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In this paper, the magnetocaloric effect in the hexagonal intermetallic compounds belongingRiithe
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 in 0 and 5 teslas. Here we report on the results of this work.

Many magnetic materials studied in the past have been
experimentally and theoretically reinvestigated focusing on THEORY
the magnetocaloric effe€MCE), i.e., the ability of magnetic
materials to heat up when they are magnetized, and cool The RNis; compounds crystallize in the hexagonal
down when removed from the magnetic field. The recenCaCu-type structur& and its magnetism is due to te*
renewed interest in the MCE appears after the discovery dPns. Therefore, the simplest theoretical approximation to
the giant magnetocaloric effect in @8i,Ge,) near room Mmodel the localized magnetic propertiesRiis compounds
temperaturé. The magnetocaloric materials present greatS given by the following Hamiltonian:
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? More recently, two other potential magnetocaloric
materials, namely MnFeRASyss (Ref. 3 and  where
MnAs, _.Sh,,*° were reported with giant magnetocaloric ef-
fect around room temperature. In the three above-mentioned R
materials the first order magnetic phase transition from fer- Hcer= BIOS + B3O + B2OS + BSOS (2
romagnetic to paramagnetic state is present and associated to
the experimental observation of the giant-magnetocaloric efé
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- a - X y z
derstand the MCE in terms of fundamental physics. For ex- Hune =~ gugHlcoga)'+ cos )7+ cosnJd, - (3)
ample, the giant quadrupolar interaction present in the YbAs Relation (2) gives the single ion crystal electrical field
compound and the quantum crossing effect in PgNRef.  (CEP Hamiltonian, whereQf' are the Steven's equivalent
10) were well described by analyzing the isothermal entropyoperators? and the coefficientsB], determine the strength
change AS,,, that occur upon change of an applied mag-Of the splitting of the(2J+1)-fold degenerate Hund ground
netic field using the appropriate Hamiltonian. The entropicmultiplet, with J the total angular momentum. Relati@) is
investigation(i.e., ASy,q Vs temperatuneshowed that the the single ion magnetic Hamiltonian, taken in the molecular
magnetic entropy in PrNi(which is a paramagnetic com- field approximation, wherey is the Landeé factorug is
pound increases with the application of magnetic field atthe Bohr magneton andd=Hy+AM is the effective
low temperature, the so-called anomalous entropy variatioexchange fieldexternal magnetic field plus the effective
effect. molecular field with the molecular field constant, and

Motivated by the anomalous entropy effect observed inM=gug(coga)J*+cogB)F +cogy)J’) being the magnetiza-
PrNis, in this paper we fully investigated the MCE in the tion in the easy magnetic direction. The symbhdls »=x, y,
RNis series (R=rare-earth element The MCE, which is zstand for the three components of the total angular momen-
characterized by the two thermodynamic quantities, namelytum operator with the direction cosines relative to the crys-
ASyag (Mmentioned above and the adiabatic temperature tallographic axis.
change AT,y were theoretically calculated and experimen- The magnetic state equation is obtained by taking the
tally measured in this series by heat capacity measuremenBoltzmann mean value of the magnetic dipole operator,

H= |:|CEF+ |:|MAG! (1)
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TABLE |. Magnetic parameters for intermetallics compounds belongingNa; series.

Eas
Compounds B9 BIX 10 B2x 10* BEX 107 A T. directi)(l)n Reference
GdNig 32 15
DyNisg 0.198 0.0190 0.0095 0.0024 11.6 b 16
HoNig 0.0991 0.0164 -0.0017 —-0.0026 3.09 5 a 17
NdNig 0.289 0.125 -0.302 -0.116 63.77 8 a 18
TbNig 0.331 -0.0034 —0.0345 —-0.0034 13.88 23 a 19
ErNis -0.0732 -0.0092 0.0124 0.0028 9 c 20
PrNig 0.61 0.496 1.01 0.27 29.84 a 21
g There are different ways to measure and calculate the
> <8i|37’|8i>e>(p<‘ K_T> adiabatic temperature chang€T,q that occurs for changes
M = gug(d” = gug . (4)  in the external magnetic fief. Our theoretical and experi-
> expl - i) mental procedure was to determin.e the total entropy versus
KT temperature curves at magnetic fields=0 andH,=5T,

i ) from which theAT,qwas obtained using the equation
The ¢; and|e;) are the energy eigenvalues and eigenvectors,

respectively, of Hamiltoniaiil) andJ” is the component of = AT (T,AH) =T(T) = Tx(T). (8)
the total angular momentum at an arbitrary directipriThe This quantity, for a given pair of curveS(T,H,) and

magnetization and the magnetic entropy are determined u ; ) . . "
der the self-consistent solution of Eqg). r%-r(T,Hz), is deterTml)ned by the adiabatic process condition,
2 .

The magnetic entropy can be determined by the generac-fT(Hl'Tl):ST(H2’
relation, obtained from Helmholtz free energy,

a3t EXPERIMENT
> erexp— el/ksT) In order to verify the theoretical predicted behavior of the
1) k=1 magnetocaloric effect iRNig we prepared polycrystalline
Su(T,Ho) = (?) 2+1 samplegwith R=Er, Gd, Ho, Dy, Nd, and QeThe starting
> exp(— e/kgT) materials had purities of 99.9% for the elements, and
k=1 99.99% for Ni. After weighing appropriate proportions of the
23+1 elements, the samples were arc-melted several times in a
+ kg In[ S exp- Sk/kBT)]v (5) high purity atmosphere, being turned between meltings for
el homogenization. The samples were characterized using x-ray

_ _ diffraction with Cu Ko radiation, which confirmed their
wherekg is the Boltzman constant. The lattice entropy can besingle phase nature. Magnetic characterizations—Curie tem-

calculated by the Debye formula, peratures and saturation magnetizatjoere applicablp—
were done in a commercial SQUID magnetometer in fields
Sarr =~ 3nRIN[1 - exp~ Tp/T)] up to 7 T. The heat capacity was measured by the two tau
T\ (™7 3dx method in a commercial relaxation calorime(tBPMS from
+ 12nR(—> f P (6) Quantum Designwithout and with applied magnetic field of
o/ Jo expx) -1 5T

whereR is the gas constant afg, is the Debye temperature.
The electronic entropy is given t§,=yT where the Som- RESULTS AND DISCUSSIONS
merfeld coefficienty=36 mJ/mol K, is taken from the non- In Table | we collected, for each compound of tRais

magnetic reference compound Laf{f and is assumed to be ggries; all the necessary magnetic parameters to be used in
the same for the whole series. The total entropy at any ey model presented above. The CEF parameters are in meV
perature and magnetic field is given By=Snagt SattSele  units and the exchange parameters are MmeV. The
After the above entropy calculations, the isothermal totakighih column gives the crystallographic directions of the
entropy changes\Sy, that occurs for changes in the external ga5y magnetic direction which fixes the magnetic Hamil-

magnetic field, can be directly determined, tonian, relation(3). For example, HoNihas thea-crystalline
_ _ easy axis, therefore, the proper direction cosines are
ASHT,AH) = S(T.Ha) = SH(T.Hy). @) coga)=1, cogB)=0, and co6y)=0. It is worth noticing that

If the magnetic field and the magnetization do not altersince the magnetization variation, for materials with CEF
the Debye temperature, the total entropy char@esan iso-  anisotropy, generally depend on the applied magnetic field
thermal processis equal to the magnetic entropy change. direction, so the magnetic entropy change is also dependent
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FIG. 1. Temperature dependence iy, (a) and ATqq () in FIG. 2. Temperature dependencefl,q (@) and ATyq (b) in

GdNis for a magnetic_field change from 0 to 5 T The solid lines DyNis for a magnetic field change from 0 to 5 T. The solid lines
rep_resent the theoretical results and the open circles show the e?(e'present the theoretical results and the open circles show the ex-
perimental data. perimental data.

on the applied field direction in crystallographic axes. Thewith the theoretical results. On the other hand, for Holtie

theoretical calculations wer rformed in single-crystal as: : . :
eoretical calculations were performed in single-crystal as heoretical calculation predicts broad peaks &f,,, and

sumption above discussed. The last column in Table | ive%T around the phase transition temperature. see Fig. 3
the references from where the parameters were obtained. ad . P ) P S 9. 2
which are in good agreement with the experimental data.

The lattice entropy of each compound of tRBli5 series . :
was estimated considering the isostructural and nonmagnet'hc6 F\(/)\/Lé\lndEl:édtr;ﬁtc:nt?]iekga;irggt:tr:tecznilgt?cr)id rfer|or2 Sef'
compound LaNj. The temperature dependence of the Debye ™ 9 q , reladp

temperature in LaNiwas determined considering the Debye

analytical expression for heat capacity and the tabulated ex- 10 ] @)
perimental data for heat capacity versus temperature from 8- HoNi
Ref. 22. The adjustment was performed using a seventh or- < ®
der degree polynomial, i.€Tp(T)=2/_,a,T". Therefore, the 2 6
lattice entropy, relatioii6), was determined at each tempera- 37
ture using the appropriate Debye temperature. It is worth Vg 44
noticing that, without this procedure, the calculation of the @ ]
AT,qVvs T could not be obtained with the desirable numerical b2
precision(necessary to guarantee the adiabatic process ]
In Fig. 1 is displayed th&S,,;andAT,q versus tempera- 1(2’:
ture in the GdNj compound, calculate@olid line) and mea- . (b)
sured (open circley for a magnetic field change from 1°'_
0 to 5 T. TheAS,,gandAT,y maximum values occur at the __ 84
Curie temperature, as expected, since at this temperature an ~ x 1
applied magnetic field has maximum reduction effect on 3 6'_
magnetic entropy for normal ferromagnetic systems. Since T 4
Gd is anS-state ion, the CEF parameters are neglected in the 5]
calculations. So the only magnetic parameter for this com- ]
pound is the exchange parameter, which was determined to 0 v T v T
be A=38.39 P meV in order to fix the experimental Curie 0 20 T(K) 40 60

temperature from Ref. 13.

Figure 2 shows th&\ S, and AT,q versus temperature, FIG. 3. Temperature dependencedy,q (3) and AT,q (b) in
for a magnetic field change from 0 to 5 T for the DyNi HoNis for a magnetic field change from 0 to 5 T. The solid lines
compound. Note that sharp peaks appear in the experimentalpresent the theoretical results and the open circles show the ex-
data at the Curie temperature, for both curves, in accordanggrimental data.
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FIG. 4. Temperature dependenceff,q (a) and AT,q (b) in FIG. 6. Temperature dependencedfy,g (a) and AT,q (b) in
NdNis for a magnetic field change from O to 5 T. The solid lines ErNis for a magnetic field change from 0 to 5 T. The solid lines
represent the theoretical results and the open circles show the exepresent the theoretical results and the open circles show the ex-
perimental data. perimental data.

do not reproduce our experimental Curie temperature, a§!®¢ magnetocaloric effect. In the ferromagnetic phase the

shown in Fig. 4. However, the theoretical curves present th€oncavity is positive for theAS,,, curve and negative for
same profile as the experimental ones. AT,qcurve versus temperature, showing the sensibility of the

For TbNi, as displayed in Fig. 5, again the magneticProPer use of the CEF parameters. When we have low con-

parameters found in the literature provide good agreemerficntration(density of statesof magnetic levels in low tem-
erature region, low magnetic entropy appears and therefore

between the theoretical curves and the experimental data f(grnegative concavity inS,... versusT is expected. The CEF
ag 4 .
controls the number of magnetic states at low temperature,

i @) and in general, the CEF interaction splits the
—~ 64 TbNi; (2J+1)-degenerated magnetic states.
= Figure 6 shows thaS;,,qand AT,y versusT for ErNis. In
E 4- this compound we found the best agreement between theory
2 and experiment for the magnetocaloric effgsste Fig. @)].
wé' Note (see Table )l that the easy magnetic direction in EgNi
9 24 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
04 : S S
84 ) applied magnetic flgld we choose two other _dlrect|0ns,
namely(100 (a direction in basal planeand{111) (diagonal
6 cubic direction, see the dotted curves in Fig(g. In the
< hard magnetization direction, the loweAfl 4 is obtained
< ] from the magnetic material for the same magnetic field
& 47 change, in our cas&H=5 T. In addition, for the intermedi-
1 ate direction(111), between the easy and hard magnetic di-
21 rections, the model predicts a shift of about 7 K to below the
T Curie temperature in th&T,4 peak. This shift can be impor-
0 5 y 20 N 20 T 60 tant in designing new refrigerant magnetic material. Never-

theless, experimental results using single crystals are neces-
sary to confirm the predicted temperature shift.

FIG. 5. Temperature dependencef,q () and ATyg (b) in Figure {a) presents the results f&S,,4versusT for the
TbNis for a magnetic field change from 0 to 5 T. The solid lines PrNis compound. The theoretical model predicts an anoma-
represent the theoretical results and the open circles show the elous behavior in the entropy change beldw14 K in which
perimental data. the PrNi (paramagnetic materiaincreases entropy when

T(K)
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041 AT,4>0. In our anomalous Prilicase, forAH>0 we get
< o2 @ AS>0 [see Fig. 7a)] and therefore, from relatior9),
g’ 1 AT,4<0, as it was effectively determined from our specific
= %07 heat measurements.
Vg-o.z-
2 04l PrNi, CONCLUSION
] Using a model that includes CEF anisotropy we calcu-

0.6
1 lated the magnetocaloric thermodynamic quantites,,q

'823- y andAT,4versus temperature for the hexagonal magnetic sys-
tems,RNig 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 fAiS;,,;and AT,q reproduce
our experimental results in profile but with slightly higher
I " 20 ) 40 " 00 values than the experimental ones. This can be attributed to
T(K) the fact that theoretical calculations were performed consid-
ering single crystals and the experiments were done using
FIG. 7. Temperature dependence/d g (a) andAT,q (D) in polycrystalline samples. The existence of the anomalous
PrNis for a magnetic field change from O to 5 T. The solid lines MCE (AT,qVvs T) in PrNis was calculated and experimentally
represent the theoretical results and the open circles show the eygrified, with very good agreement. The anisotropy of the
perimental data. MCE in ErNis was theoretically investigated applying the
o _ o ) field into three different directions. As expected, the highest
the magnetic field is applied. The origin of this anomaly wasycg occurs in the easy magnetic direction. The possibility
attributed to the crossing of the two fundamental CEFchange of the peak position AfT,4vs T, in ErNis, when the
levels1® Nevertheless, as far as we know, the magnetocalorigpp”ed field is considered in th@11) direction, was theo-
effect, i.e. AT,qversusT [see Fig. fb)] was not investigated yetjcally predicted. This question requires further experimen-
in this compound. The anomalous MCE was theoreticallyiy| investigation using single-crystalline samples.
predicted and measured quantitatively, i.e., the Piddim-
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  The authors acknowledge financial support from CNPg—
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