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Abstract. The magnetic, magnetocaloric, and magnetoelastic properties, Dy, R(Co,Fe)
(R=Ho, Er;x +y +z= 1) single-phase alloys prepared by arc melting were investigated. The
high-purity samples with various compositions were used for the study, and a comprehensive
investigation of the properties was performed. The measurements of the magnetocaloric effect
(MCE) were carried out by a direct method; and the magnetostriction was determined using the
strain-gauge technique. In the vicinity of the magnetic phase transition, an abrupt change of the
magnetization, a large MCE, and the maxima of volume magnetostriction were observed for
the compounds studied. Obtained results of MCE in (Th,Dydipee well with available
theoretical calculations.

1. Introduction

Owing to the relatively simple crystallographic and magnetic structures, the Laves phase intermetallic
compoundRCo; (R is the rare earth element) remain an attractive subject for testing various physical
models in the field of the Solid State Physics [LRT.0, crystallize in the MgCgtype structure

(Laves C15 phase, space groBd3m). The compounds with non-magnefl¢ YCq and LuCg, are

Pauli paramagnets. The magnetic state of the Co-sublattice can be stabilized by applying the magnetic
field higher than ~70 T or by the molecular field arising from the magfRetablattice. Th&RCq

with R = Gd - Er are ferrimagnets. As the temperature is varied, Ga€oTbCe pass through the
second-order magnetic phase transition from ferri- to the paramagnetic state while the first-order
magnetic phase transition takes place for DyEtwCa and ErCe [3]. It is known that the highest
values of the magnetocaloric effect (MCE) are usually observed in the vicinity of the magnetic phase
transitions [4], particularly of the first-order, where the magnetization and other characteristics change
drastically upon the temperature or magnetic field variation, suggesting the potential application of the
compounds as magnetic refrigerants.

In the present work, the search for new materials with a large MCE was carried out among the
multicomponent alloys of thRCaq type. Though during the past decade numerous investigations of
MCE performed orRCaq with different substitutions either in the rare-ea®R{)Co, [5-8] or in the
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Co sublattices 0,T), [9-12] (T is another transition metal) were carried out, we are not familiar with

the works on MCE of the multicomponent compounds of RR'R')(Co, 1), type.

Among the RR)Co; alloys, ThDy:1,Co, system deserves a special attention. Le®a DyCag with

the neighboringR and different disorder-order transition types have similar lattice parameters.
According to Refs. [13,14], the change of the transition type from the first to the second-order in
ThDy;«Co, occurred at 0.x x < 0.3. The compounds were shown to have the compensated magnetic
anisotropy (MA) within the rare-earth sublattice due to the opposite sign of the single-ion MA
constants of Terbium and Dysprosium [15]. (It should be mentioned that the Fe-containing analogue
of (Th,Dy)Cao, Thy.dDYys7F e, also known as terfenol-D, possesses giant values of magnetostriction
and is widely used in practice.) In Ref. [16], the magnetocaloric properties,Dl L0, were
discussed in terms of the theoretical model using the treatment of #péndspin interaction with
respect to the rare earth ion type.

The aim of the present work was to investigate the magnetic, magnetothermal and magnetoelastic
properties of the multicomponent compounds (Th,{¢B,T), (R = Ho, Er; T = Fe) with the
compensated magnetic anisotropy, selected on the account of theoretical predictions based on the
single-ion model of magnetic anisotropy, as well as to compare the experimental data on MCE with
known theoretical values. Partial substitution of Fe atoms for Co was performed in order to bring the
Curie temperatured§) of the compounds under study towards the room temperature [17].

2. Experimental details

The rare-earth metals purified by a double vacuum distillation (Tb) and sublimation (Dy, Ho, Er) with
the use of original furnace designed at Baikov Institute of Metallurgy and Materials Science RAS [18]
were used as starting materials. The purified metals (99.956-99.983 wt. %) were characterized by low
content of metallic and interstitial elements. An Armco iron and Co with the purity of 99.9% were also
used. The following alloys have been prepareq;, 1y 78C0;, Thy DY 0, (Thy.4sDYo.55)1.xHOCO,

(x = 0.1, 0.2, 0.3 and 0.5), §BDYo.,H0.CO; gF&y > and (TR 4PYo 591 4EKCO, (X = 0.1, 0.2, 0.3).

Details of the sample preparation and quality control have been described earlier [19].

The MCE measurement was conducted by a direct method. The specific-heat measurements in 0 T
were carried out by a standard relaxation method on PPMS installation (Quantum Design). The field
and temperature dependencies of magnetization were measured by the standard SQUID magnetometer
and the magnetostriction and thermal expansion was determined using the strain-gauge technique.

3. Resultsand discussion

The magnetic anisotropy constants are known to have non-zero values at the Curie point. In general,
the MA constant of the rare-earth sublattice is an additive superposition of the product of single-ion
anisotropy constants of tHe ions multiplied by their concentrations [20]. The tdtalorder MA
constant can be calculated from the relation [11]

=Y XK il (1)
whereKJ is thelth-order single-ion anisotropy constant at 0IKis the reduced hyperbolic Bessel

function, L' n)is the inverse Langevin function of reduced magnetizationl ((T)/1,(0) (I, (0)
and | [ ) are the spontaneous magnetizations at 0 K and at a tempdiatespectively). In order to

attain the compensation of MA within the rare-earth sublattice, the compositions wikk itmes

having different signs of the single-ion MA constants (of the first and higher orders) were chosen. So
that we defined and prepared the multicomponent compounds with general formidggRXRo, (R

= Ho or Er,xty+z = 1). From the analysis of X-ray diffraction patterns, it was concluded that the
samples were single phase with the cubic Mg§tucture. The prepared alloys were also examined

by the X-ray fluorescent microanalysis in order to determine the exact compositions.

The magnetization curves for the compounds under study were measured (see, for example Fig.1(1)).
A weak magnetic hysteresis (not more that 10% of magnetization value) was observed in fields below
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Figure 1. Magnetization isothermsl] and the temperature dependence of Landau coeffi@ents
andb (2) for Thy 2DYyp 2H0y sC. The units fora(T) andb T ) are 'Ing/J and ‘f’kg/J, respectively.

0.05 T, which disappeared at higher applied figklech a small hysteresis can be explained by the
compensated MA constants nek). The magnetic phase transitions were examined in terms of
Landau theory by analyzing the temperature dependencies of Landau coefficients in the magnetic free
energy F) equation as a function of total magnetization (in case of neglecting the higher order terms):

F= @/2al M2+ U/4)bT)M* + A/6)(T)M ® - 4,MH . )

The description of magnetization nély follows from the equilibrium conditiorfoF /0M )=0. The

a(T) dependence was used to determine the Curie temperatures of the compounds. A group of alloys
demonstrating the first-order transition defined in accordance with the sigff 9f (negative aflc

while the parametera T{ and c{. )are positive) was revealed [8,21]. The lattice parameters, the

refined alloys compositions, the Curie temperatures and the type of order of magnetic phase transition
are listed in Table 1.

Table 1. Lattice parameters, Curie temperatures and the types of magnetic phase
transition in (Tb,DyR)(Co,Fe) (R= Ho, Er).

Compounds a A v, A° T, K Transition type

Tho 27DY073C0, 7.1930 372.11 168 First-order

Tho3Dyo7C0; 7.1937 372.27 170 First-order

Tby 4DYyosEr.1COo; 7.1917 371.96 168 First-order

Thy DY 4sEr :C0, 7.1878 371.36 162 First-order

Ty 2dDYo.2H00 sCO, 7.1820 370.46 134 First-order
Tho DYoo HOsCOLgFey,  7.2126 375.21 290 Second-order

Figure 2 shows the temperature dependence of MCE of selected ®}TdyFe) compounds. For

Tho 2 DYo. 780, Thy 3DV .4Er0 L0, and TR DY ,H00sC0,, MCE is observed in the 130 — 170 K
temperature range and consists of 1.6 — 1.8 K adiabatic temperature change under the variation of
magnetic field from O up to 1.2 T. The partial substitution of Fe for Co has allowed us to move the
transition temperature towards the room temperature, however, resulting in a change of the transition
type from the first to the second order ingIPYo,H0, 5C0; gF& - Such substitution has also led to a
threefold decrease in the MCE value (curve 4 in Fig. 2). As it is seen from the field dependence of
MCE presented in the inset in Fig. 2, and in contrast wipADly, ,4C0,, the T 35Dy 4510 L0, and

Thy 2DYo ,H0O, sC0 compounds demonstrate an almost linear behavior and higher MCE values in a
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Figure 2. Adiabatic temperature changel Figure 3. Adiabatic temperature changd vs.
vs. absolute temperature for gLy, 74C0, absolute temperature in Jipy,/Co, as
(2), Thy 38DY0.45E10.2C 0, (2), measured upon the magnetic field variation
Thy 2dDYo.2H0p 5C0O, (3) and from 0 to 1.5 T 1). Solid line @) shows
Ty 2dDYo ,HOo sCOy gF &y 2 (4) near F upon the  theoretical predictions adopted from Ref. [17].
MoAH = 1.2 T field change. The inset: field

dependence AT for the same samples.

rather weak (< 0.2 T) magnetic field. On our point of view, the latter fact is connected with a total
compensation of magnetic anisotropy in the studied compounds.

The theoretical predictions on the magnetocaloric potential gdyihCo, were given in Ref. [17]

with the H = H, + H; model Hamiltonian used for the MCE calculatiod (and H; describe the

subsystems of itinerantd2lectrons of Co and the localizetiedectrons of theR ions, respectively

(see the corresponding formulas (1) and (2) in Ref. [17])). The exchange, magnetoelastic, anisotropic
and magnetic energy contributing to the observed effects are also taken into account. Experimental
adiabatic temperature change upon the magnetic field variation from 0 to 1.5 T iDydiCo,
compound is shown in Fig. 3 in comparison with the theoretical data adopted from Ref. [17]. The
obtained results agree rather well with calculationsTfor T¢, whereas a small deviation from the
calculated curve at lowered temperatures may be connected with the domain structure formation.

The zero-field specific heat data for oEBy,C0, and TR Dy H0esC0o, is shown in Fig. 4. The

sharp peak in the temperature dependen€ f observed af = 134 K for TR ,Dyo ,H0p C0y,

300 T T T T T T 0.8 T T T T T T T T

200

Jmoltk?

2 100

C

250

Figure 4. Temperature dependence of specific Figure 5. Volume magnetostriction vs.

heat of Tl aDy,C0o, (1) and Th.DyoH0psCo,  temperature  for  TpDyo:LL0, (1),

(2) compounds in zero magnetic field. Tho 2DYo.45E10. L0z 2 and
Tbo_ngyo_27HOO_5C02 (3) in field of 1.2 T.
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whereas for T§Dyo/Co; it is somewhat reduced and broadened at 170 K. Nevertheless, the
obtained values ob(T. ) for Thy iDy, C0, were found to be negative, confirming an occurrence of the

first order magnetic phase transition, though with the magnitude rather close to zero.

In addition to aforesaid, the investigation of the magnetostriction of (TR)Og, alloys withR = Ho

and Er was carried out in the present work in the temperature range from 5 to 200 K and in magnetic
fields up to 1.2 T. Figure 5 presents the temperature dependencies of the volume magnetastriction
for Thy ,Dyo74C0,, Thy DY aEr L0 and Th Py ,H0esCo, compounds. In the vicinity of the
magnetic phase transition, the observed volume magnetostriction reaches the range of “giant” values
of (0.55-0.7x 10°. As a result of the conducted comprehensive research on magnetic, magnetoelastic
and magnetothermal properties, the estimation of various energy contributions (namely, the exchange,
magnetoelastic, anisotropic and magnetic energy) to the thermodynamic potential [22,23] of the
(Tb,Dy,R)Co,-type compounds with the first order magnetic phase transitions was carried out (will be
published elsewhere). At the Curie temperature, the ratio between the values of exchange and the
magnetoelastic energies accounts for 3:1. The energy of magnetic anisotropy is found to affect
insignificantly the magnetic phase transition.

The work is supported by RFBR, pr. No. 10-03-00848 and No. 10-02-00721.
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