by

Slat~T!5H 23R lnF12expS QD

T D G
112RS T

QD
D 3E

0

QD /T x3

exp~x!21
dxJ , ~13!

whereQD is the Debye temperature. Hence the total entro
of the intermetallic compounds is given by

S~T,hext!5Slat~T!1Smag~T,hext!, ~14!

where the magnetic entropySmag is given by

Smag~T,hext!5Sloc~T,hext!1Sel~T,hext!. ~15!

III. NUMERICAL RESULTS AND DISCUSSION

In order to apply the model described in the preced
section to calculate the magnetocaloric effect in theRCo2
series (R5Dy, Ho, Er), we have to specify a set of mod
parameters. The total angular momentumJf and theg factors
were extracted from Hund’s rule. The exchange interact
parametersJd f andJ0 were properly chosen to describe th
experimental value of the magnetic ordering temperature
each intermetallic compound of the series. The paramagn
3d density of states was taken from first-principl
calculations.34The factorU parametrizing the Coulomb inter
action between itinerant electron was chosen to assure
the Stoner criterion for the magnetic order at the Co site
not fulfilled, despite that one has a strongly enhanced P
paramagnetism. All these parameters are kept fixed du
the entire self-consistent process. In order to carry out
self-consistent process, we start with an initial value of^Jf&
and calculate the electronic magnetic moment^md& of the
subsystem of the itinerant electrons. After that, using
equations for the subsystem of localized spins to calcula
new value of^Jf&. Then we return to the subsystem of th
itinerant electrons to calculate a new value of the magn
moment ^md&. We repeat this process until self-consiste
values of^Jf& and ^md& are obtained within the desired nu
merical precision.

First, we discuss the case of the intermetallic compou
ErCo2 . In this compound, a magnetic moment of 1.0mB at
Co site is induced in an antiparallel way to the Er one. T
total magnetization curve exhibits a first-order magne
phase transition atTc533 K, and the easy magnetizatio
direction25 is ^111&. The crystal-field parameters for this in
termetallic compound were taken as:27 x520.24; W5
20.49 K, F4560, andF6513 860. After determining self-
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consistently the energy eigenvalues and the spin-polar
density of states, we calculate the contributions to the to
entropy without an applied magnetic field. In the calculati
of the lattice contribution we take the Debye temperature
QD5240 K.35 The dotted line of Fig. 1 shows our calculate
total entropy of the ErCo2 intermetallic compound at zero
magnetic field. The jump observed in this curve, around
magnetic ordering temperature, is due to the magnetic pa
the entropy. Moreover, it turns out that the contribution
the itinerant electrons to the magnetic entropy is very sm
as compared to the contribution from the localized spi
Actually, the magnetic part of the entropy saturates arou
R ln(2J11), which is the expected saturation value of t
magnetic entropy for the 4f localized spins. However, the
jump in the magnetic part of the entropy is due to the co
pling between the 3d itinerant electrons and the 4f localized
spins.

In order to calculate the magnetic entropy change fo
given magnetic-field variation, we apply the magnetic fie
along the easy magnetization direction. The dashed and s
lines of Fig. 1 represent the total entropy for an exter
magnetic field of 4 T and 6 T, respectively. Notice that w
have a good agreement with experimental data25for all
curves. The curves of the isothermal magnetic entro
change (DSmag3T) and of the adiabatic temperature chan
(DTad3T) for a magnetic-field variation from 0–2 T, 0–4 T
and 0–6 T are plotted in Figs. 2 and 3, respectively. Fr
these figures, we can observe that both the isothermal m
netic entropy change and the adiabatic temperature cha
for the three above-mentioned magnetic-field variation
hibit a jump at around the magnetic ordering temperatu
yielding a large value of the magnetocaloric potential in t
ErCo2 intermetallic compound. This is directly associat
with the first-order magnetic phase transition that is due
the coupling between the itinerant electrons and the locali
spins.

Second, we perform numerical calculations for the int
metallic compound HoCo2. This compound exhibits a first

FIG. 1. Temperature dependence of the total entropy in
ErCo2 intermetallic compound. The dotted, dashed and solid li
correspond to our calculations for a applied magnetic field of 0 T
T, and 6 T, respectively. Crosses, stars, and triangles represen
perimental data.25
2-3
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order magnetic phase transition around 80 K and its e
magnetization direction36is ^100& above 14 K. As we did
before, the Coulomb interaction parameterU was taken to
give a strongly enhanced paramagnetic susceptibility n
the fulfillment of the Stoner criterion for the onset of a ma
netic order at the Co sites. The exchange interaction par
eters (J0 ,Jd f) were chosen to adjust the experimental va
of the magnetic ordering temperature. In our model, the m
netic ordering temperature and the nature of the magn
phase transition is determined by the ratioJ0 /Jd f . The first-
order magnetic phase transition occurs when the ratioJ0 /Jd f
is less than a given critical value. The crystal-fie
parameters36 were taken asx520.4687, W50.6 K, F4
560, andF6513 860. In the calculation of the lattice en
tropy we take the Debye temperature35 as QD5160 K. In
Figs. 4 and 5 we plot, respectively the curves of the isoth

FIG. 2. Isothermal magnetic entropy change vsT in the com-
pound ErCo2 . The dashed, solid and dotted lines correspond to
calculations for a magnetic-field variation 0–2 T, 0–4 T, and 0–6
respectively. Open circles, squares, and full circles represent ex
mental data.25

FIG. 3. Adiabatic temperature change vsT in the compound
ErCo2. The dashed, solid, and dotted lines correspond to our ca
lation for a magnetic-field variation 0–2 T, 0–4 T, and 0–6
respectively. Open circles, crosses, and full circles represent ex
mental data.25
09440
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mal magnetic entropy and of the adiabatic temperature in
HoCo2 intermetallic compound, for a magnetic-field vari
tion 0–2 T~dotted line!, 0–4 T~full line!, and 0–6 T~dashed
line!. Notice that we also get a good agreement with
available experimental data29 for the adiabatic temperatur
change.

Finally, we perform numerical calculations for the inte
metallic compound DyCo2. This compound exhibits a first
order magnetic phase transition at around 130 K. The mo
parameters for this intermetallic were chosen in a way si
lar to the previous cases. The behavior of the total entrop
this compound is very similar to those obtained before
the ErCo2 and HoCo2 intermetallic compounds. In Figs.
and 7 we show the curves of the isothermal magnetic entr
change (DSmag3T) and of the adiabatic temperature chan
(DTad3T) in the DyCo2 intermetallic compound for a
magnetic-field variation 0–6 T. For the sake of comparis

r
,
ri-

u-

ri-

FIG. 4. Isothermal magnetic entropy change vsT in the com-
pound HoCo2. The dotted, solid, and dashed lines correspond to
calculations for a magnetic-field variation 0–2 T, 0–4 T, and 0–6
respectively .

FIG. 5. Adiabatic temperature change vsT in the compound
HoCo2. The dotted, solid and dashed lines correspond to our ca
lations for a magnetic-field variation 0–2 T, 0–4 T, and 0–6
respectively. Open circles, crosses, and full circles represent ex
mental data.29
2-4
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we also plot in these figures the corresponding curves
ErCo2 and HoCo2. From these figures we can observe th
the maximum values ofDSmag andDTad increase with de-
creasingTc . This fact can be explained as follows: As th
magnetic entropy tends to saturate around the magnetic
dering temperature and as the saturation magnetization
these three intermetallic compounds are very close, we
pect that the smaller the magnetic ordering temperature,
faster the saturation value of the magnetic entropy is reac
Accordingly, the maximum values in the magnetocaloric p
tentials DSmag and DTad decrease as we go from ErCo2
(Tc533 K) to DyCo2 (Tc5130 K), as it is experimentally
observed.

In conclusion, in this paper we have calculated the m
netocaloric effect in the seriesRCo2(R5Er, Dy, Ho). In the
magnetocaloric curves of these intermetallic compounds
abrupt enhancement is observed around the magnetic o
ing temperature. It is worthwhile to point out here that
though the main contribution to the magnetic entropy in
RCo2 intermetallic compounds comes from the localiz

FIG. 6. Isothermal magnetic entropy change vsT in the com-
pounds ErCo2 , HoCo2, and DyCo2. The solid lines correspond to
our calculations for a magnetic-field variation 0–6 T. Circles a
experimental data25 for ErCo2.
te

te

les
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spins, the jump observed in the magnetic entropy cu
around the magnetic ordering temperature is due to the c
pling between the localized spins of the rare-earth ions
the magnetic moment induced at the Co sites. We
straightforwardly extend the model presented in this pape
study the effect of an external pressure and doping on
magnetocaloric properties of the rare-earth transition-m
intermetallics. In addition, the case ofRFe2, where it is ex-
pected a major contribution from the 3d itinerant electrons
of the Fe ions, can be also described using the model
cussed throughout this paper. Calculations in these direct
are now in progress.
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FIG. 7. Adiabatic temperature change vsT in the compounds
ErCo2 , HoCo2, and DyCo2. The solid lines correspond to our ca
culation for a magnetic-field variation from 0–6 T. Circles an
squares are experimental data,25,29 for ErCo2 and HoCo2, respec-
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