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As-solidified isotropic melt-spun ribbons of the ErNi, Laves phase
show excellent magnetocaloric properties.
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ErNi, ribbons were produced by rapid solidification gsthe melt spinning technique. Their structural,
magnetic and magnetocaloric properties in the adifsed state were studied by X-ray diffraction,
scanning electron microscopy, magnetization andipéieat measurements. Samples are single phase
with the MgCu-type crystal structure, a Curie temperafligeof 6.8 K and a saturation magnetization at

2 Kand 5 T of 124.0 A-ffkg. For a magnetic field changgAH of 5 T (2 T) ribbons show a maximum
magnetic entropy changaSu"® of 24.1 (16.9) J/(kg-K), and an adiabatic temipeeachange\Tad™™
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1. Introduction

In the past three decades, the magnetocaloric grepef a long list of rare-earth metals, theilicso
solutions and rare-earth-based intermetallic comgsuhave been studiéd. Rare-earth (RE)
intermetallic compounds based on heavy rare eaféments undergoing a second-order ferromagnetic-
to-paramagnetic transition are of particular inderbecause they might show a large reversible
magnetocaloric effect (MCE) in the temperature eanfjnitrogen and hydrogen liquefaction (i.e., from
10 to 80 K). In these compounds, the high magmetiment of the lanthanide leads to a high saturation
magnetizationMs, whereas the crystalline field at the RE site negd to a sui-generis anisotropic
behaviour of magnetization. Among them, binaryderagnetic Laves phases RNvith R = Th, Dy,

Ho, or Er, have received significant attention eirtbey are stable, easy to produce and below 50 K
exhibit large maximum magnetic entropy&|;***{ and adiabatic temperatus&.q"> change<® In view

of that, they have been referred as suitable wgrlsnbstances for their use in cryogenic magnetic
refrigerators:>**

These compounds typically crystallize into the culkigCuw-type crystal structure with the space
group F&m (also known as the C15 structure of Laves pha8es)d their magnetism only comes from
the large localized magnetic moment of the 4f esmgh element (i.e., Ni atoms do not carry a magnet
moment) and their parallel coupling through thehextge interaction via conduction electrons. Present
contribution reports the magnetocalofiglC) properties of as-solidified melt-spun ribbons ot th
intermetallic compound Erkiwith the available data of literature reported faulk alloys. This
compound shows the lowest Curie temperatligp &mong the above-mentioned ones (around #19),
as well as an interesting anisotropic behavioumaignetization as revealed B Gignouxand F.
Givord,*® who performed magnetization measurements at 1ip t a high magnetic field of 14 T for a
single crystal through the significant crystallqgunec directions. Their study demonstrated that the
spontaneous magnetizationpgH = 0is found throughout the [100] direction althougle @rystalline
field favours the [111] direction. The spontanewonggnetization through those directions were 5.0
us/Er and 2.9us/Er*®, respectively. Furthermore, along both the [11rid E110] crystalline directions,
the magnetizatiorM(t,H) increases rapidly at relatively low fields, swspag the magnetization
obtained along the [100] direction; the differenckescome significant above 2 T, since the
magnetization along the easy direction tends taratd, whereas along [110] and [111] directions
progressively rise with the increasing of the maigrfesid.

The existing information on the magnetocaloric @ries of ErNj is limited to the theoretical earlier
calculations done byon Ranke et &land then bylazaet al®, and the experimental studies carried out
by Tomokiyo et al’ and more recently bywik et al.'® The study ofPlazaet al. considered the
conventional and anisotropic magnetocaloric effdot; the conventional MCE they compared the shape
and trend that were obtained for th&,(T) andAT,«T) curves that were in reasonable agreement with
the experimental data. Their calculations were th@sea Hamiltonian that considered the effectdef t
crystalline electrical field, the exchange inter@ctin a molecular-field approximation, and the @ea
energy; the authors highlighted that the resultthisf theoretical calculation are more accurate tina
their previous work. To the best of our knowledge, all the experimemesults reported on the
magnetocaloric properties of this compound corredpto bulk polycrystalline alloys that were
produced by arc melting followed by a long-termrthal annealing under vacuum at temperatures
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between 1100 and 1173 K from 2 to 20 d&}/s'®The present research was undertaken to fabricate
ErNi, melt-spun ribbons in order to assess their MC nespoThis fabrication technique has been
successfully applied in recent years to synthetfizgesostructural Laves phases RWith R = Tb, Dy,
HO).lg_Zl

2. Experimental procedure

First, a 4 gram ingot with the stoichiometric corapion ErNp was produced by Ar arc-melting from
highly pure Er (99.9 %, Sigma Aldrich) and Ni (998%, Alfa Aesar). To ensure its good starting
homogeneity, the ingot was re-melted three timesfinal mass of the as-cast ingot coincided whth t
starting one. From this sample, melt-spun ribbdaget were obtained under a highly pure Ar
atmosphere at a linear speed of the rotating coppeel of 25 m/s in an Edmund Buihler model SC melt
spinner system.

The X-ray diffraction (XRD) pattern of finely powdl melt-spun ribbons was recorded betweén 20
and 100 with a 20 increment of 0.0%in a high-resolution Rigaku Smartlab diffractormetgth a
wavelength of 0.15418 nm corresponding to Cpu-tadiation. A dual beam scanning electron
microscope (SEM), Helios Nanolab model ESEM FEI 1Qaa200, was used in order to obtain
secondary electron images of the microstructure;system was equipped with an energy dispersive
spectroscopy (EDS) detector.

The magnetic measurements were carried out ushgesla Quantum Design DynacOéthysical
Property Measurement System (PPMS) by means ofvilbmating sample magnetometer option.
Measurements were done on a needed-like ribbonlsaapplying the external magnetic field through
the major length ribbon axis (that it is coincidenth the rolling direction) to reduce the effedttbe
internal demagnetizing field. The temperature ddpane of the specific magnetization, tNET)
curves, were measured under static magnetic f@fldsmT and 5 T at a temperature sweeping rate of
1.0 K/min. The specific hea, as a function of temperature was measured by ubmdneat capacity
module of a Quantum Design EvercoBIRPMS’ system; this option measures the thermal respoinse
a small thin sample by means of a thermal-relarataorimeter.

3. Results and discussion

Figure 1(a) shows several representative seconategtron SEM images of the ribbons
microstructure. The foreground image correspondblddree surface, whereas the cross-section appear
at the inset. Ribbons are polycrystalline, theywslam average ribbon thickness of gin, and are
composed by micrometers in size grains with ndolesorientation with respect to the ribbon plankee T
cross-section shows a homogeneous distributionraihg, with no appreciable differences in grain
morphology, in contrast to the columnar growth dréhat has been observed in other Rielt-spun
ribbons®®?! No secondary phases are observed. A large nunideb® analyses, performed on both
ribbon surfaces and their cleaved cross-sectionfjrooed the average 1:2 composition in the fabadat
samples (within a 0.1 at. % of instrumental erréigure 1(b) displays the room temperature X-ray
powder diffraction pattern together with the Le IBafinement performed using the FullProf suite
package€? It was correctly indexed considering the Bragdemfons of the cubic MgGttype crystal
structure of the Laves phases (Strukturberichtgasion: C15; space group: 3id; PDF card: 04-001-
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0543); the cubic structure shows a lattice constan0.7126(1) nm. No evidence of secondary phases,
either amorphous or crystalline, was found in tilagtggn (which agrees with SEM observations). As
Table 1 evidences, the determined lattice constnh good agreement with the values found in
literature for bulk alloy$3'823#/Selecting several flat ribbons, a second XRD patieas recorded (not
shown) by directing the X-ray beam onto their fseeface. No significant differences were foundha t
intensities of the Bragg reflections of this XROitpan with respect to the one displayed in Figui®),1
confirming the absence of meaningful crystallograpéxture. It is well known that ribbons fabricati

by melt spinning of metallic crystalline alloysasquite empirical process and the attainment ahgra
oriented ribbons of a given material is not a senfask. With such a purpose, the effect of several
synthesis parameters, such as linear speed ofoibygec wheel, temperature of the molten alloy (that
strongly influences its viscosity), nozzle-to-whe&tance, ejection angle, and overpressure ta #jec
liquid, on ribbons” microstructure must be cargfsliudied and favorably combined.

Temperature dependencies of magnetization at lowd lagh-magnetic fields are presented in
Figure 1(c). The low magnetic field curve unveimmit the material undergoes a single well-defined
second-order magnetic phase transition. From tmenmim of the first derivative of thil(T) plot at 5
mT (displayed in the inset) in the phase transitegion we obtained a Curie temperatligeof 6.8 K.

As Table 1 shows, this is in good agreement withathailable data for bulk ErNalloys. The effective
magnetic momengler estimated from the Curie-Weiss law was 9.1 which is slightly below the
recently reported bgwik et al of 9.8 5.2 TheM(T) curve at 5 T spreads out over a wide temperature
interval across the magnetic transition region; teserved shift of its inflexion point towards a
temperature higher thafc is explained by the interaction of the magneticwants with the strong
applied magnetic field that tends to keep the feagnetic order. Samples show a saturation
magnetizatiorMs at 2 K and 5 T of 124.0 A-3tkg which is lower by about 7.4 % than the earljuea
reported byvoiror”™ and close to the reported Bwik et al. (0126 A-nf/kg)'® for bulk alloys.

In order to characterize the MC response of theombsamples, we measured a set of isothermal
magnetization curves up f@Hmax= 5 T (with a temperature step of 0.5 K betweemsegutive curves),
as well as the temperature dependence of the gpleifitc,(T) at zero magnetic field; the resulting
curves appear in Figures 2(a) and (b), respectiilp,H) isotherms illustrate that ribbons do not reach
the saturated state everygti = 5 T, in agreement with the observed behavidrath single-crystal and
polycrystalline ErNi.***® Roughly speaking, the shape and values o€jfig dependence are consistent
with those previously reportdd:*>*"*8the curve exhibits the typicattype shape at the ferromagnetic-
paramagnetic phase transition. Frog(T) we calculated the thermal dependence of the &tabpy at

zero field asSt(T) = fOT C”g’) dT’ (also plotted in Figure 2(b)). Figure 3(a) shotsAS(T) curves for

magnetic field changeg,AH of 2 and 5 T obtained from numerical integratiortted Maxwell relation

. oHmax [OM(T.uoH’
(i.e., ASu(T, uoAH) = p, fou [ (a;f :

] ,dH’"), whereas the relevant MC parameters derived
UoH

from these curves are listed in Table 2. Fr6f(l) and theASu(T) curves obtained from Maxwell
relation, we determined(T, u,AH) = S(T,0) + ASu(T, u,AH) (not shown) and estimated the
ATa(T) curves foruAH = 2 and 5 T fromAT,; (Ty, uoAH) = T(St, uoH) — T(St1,0) = T(St, uoH) —

T, ;% the results are plotted in Figure 3(b). In Figusés) and (b) we compared th&y(T) andATa(T)
curves for magnetic field changes of 2 and 5 T withexperimentaf"*®and theoreticdldata informed

4



in literature. Note that, as it was expected, tlimum for bothASu(T)| andAT.(T) curves appears at
T ~ Tc. ATad"™ reaches values of 4.4 and 8.1 K at 2 and 5 Tengisely. For a more comprehensive
comparison, the significant parameters are ligtefable 2. It is also worth mentioning that theakigs
agree, within the expected uncertainty, with thoskbulk polycrystalline alloys. This situation coides
to the previously found for as-solidified Thi¥ibbons!® and contrasts with the behavior of DyRfiand
HoNi, 2! ribbons, in which enhanced MC properties were inbthdue to the favorable combination of
texture effects along ribbon length (extrinsic €ea) and the anisotropic behavior of magnetizagi@n,
due to the angle between the magnetic field anyg eagnetization direction). But it is consistentiwi
the absence of preferential grain growth in thei€alted ribbon samples. In order to verify theigpic
nature of the ribbons, a powdered sample was pedpfaom several ribbon flakes. The powder was
carefully mixed with a tiny amount of GE-7031 vasmiinto a cylindrical in shape VSM powder sample
holder. The sample was sonicated during severautesnin order to disperse particles until varnish
solidification; this procedure avoids any prefei@mrientation of powder particles upon the apgtiicn
of an external magnetic field (i.e., preservingirttspatial random orientation). The MC propertids o
this sample, that has been referred to as “pulednibbons”, derived from th&S,(T) curves at 2 and 5
T are listed in Table 2. Notice that§y*** value for melt-spun and pulverized ribbons fothbo
magnetic field changes do not show a significaffeince, highlighting the isotropic behavior oéth
MCE in the ErN} melt-spun ribbons.

We have also determined the refrigerant capa@it),(a figure of merit typically used to compare
the amount of heat that can be removed from the éoal to the environment by the working substance
during an ideal refrigeration cycle. THRC is commonly estimated through three methods (fiierea

referred to afRG-1, RG-2, andRG3): RG-1 = NSy x (Thot—Teord), RG2 = fTTC ’:‘;;IASM(T)IdT (Thot

and Teoq are the temperatures that define the temperattegval 5Trwum Of the full width at half-
maximum of thdASy (T)| curve:dTewnm = Thot — Teold), andRG-3 as the maximum rectangular area that
can be inscribed below thaSu(T)| curve?®?® Relevant data of the ErNiibbons for 2 and 5 T have
been gathered in Table 2; note that the as-queramggulverized ribbons display comparaRI€s for
MAH = 5 T as a result of their similakSy(T) curves. When comparing them to the estimated
parameters from the reportA&y(T) in the literature (see Table 2), one can obseevin dispersion of
values; nevertheless, those obtained from the niblave slightly larger mainly due to their extended
span temperatures.

4. Conclusions

To conclude, we have evidenced that through thé-spaining technique we were able to produce
monophasic melt-spun ribbons of the ExNiaves phase with similar structural, magnetic, and
magnetocaloric properties than the reported fok polycrystalline alloys that were fabricated usthg
conventional arc-melting technique followed by lgegm high-temperature thermal annealing. The
absence of texture explains the isotropic magn&idcaesponse of the fabricated ribbon sampleaglo
the longitudinal direction; however, the slightexsion of the working temperature span in compariso
with the reported for bulk alloys leads to a moterdut perceptible improvement of their refriggran
capacity.



Acknowledgements

The support received from the following organizatios gratefully acknowledged: (a) Laboratorio
Nacional de Nanociencias y Nanotecnologia (LINARIQYT); (b) Consejo Potosino de Ciencia y
Tecnologia (COPOCYT), and; (c) Banco Santanderr@keRispano and University of Oviedo. Authors
are also indebted to M.Sc. B.A. Rivera-Escoto, M.&d. Pefia Maldonado and Dr. G.J. Labrada-
Delgado for the technical support given. P.J. Bbdaytan thanks to CONACYT for supporting his
doctoral and postdoctoral studies at IPICYT and &JRdspectively. C.F. Sanchez-Valdés is grateful to
DMCU-UACJ for supporting his research stays at MIQprogram PFCE and academic mobility
grant); also, for the financial support receivednir SEP-CONACYT, Mexico. P. Alvarez-Alonso
acknowledges the support received from MINECO, Rndcipado de Asturias, Spain.



References

1. Tishin AM. Magnetocaloric in the vicinity of pba transitions. In: Buschow KHJ, ed. Handbook of
Magnetic Materials. Amsterdam: Elsevier. 1999;18:39

2. Franco V, Blazquez JS, Ipus JJ, Law JY, MoreaaiRez LM, Conde A. Magnetocaloric effect:
from materials research to refrigeration devicesgiMater Sci. 2018;93:112.

3. Zhang H, Gimaev R, Kovalev B, Kamilov K, Zver®y Tishin A. Review on the materials and
devices for magnetic refrigeration in the tempegtange of nitrogen and hydrogen liquefaction.Phy
B: Cond Matter. 2019;558:65.

4. Li LW. Review of magnetic properties and magnatoric effect in the intermetallic compounds of
rare earth with low boiling point metals. Chinesg/®#B. 2016;25:037502.

5. Guo D, Li H, Zhang Y. Magnetic Phase transitamd magnetocaloric effect in ternary,®Br.Ga
compound. IEEE Trans Magn. 2019;55:2500204.

6. Zhang Y. Review of the structural, magnetic anagnetocaloric properties in ternary rare earth
RE,T,X type intermetallic compounds. J Alloys Compd. 20B7:1173.

7. de Oliveira NA, von Ranke PJ. Theoretical aspadtthe magnetocaloric effect. Rep Prog Rep.
2010;489:89.

8. von Ranke PJ, Ndébrega EP, de Oliveira I1G, GoAMs Sarthour RS. Influence of the crystalline
electrical field on the magnetocaloric effect ie geries RNi(R= Pr, Nd, Gd, Tb, Ho, Er). Phys Rev B.
2001;63:184406.

9. Plaza EJR, de Sousa VSR, Reis MS, von Rank& Bdmparative study of the magnetocaloric effect
in RNi; (R = Dy, Ho, Er) intermetallic compounds. J Allagempd. 2010;505:357.

10. Gschneidner Jr KA, Pecharsky VK, Tsokol AO. &ecdevelopment in magnetocaloric materials.
Rep Prog Phys. 2005; 68:1479.

11. Jeong S, AMR (Active Magnetic RegenerativeYigefation for low temperature. Cryogenics.
2014;62:193.

12. Buschow KHJ. Intermetallic compounds of rare-eatid 3d transition metals. Rep Prog Phys.
1977;40:1179.

13. Li R, Ogawa M, Hashimoto T. Magnetic intermktalcompound for cryogenic regenerator.
Cryogenics. 1990;30:521.

14. Melero JJ, Burriel R, Ibarra MR. Magnetic iatetions in Laves phases. Heat capacity of RrNi
GdNi; and ErNj. J Magn Magn Mater. 1995;140-144:841.

15. Gailloux M. The low temperature properties 8fy{,Er,)Ni, alloys. MS thesis. lowa: Ames
Laboratory, lowa State University; 1994.

16. Gignoux D, Givord F. Quadrupolar interactiom&rNi;. J Magn Magn Mater. 1983;31-34:217.

17. Tomokiyo A, Yayama H, WakabayadM, Kuzuhara T, Hashimoto T, Sahashi M, et al. Speci
heat and entropy of RN(R: rare earth heavy metals) in magnetic fieldv &ehgin Cryo. 1986;32:295.

18. Cwik J, Koshkid'ko Y, Nenkov K, Tereshina EA, RogacK. Structural, magnetic and
magnetocaloric properties of HoNaind ErNj compounds ordered at low temperatures. J AlloysiCo
2018;735:1088.

19. Sanchez Llamazares JL, Sanchez-Valdés CFal@aytan PJ, Alvarez-Alonso P, Gorria P, Blanco
JA. Magnetic entropy change and refrigerant capasfitrapidly solidified TbN; alloy ribbons. J Appl

Phys. 2013;113:17A912.
7



20. Ibarra-Gaytan P, Sanchez-Valdés CF, Sancheudzares JL, Alvarez-Alonso P, Gorria P, Blanco
JA. Texture-induced enhancement of the magnetacatesponse in melt-spun DyNiibbons. Appl
Phys Lett. 2013;103:152401.

21. Sénchez Llamazares JL, Ibarra-Gaytan PJ, Sanddés CF, Alvarez-Alonso P, Varga R.
Enhanced magnetocaloric effect in rapidly solidifitloNi; melt-spun ribbons. J Alloys Comp.
2019;774:700.

22. Rodriguez Carvajal J. Recent advances in magsgucture determination by neutron powder
diffraction. Physica B. 1993;192:55.

23. Myakush O, Verbovytsky Y, Kotur B. Hydrogenatiproperties of alloys based on EfNiinary
compound. J Phys Conf Series. 2007;79:012018.

24.Jin T, Li C, Tang K, Chen L. Hydrogenation indd change in structures, magnetic properties and
specific heats of magnetic regenerative materisli Bnd ErNp. Mater Trans. 2013;54:363.

25. Voiron MJ. Aimantation sous champ fort de quekjcomposés, type phases de Laves, entre des
métaux de transition et des terres rares. C R Acad Sc Paris. 1972;274:5809.

26. Dinesen AR, Linderoth S, Mgrup S. Direct andiriect measurement of the magnetocaloric effect in
Lap 67Ca 33-oMN0O345. J Phys Condens Matter. 2005;17:6257.

27. Tishin AM, Spichkin YI. The magnetocaloric effeand its applications. Bristol: Institute of Plogs
Publishing, 2003.

28. Gschneidner Jr KA, Pecharsky VK, Pecharsky Zym CB. Recent developments in magnetic
refrigeration. Mater Sci Forum. 1999;69:315.

29. Wood ME, Potter WH. General analysis of magnefrigeration and its optimization using a new
concept: maximization of refrigerant capacity. Gygnics. 1985;25:667.



FIGURE CAPTIONS

Figure 1. (a) SEM micrographs showing the ribbon free surfdos=ground image) and cross-section
(inset). (b) Experimental and Le Bail refinementd@g R-factor of 0.692) of the room temperature X-
ray power diffraction of melt-spun ribbons. (c) Teenature dependence of the specific magnetization
determined unddow (5 mT; full red symbols) and high (5 T; full black symbols) magnetic fields. Inset:
dM/dT(T) curve at 5 mthe Curie phase transition temperatiieappears at 6.8 K.

Figure 2. (a) Magnetization isotherms determined from 2 td<3@p to a maximum magnetic field of 5
T. (b) Specific heat, and total entropr as a function of temperature measured in absenoagnetic
field.

Figure 3. ASu(T) (a) andATa(T) (b) curves aj,AH = 2 and 5 T for as-solidified melt-spun ribbons
compared with the available experimental and themiedata reported in the literature.

TABLE CAPTIONS

Table 1. Lattice constant, Curie phase transition tempeeadnd saturation magnetization at 2 K and 5
T for ErNi, melt-spun ribbons. The data are compared witlu#ta reported for bulk alloys.

Table 2. AT.d"™ |AS4P®¥, refrigerant capacity determined following difet criteria (i.e.RG-1, RG-2,
andRG3, see text for definition)and ASy(T) full-width at half-maximum temperature parametést
UAH = 2 T and 5 T) for as-solidified ErNimelt-spun ribbons compared with the obtained for

pulverized ribbons, and calculatéand experimental data reported for bulk polycryistalalloys®*/*®



TABLES

Table 1.
Alloy a(nm) Tc(K) Mg (A-m7kg)
ErNi, ribbons 0.7126(1} 6.8° 124 at 2.0 R
0.7123%, 0.7117 " 6.77, 6.1 7%
ErNi,bulk alloys ’ ’ ’ ' 134 at4.2 K0
2 ¥ 0.71249(4% 0.7126* 6.5%, 6.5%
@ This work.
Table 2.
Method Magnetization measurements Specific heat mearements .
Ilt-spun Pulverized Theoret_lcal) a
Samples state Melt-sp . Bulk®?  Bulk*¢ Bulk'®*c Byk®>' calculation”
ribbons ribbons

LoAH (T) 2 5 2 5 2 5 2 486 2 5 2 5 2 5
ATad™ (K) 4.4° 8.1° - - - - - 88 38 - 40 79 77 129
[ASyP°*| (J/(kg-K)) 14.1 20.0 124 20.2 151 243 - 241 134 - 13532082 27.2
RC-1 (J/kg) 146 382 118 347 83 314 - 375 123 - 120 330 160 373
RC-2 (J/kg) 113 299 91 274 63 229 - 291 94 - 91 257 118 273
Trwrm (K) 105 191 95 17 58 129 - 155 92 - 89 16.2 8837
Thot (K) 14.7 235 13.9 215 105 175 - 200 135 - 13.6.92012.2 16.8
Teoid (K) 43 44 44 44 A7 46 - 45 43 - 47 47 34 31
RC-3 (J/kg) 74 191 59 177 47 157 - 188 62 - 61 165 80 195
T3 (K) 10 18 10 16 84 13 - 15 105 - 102 16.1 95 1938
Thot T2 (K) ® 145 225 143 204 13 174 - 195 145 - 14682026 22.4
Teod T2 (K) ® 44 45 43 47 44 46 - 46 40 - 44 47 316 2

@ Estimated values from the reported curves.

® Related to RC-3.

¢ Determined combining specific heat and entropy gkeasurves determined from magnetization measurement
4 Annealed at 1173 K during 2 days in vacuum.

¢ Annealed at 1100 K during 1 month in vacuum.

" This work does not describe synthesis conditions.
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