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Magnetocaloric effect in the intermetallic compoundsRCo, (R=Dy,Ho,Er)
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In this paper we study the magnetocaloric effect in the rare-earth cobalt intermetallic compounds
RCo, (R=Dy, 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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[. INTRODUCTION including the crystalline electrical field have succeeded in
explaining the experimental data of the magnetocaloric effect
The magnetocaloric effect, the property of some magnetith the rare earth intermetallic compounds involving nonmag-
materials to heat up or cool down when they are submitted toetic atoms such as RNiRAl,, and RN among
a varying magnetic field in an adiabatic process, has practicaithers'®**”?in the framework of the localized models, the
importance in the technological application of magneticanomalous magnetocaloric effect observed in Pridiex-
refrigeration'~® Although the magnetocaloric effect is well plained based on the crossing of the splite@nergy levels,
known since the beginning of the last century, no real highdue to the crystalline electrical field, with increasing mag-
temperature applications have been made until very recentlpetic field. However, the above-mentioned models fail to ex-
The magnetocaloric effect is intrinsic to all magnetic mate-plain the magnetocaloric effect in the intermetallic com-
rials and is measured both by the adiabatic temperaturpounds RCgR=Dy, Ho, Er). This is because these
changeAT,4(T,h®Y) and by the isothermal magnetic en- compounds exhibit special magnetic properties, nanigly
tropy change\ Sy, T,h®*Y) by an application or removal of magnetic moment as large as @ induced at the Co at-
an external magnetic field. Therefore these two characteristiems; (ii) a first-order magnetic phase transition that is di-
quantities of the magnetocaloric effect depend on the temrectly associated with the metamagnetism at the Co sites.
perature and on the magnetic-field variation. These findings indicate that thel &inerant electrons play an
The magnetocaloric effect has been investigated irimportant role in the magnetic and the thermodynamic prop-
perovskites,® magnetic molecular clustet®and in rare-  erties of these intermetallic compounds. Thus, in the theoret-
earth intermetallic compound$:29n recent years there has ical description of the magnetocaloric effect in the interme-
been increasing interest in the search for new magnetic maallic compounds RCHQ we should consider both the
terials with large magnetocaloric potentials. For instance, docalized spins and the itinerant electrons.
giant magnetocaloric effect have been observed in the com- Based on the above considerations, in this work we theo-
pounds GgGe,Si,,°MnFeR, 4As, s5,2%and in high-spin mo-  retically study the magnetocaloric effect in the intermetallic
lecular magnet§’Despite the large amount of experimental compoundsRCo,(R=Dy, Ho, Er). The understanding of
data on the magnetocaloric effect, there are only a few thethe role of the 4 localized spins and thed3itinerant elec-
oretical explanations for thef:**~*AAs far as the rare-earth trons in the establishment of the magnetic order can give us
intermetallic compounds are concerned, some interesting ex good insight in the physical mechanism that governs the
perimental results have been reported for a wide range ohagnetocaloric effect in these compounds for all range of
temperature. For instance, we can mention the existence oftamperatures. In order to carry out the calculations, we use a
second peak in the magnetocaloric curves at lowmodel Hamiltonian in which the #localized spins of the
temperaturé®he anomalous magnetocaloric effédthere  rare-earth ions are immersed into an effective subsystem of
the increasing applied magnetic field makes the magnetimteracting 3l itinerant electrons. We also include the effect
entropy to increase at low temperature; the tablelikeof the crystalline electrical field on thef4spins of the rare-
effect’where the peak in the isothermal magnetic entropyearth ions. For the sake of simplicity we use the Hartree-
change remains constant along a small range of temperaturiépck approximation to treat the Coulomb interaction be-
and the giant magnetocaloric efféathere a large peak oc- tween the itinerant electrons and the molecular-field
curs in the magnetocaloric curves. approximation to deal with the exchange interaction between
The theoretical models most used in the literature to studyif localized spins. The calculated curves of the adiabatic
the magnetocaloric effect in rare-earth intermetallictemperature change\{T,4X T) and of the isothermal mag-
compounds;’~*take mainly into account, in the calculation netic entropy changeASya,XT) for these intermetallic
of the magnetic entropy, the contribution arising from thecompounds show a jump around the magnetic ordering tem-
localized spins of the rare earth ions. These localized modejserature, in good agreement with experimental data. The
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plan of this paper is as follows. In Sec. Il we present our otf . § tcr
model, whereas Sec. Il is devoted to show our numerical H§''=— > (Jo(3")+Jar(s?) +giugh®H I/ +HCF. (7)
calculations and discussions '

Now the HamiltoniarH¢'" describes a subsystem of itinerant
Il. THE MODEL electrons under the action of the effective magnetic field gen-
In order to describe the intermetallic compouR@o, we erated by the # localized spins. The effective Hamiltonian
ff ; ; ;
begin with a model Hamiltonian in which the localized spinsHf = describes a subsystem of 4ocalized spins under the
of the rare-earth ions are coupled to an effective subsyster@ction of the crystalline electric field and coupled to the itin-

of itinerant electron&! erant electrons. The problem defined by the coupled Hamil-
toniansHS'" and HE'" should be solved in a self-consistent
H=H9+H+HY+HCF, (1)  way. The temperature dependence of the magnetization asso-

ciated with the localized spins subsystem is given\b§

=giup(J"), where(J") is the average of the total angular

momentum of the rare-earth ions. On the other hand, the

Hd=2 eogdif,di(ﬁz Ti|gdfgd|g+U2 niNi; magnetic moment of the effective subsystem of the itinerant
7 o : electrons is given b}®=n;—n,, wheren, (o=1 or |) is

the electron occupation number given by

where

—geMBEi sthex, ®)

0= [ putertcerde. ®
H'= -3 3.3~ gine > Ih*, (3) i
! ' wherep (&) is a spin-dependent density of statf(s;) is the
Fermi distribution function, angk is the chemical potential.
HAf=—J34> Jfs, (4)  Using the Green-function techniques we get the density of
: statesp,(g) as
0%+50% (02— 210%)
CF_ 4 4 _ 6 6 1 w)dw
HCF=w| x 3 +(1—1x|) = . (5 pg(8)=—;|mfp0( ) , ©
The HamiltonianH® describes a subsystem of itinerant elec-
trons where the ternT,, represents the electron hopping Where  z=&+i0,  &g,=so+U(n_,)—0.50(J4(J")
energy between two different sitas, is the Coulomb inter-  +desgh®), andpo(w) is a standard paramagnetic model
action parameter between itinerant electrons, laffirepre-  for 3d density of states. So the total magnetization of the
sents the external magnetic field applied along the easy magitermetallic compound is given by the summation of the
netization direction. The Hamiltoniad® describes the contribution of the itinerant electron#/®) and the localized
subsystem of localized spins wheié is the total angular spins MF) subsystems.
momentum of the rare-earth ions adglis the effective ex- The magnetic entropy associated with the subsystem of
change interaction parameter betweeh ldcalized spins. localized spins is given by the relatin®’
The HamiltonianH?" gives the coupling between the local-
ized spins and the itinerant electrons, whsﬁés the spin of 2 E o B
itinerant electrons andy; is an effective exchange coupling 1 5
parameter. FinallyH®F is the crystalline electrical field Soc(T,h®Y=R| I, e*BEi+ﬁ— ,
Hamiltonian for the cubic symmetijwhereW is an energy : > e FE
scale andk gives the relative importance of the fourth- and [
sixth-order termsOyj, are the Stevens’operators; and Fg (10
are numerical factors common to all matrix elemetithe . . .
parameterg); andg, are the Landdactor of the rare-earth whgreEi aerﬁ the energy elge_nvalues of the effective Hamil-
ions and the itinerant electrons, respectively. Using thdonian Hi), R IS the universal 9?5 constant, argl
Hartree-Fock approximation to treat the Coulomb interaction~ /KT, wherek being the Boltzmann's constant. The free
between the itinerant electrons and the molecular-field ap€M€rgy of the subsystem of itinerant electrons is giveti by
proximation to deal with the interaction between the local-

. . . - . 1 b(r
ized spins, the Hamiltoniafll) can be written as e E 2 J’ In(1+e~£C-m)p (e)de, (11)
o Ja,

eff_ 1 f ex +
Ha Z st U(n-o) 20(de<J )+ Qeptgh™) | dio iy wherea, andb, are the bottom and the top of the spin-
polarized density of states. The electronic magnetic entropy
+Z T,,d"d, (6) obtained by the thermodynamic relati®,= — (dF/JT) is

T Lo given by
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Sei(T,h®H=R

b(T
EJ In(1+e AE=m)p (e)de
o Ja,

1 b(J’
T g f (e—w)pg(e)f(e)de

(12
The lattice entropys,,; in the Debye approximation is given
by
Op
Sai(T)=3 —3RIn| 1—ex T
T\3repm X3
+12R ®—D) J;) de , (13

where®p, is the Debye temperature. Hence the total entrop
of the intermetallic compounds is given by

S(T,h®)=Sa(T) + Sad T,h®), (14
where the magnetic entrof8, .4 is given by
Smag(TrheXt)=Sloc(TaheXt)+SeI(TaheXt)- (15)

I1l. NUMERICAL RESULTS AND DISCUSSION
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FIG. 1. Temperature dependence of the total entropy in the
ErCo, intermetallic compound. The dotted, dashed and solid lines
%orrespond to our calculations for a applied magnetic field of 0 T, 4
T, and 6 T, respectively. Crosses, stars, and triangles represent ex-
perimental dat&>

consistently the energy eigenvalues and the spin-polarized
density of states, we calculate the contributions to the total
entropy without an applied magnetic field. In the calculation
of the lattice contribution we take the Debye temperature as
0p =240 K3 The dotted line of Fig. 1 shows our calculated
total entropy of the ErCpintermetallic compound at zero

In order to apply the model described in the precedingmagnetic field. The jump observed in this curve, around the

section to calculate the magnetocaloric effect in R@o,
series R=Dy, Ho, Er), we have to specify a set of model
parameters. The total angular momentiinand theg factors
were extracted from Hund’s rule. The exchange interactio
parameterdy; andJy were properly chosen to describe the

magnetic ordering temperature, is due to the magnetic part of
the entropy. Moreover, it turns out that the contribution of

the itinerant electrons to the magnetic entropy is very small
ras compared to the contribution from the localized spins.
Actually, the magnetic part of the entropy saturates around

experimental value of the magnetic ordering temperature oR In(2J+1), which is the expected saturation value of the
each intermetallic compound of the series. The paramagnetitagnetic entropy for the f4localized spins. However, the

3d density of states was taken from first-principles
calculations**The factorU parametrizing the Coulomb inter-

jump in the magnetic part of the entropy is due to the cou-
pling between the & itinerant electrons and thef 4ocalized

action between itinerant electron was chosen to assure thapins.

the Stoner criterion for the magnetic order at the Co site is

In order to calculate the magnetic entropy change for a

not fulfilled, despite that one has a strongly enhanced Paufjiven magnetic-field variation, we apply the magnetic field
paramagnetism. All these parameters are kept fixed duringlong the easy magnetization direction. The dashed and solid

the entire self-consistent process. In order to carry out th
self-consistent process, we start with an initial valug
and calculate the electronic magnetic moméme') of the

énes of Fig. 1 represent the total entropy for an external
magnetic field of 4 T and 6 T, respectively. Notice that we
have a good agreement with experimental téa all

subsystem of the itinerant electrons. After that, using thecurves. The curves of the isothermal magnetic entropy

equations for the subsystem of localized spins to calculate
new value of(J). Then we return to the subsystem of the
itinerant electrons to calculate a new value of the magneti

ehange QA S;,,4X T) and of the adiabatic temperature change
(ATL¢XT) for a magnetic-field variation from 0-2 T, 0-4 T,
@and 0-6 T are plotted in Figs. 2 and 3, respectively. From

moment(m%. We repeat this process until self-consistentthese figures, we can observe that both the isothermal mag-

values of(J") and(m%) are obtained within the desired nu-
merical precision.

netic entropy change and the adiabatic temperature change
for the three above-mentioned magnetic-field variation ex-

First, we discuss the case of the intermetallic compoundhibit a jump at around the magnetic ordering temperature,

ErCo,. In this compound, a magnetic moment of @ at

yielding a large value of the magnetocaloric potential in the

Co site is induced in an antiparallel way to the Er one. TheErCo, intermetallic compound. This is directly associated

total magnetization curve exhibits a first-order magneticwith the first-order magnetic phase transition that is due to
phase transition al.=33 K, and the easy magnetization the coupling between the itinerant electrons and the localized
directiorf® is (113). The crystal-field parameters for this in- spins.

termetallic compound were taken dsx=—0.24; W=
—0.49 K, F,=60, andFg=13860. After determining self-

09440

Second, we perform numerical calculations for the inter-
metallic compound HoCo This compound exhibits a first-
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FIG. 2. Isothermal magnetic entropy changeTvé the com- FIG. 4. Isothermal magnetic entropy changeTvin the com-

pound ErCe. The dashed, solid and dotted lines correspond to oupound HoCg. The dotted, solid, and dashed lines correspond to our
calculations for a magnetic-field variation 0-2 T, 0-4 T, and 0-6 T,calculations for a magnetic-field variation 0-2 T, 0-4 T, and 0-6 T,
respectively. Open circles, squares, and full circles represent expefiespectively .

mental dat&>

mal magnetic entropy and of the adiabatic temperature in the
order magnetic phase transition around 80 K and its easpoCo, intermetallic compound, for a magnetic-field varia-
magnetization directiofiis (1000 above 14 K. As we did tion 0—2 T(dotted ling, 0—4 T (full line), and 0—6 T(dashed
before, the Coulomb interaction paramet¢rwas taken to |ine). Notice that we also get a good agreement with the
give a strongly enhanced paramagnetic susceptibility neagvailable experimental détafor the adiabatic temperature
the fulfillment of the Stoner criterion for the onset of a mag-change.
netic order at the Co sites. The exchange interaction param- Finally, we perform numerical calculations for the inter-
eters (Jo,Jq;) Were chosen to adjust the experimental valuemetallic compound DyCop This compound exhibits a first-
of the magnetic ordering temperature. In our model, the magerder magnetic phase transition at around 130 K. The model
netic ordering temperature and the nature of the magnetigarameters for this intermetallic were chosen in a way simi-
phase transition is determined by the ratidJq;. The first-  |ar to the previous cases. The behavior of the total entropy in
order magnetic phase transition occurs when the tatidy;  this compound is very similar to those obtained before for
is less than a given critical value. The crystal-fieldthe ErCg and HoCg intermetallic compounds. In Figs. 6
parameter§ were taken asx=—0.4687, W=0.6 K, F,  and 7 we show the curves of the isothermal magnetic entropy
=60, andFs=13860. In the calculation of the lattice en- change S,,,;X T) and of the adiabatic temperature change
tropy we take the Debye temperatti@s @ =160 K. In (AT,4XT) in the DyCo intermetallic compound for a
Figs. 4 and 5 we plot, respectively the curves of the isothermagnetic-field variation 0—6 T. For the sake of comparison,
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FIG. 3. Adiabatic temperature change Vsin the compound FIG. 5. Adiabatic temperature change Vsin the compound

ErCo,. The dashed, solid, and dotted lines correspond to our calcuHoCo,. The dotted, solid and dashed lines correspond to our calcu-
lation for a magnetic-field variation 0—-2 T, 0—4 T, and 0-6 T, lations for a magnetic-field variation 0-2 T, 0—4 T, and 0-6 T,
respectively. Open circles, crosses, and full circles represent expetiespectively. Open circles, crosses, and full circles represent experi-
mental dat&® mental dat&®
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FIG. 7. Adiabatic temperature change Vsn the compounds
FIG. 6. Isothermal magnetic entropy changeTvén the com-  ErCo,, HoCo,, and DyCg. The solid lines correspond to our cal-
pounds ErCe, HoCo,, and DyCg. The solid lines correspond to culation for a magnetic-field variation from 0-6 T. Circles and
our calculations for a magnetic-field variation 0—-6 T. Circles aresquares are experimental dat&?® for ErCo, and HoCg, respec-
experimental dafa for ErCo,. tively.

we also plot in these figures the corresponding curves fopPINS; the jump observed in the magnetic entropy curve

ErCo, and HoCa. From these figures we can observe thataround the magnetic ordering temperature is due to the cou-
the maximum vaiues oAS, ., and AT, increase with de- pling between the localized spins of the rare-earth ions and
mag a

creasingT.. This fact can be explained as follows: As the the magnetic moment induced at the Co sites. We can

magnetic entropy tends to saturate around the magnetic 0§_tra|ghtforwardly extend the model presented in this paper to

dering temperature and as the saturation magnetizations Pde the effect of an external pressure and doping on the

these three intermetallic compounds are very close, we e){1_1agnetocaloric properties of the rare-earth transition-metal

pect that the smaller the magnetic ordering temperature, thlgtermetalllcs. In addition, the case BFe,, where it Is ex-

faster the saturation value of the magnetic entropy is reache{?ec'[ed a major contribution from thed3tinerant electrons

Accordingly, the maximum values in the magnetocaloric po_of the Fe ions, can be also described using the model dis-

tentials AS, ., and AT, decrease as we go from ErCo cussed throughout this paper. Calculations in these directions
ag a .
(T.=33K) to DyCo (T.=130 K), as it is experimentally are now in progress.
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