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The structural, magnetic and magnetocaloric properties of HoNi2 melt-spun ribbons were 

investigated by X-ray diffraction, magnetization and specific heat measurements. The as-

solidified ribbons samples produced are single phase with the cubic MgCu2-type crystal structure 

of the Laves phase (C15; space group Fd-3m), and a Curie temperature TC of 13.9 K. For a 

magnetic field change µoΔH of 5 T (2 T) applied along the ribbon length, the produced ribbon 

samples show a maximum magnetic entropy change ΔSM
peak of -27.2 (-16.9) J kg-1 K-1, a full-

width at half-maximum δTFWHM for the ΔSM(T) curve of 19 (11) K, and a refrigerant capacity, 

determined from the area below δTFWHM the ΔSM(T) curve, of 388 (145) Jkg-1; the adiabatic 

temperature change ΔTad at 2 T is 6.7 K. Whereas crystal structure and intrinsic magnetic 

properties are in good agreement with the experimental data previously reported in literature for 

bulk polycrystalline alloys, the magnetocaloric parameters at 2 T are markedly superior owing to 

the favorable combination of partial texture with the anisotropic behavior of magnetization. 
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I. INTRODUCTION. 

In the last twenty years, materials exhibiting a large magnetocaloric effect (MCE) have 

attracted intense research interest. This has been motivated by the fact that magnetic refrigeration 

based on MCE is a more energy efficient and environment friendly solid-state cooling technology 

than the traditional one based on gas compression/expansion [1,2]. Among the magnetocaloric 

(MC) materials studied for magnetic refrigeration in the cryogenic temperature range, the binary 

intermetallic Laves phases RNi2 with the heavy rare-earth elements R= Ho, Tb, Dy, or Er, and 

related solid solutions, are of potential use for developing active magnetic regenerative 

refrigerators for gas liquefiers [1-3].  

The Laves phase HoNi2 crystallizes into the cubic MgCu2-type crystal structure (C15; space 

group Fd-3m) [4], being a ferromagnetically ordered compound with a Curie temperature TC 

around 14 K whose magnetism comes from Ho+3 ions [5-10]. Magnetization measurements 

performed on a single crystalline sample at 1.4 K demonstrated that at zero magnetic field the 

spontaneous magnetization lies along the [100] direction [8], and the spontaneous magnetic 

moment is 7.55 µB/Ho+3, whereas the magnetic moment values measured along the [110] 

(intermediate) and [111] (hard) directions are 5.34  µB/Ho+3 and 4.33  µB/Ho+3, respectively. 

These magnetization differences lead to a different, or anisotropic, MC response if the magnetic 

field is applied along such notable crystallographic directions.  

The magnetic field-induced entropy and adiabatic temperature changes curves for HoNi2, i.e., 

ΔSM(T) and ΔTad(T), have been theoretically calculated by von Ranke et al. [11], and Plaza et al. 

[12] whereas experimental studies on bulk polycrystalline alloys produced by arc melting have 

been carried out by Tomoyiko et al. [10], Gomes et al. [13], Singh et al. [5], and Cwik et al. [14]. 

Normally, the alloys produced by arc melting are subsequently thermally annealed for a long time 

(from 2 days to a month) at temperatures in the range of 800-1173 K. Present research was 

undertaken to produce melt-spun polycrystalline ribbons of this binary intermetallic compound in 

order to investigate their MC properties. The results obtained are compared with those previously 

reported for bulk polycrystalline samples. This processing technique has been recently applied to 

fabricate ribbon samples of other Laves phases of the same family, such as TbNi2 and DyNi2 with 

R = Tb or Dy [15,16], with positive results.  
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II. EXPERIMENTAL PROCEDURE 

An as-cast bulk ingot of nominal stoichiometric composition HoNi2 was produced by argon 

arc melting from highly pure elements: Ho (99.9 %, Sigma Aldrich) and Ni (99.99 %, Alfa 

Aesar). The sample was melted three times to assure a good starting homogeneous mixture of the 

raw elements. Melt-spun ribbons were obtained from this arc-melted ingot in an UHP Ar 

atmosphere at a linear speed of the rotating copper wheel of 20 ms-1; the process was carried out 

using the Edmund Bühler model SC melt spinner system. 

The room temperature X-ray diffraction (XRD) pattern of finely powdered ribbons was 

collected with a Rigaku Smartlab high-resolution diffractometer using Cu-Ka radiation (l = 

1.5418 Å). The scan was made in the interval 20o £ 2q £ 100o with 0.01o of 2q step increment. 

Scanning electron microscopy (SEM) observations and energy dispersive spectroscopy (EDS) 

analyses were done in a FEI Helios Nanolab 600 dual beam FIB/SEM scanning electron 

microscope (SEM).  

Magnetic measurements were performed by vibrating sample magnetometry in a 9 Tesla 

Quantum Design (QD) PPMS® Dynacool® system. The magnetic field µoH was applied along the 

ribbon axis (i.e., the rolling direction) to minimize the effect of the internal demagnetizing field. 

Magnetization as a function of temperature M(T) curves were measured under a low (5 mT) and 

high (5 T) static magnetic fields with a temperature sweeping rate of 1.0 Kmin-1. The relaxation 

method using the heat capacity (HC) option of a 9 Tesla Quantum Design PPMS® Evercool®-I 

system was used to determine the specific heat cp as a function of the temperature curves from 2 

to 50 K (the increment in T between two successive cp data points was 0.25 K). Measurements 

were executed using the vertical HC puck; thus, as for magnetization measurements, the magnetic 

field was applied along the longitudinal direction of the melt-spun ribbons. Ribbons samples with 

average masses of 0.00215 and 0.00224 g were used for magnetization and specific heat 

measurements, respectively (they were weighted 12 times); the uncertainty in mass determination 

was ± 1.0 x 10-5 g.  

 

III. RESULTS AND DISCUSSION 

Figures 1(a), (b) and (c) show characteristic SEM micrographs of the cross-section (fractured 

morphology), wheel surface and free surface microstructure of the synthesized as-quenched (aq) 

ribbons. Ribbons are polycrystalline with an average thickness of 25-30 µm. At the ribbon 

surface that makes contact with the Cu wheel during solidification, the much faster cooling rate 
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forms a thin layer of small disordered grains whose morphology and average grain size is very 

different from the observed from the end of such layer up to the free ribbon surface. As the cross-

sectional micrograph shows, elongated grains grow through that thicker region whose longer axis 

tends to be aligned perpendicular to the ribbon surface (i.e., along the thermal gradient during 

solidification). If true that the preferred grain orientation is far from being perfect, is a signature 

of some crystallographic texture in the synthesized ribbon samples. The fractured cross section of 

many ribbon samples was observed confirming this regularity. From more than 20 EDS spectra 

(not shown), collected from the ribbons surface and cross section, it was determined that within 

the experimental error (typically 0.1 at. %), the elemental chemical composition of the fabricated 

ribbons is close to the nominal one, i.e., 1:2. Figure 2(a) shows the experimental X-ray powder 

diffraction pattern and its Rietveld refinement achieved with the FULLPROF suite package.17 As 

shown in the figure, all the diffraction Bragg reflections were properly identified and indexed on 

the basis of the cubic MgCu2-type crystal structure (C15) of Laves phase (space group Fd-3m; 

PDF card 04-001-1834). No trace of a different phase was observed. As listed in Table 1, the 

determined lattice parameter, a = 7.1497(3) Å, is reasonably in agreement with the reported in 

literature for bulk alloys [5,14,18]. Hence, the processing technique employed simplifies the 

fabrication procedure in the sense that circumvents the long-term high-temperature thermal 

annealing usually used to produce single-phase alloys prepared by a conventional melting 

process. 

The temperature dependencies of the magnetization M(T) measured under low- and high-static 

magnetic field values of 5 mT and 5 T are shown in Figure 2(b); while the inset displays the 

dM/dT vs. T curve at 5 mT in the vicinity of the second-order magnetic phase transition. Ribbon 

samples exhibit a sharp magnetic phase transition; the TC, estimated from the dM/dT(T) 

minimum, was 13.9 K, a value that agrees with the reported in literature for bulk alloys (that 

varies between 13 and 14 K) [5,6,9,10,11,13,14], whereas the saturation magnetization at 2.0 K 

and 5 T is 159.0 A m2 kg-1. 

Figures 3(a) shows the set of isothermal M(µoH) curves measured from 2 to 50 K up to 5 T 

through the magnetic phase transition. The temperature increment between two consecutive 

curves was 1.0 K. The ∆SM(T) curves at 5 and 2 T determined from these data by means of 

numerical integration of the Maxwell relation are plotted in Figure 4(a) and (b), respectively. 

Figure 3(b) shows the temperature dependence of the specific heat cp(T) at 0 and 2 T. From these 

cp(T) curves, the thermal dependencies of the total entropy ST(T) were obtained through the 
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relation  𝑆" 𝑇, 𝐵 = '( )´,+
)

𝑑𝑇´ + 𝑆.
)
/ ; they are shown at the inset of Figure 3(b). At zero 

field, cp(T) presents the typical λ-type shaped peak located at TC of a ferromagnet (from the curve 

the TC value determined was 13.7 K). The increase in the applied magnetic field results in the 

expansion and reduction of the height of the cp(T) peak. The cp(T) values measured are consistent 

with those previously reported in literature [5,14,19,20]. Considering isentropic and adiabatic 

processes the ∆SM(T) and ΔTad(T) curves were traced; these curves are compare in Figure 4 with 

those reported in literature for bulk polycrystalline alloys. Table 2 complements the comparison. 

The table compares the significant magnetocaloric parameters of melt-spun ribbons and bulk 

polycrystalline alloys. This includes the estimated values for the refrigerant capacity RC, that 

were determined following the three different criteria established in literature [21-23]: (a) by 

finding the product |∆SM
peak| x dTFWHM (RC-1), where  dTFWHM is the full-width at half-maximum 

of the ∆SM(T) curve, i.e., dTFWHM = Thot - Tcold, and is usually assumed as the working temperature 

span of the thermodynamic cycle being Thot and Tcold the hot and cold ends, respectively; (b) by 

calculating the value of the integral area under the ∆SM(T) curve between Thot and Tcold (RC-2); 

and (c) by maximizing the product ∆SM x dT below the ∆SM(T) curve (RC-3). Though these 

criteria have widely used by the MC community, they consider the entire refrigerant at the same 

temperature, a condition not fulfilled for the refrigerant in any active magnetic regenerator where 

a T gradient exists along the material, and do not take into account that the refrigerant must 

exhibit a high enough adiabatic temperature change at the hot and cold ends to allow an efficient 

heat transfer [24]. As shown below, the last condition is accomplished by HoNi2 ribbons as they 

show a significant adiabatic temperature change. In a recent manuscript, Brück et al. proposed a 

dimensionless figure of merit, called the coefficient of refrigeration performance (CRP), that 

considers the relationship between the cooling work during a cycle with the positive work done 

on the refrigerant [25]. The estimated value of CRP at 2 T for the fabricated ribbon is 0.31 (that is 

higher than the estimated for the same field change value of 0.22 obtained by these authors for 

the benchmark room-temperature MC material Gd). 

Focusing on the MC response obtained for a magnetic field change of 2 T (the highest value of 

interest from the viewpoint of potential refrigeration application), it must be noticed that the 

|ΔSM
peak| value determined from both magnetization and specific heat measurements, as well as 

the shape of the respective ∆SM(T) curves, are greatly in agreement. This means that we have 

obtained reliable values for the magnetocaloric effect from both kinds of measurements. It is 

noteworthy that, in comparison with the data reported for bulk polycrystalline alloys [5,10,14], 
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the as-solidified melt-spun ribbon samples produced show superior |ΔSM
peak| (16.9 versus 14.3 

and 14.6 Jkg-1K-1) [14], and ΔTad
peak (6.7 K versus 4.6 and 4.2 K [14]) values. Consequently, this 

also leads to a larger refrigerant capacity. A similar result was previously observed in the case of 

DyNi2 as-solidified ribbons [16], and has been mainly attributed to the favorable combination of 

partial grain orientation, that leads to some degree of crystallographic texture along ribbon length, 

and the anisotropic behavior of magnetization in this compound.  

In order to get a qualitative verification of such an assumption for the present case, ribbon 

flakes were finely pulverized with an agate mortar to prepare a cylindrical shaped sample (sample 

mass: 0.00837 g ± 1.0 x 10-5 g). To avoid free powder particle orientation upon the application of 

the magnetic field during magnetization measurements, a tiny amount of GE-7031 varnish was 

added to the cylindrical VSM powder sample holder (QD part No. P125E); a second sample 

holder (identical in shape, but male) was used to slightly compress the sample and seal the 

combination. Ultrasonic cavitation was used to disperse particles prior varnish solidification. For 

this sample, that will be referred hereafter as “pulverized ribbons”, we measure a set of M(µoH) 

curves up to a maximum applied external magnetic field of 6 T; the curves were properly 

corrected due the internal demagnetizing field. In Figure 5(a) and its inset, we compare the non-

normalized and normalized (to the maximum magnetization value MS at 5 T) isothermal 

magnetization curves at 2 K for both ribbons and a sample of pressed pulverized ribbons. It must 

be noticed that the magnetization curve for the ribbon samples displays a well-faster approach to 

saturation with respect to that of the pulverized one; in order to visualize better the difference 

between both curves, the µoH axis in the foreground graph has been limited to 3 T. It is well 

known, that in alloys with a high crystallization kinetics the high solidification gradient during 

ribbon fabrication induces grain orientation and consequently partial or nearly total 

crystallographic texture. In this case, such a partial grain alignment is revealed by SEM images of 

ribbons cross-section. On the other hand, the faster approach to saturation of magnetization that 

the isothermal magnetization curve shows that a certain volume faction of the grains in the 

sample are aligned with their (100) planes close to the rolling direction leading the observed 

enhancement in the magnetocaloric properties for a lower magnetic field change with respect to 

the polycrystalline bulk alloys, where the crystalline domains are presumed to be randomly 

distributed. At last, it must also be considered that when measuring the magnetocaloric properties 

the results that many authors report correspond to the external applied magnetic field, and the 

effect of the internal demagnetizing field is simply neglected or not considered. “In order to show 

better the beneficial effect of the partial grain orientation of melt-spun ribbons on their 
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magnetocaloric properties, the ∆SM(T) curves at 5 and 2 T for both ribbons and pressed 

pulverized ribbons are compare in figure 5(b); the meaningful magnetocaloric parameters are 

listed in Table 2. In addition, the inset of the figure shows the |ΔSM
peak | versus µoDH dependence 

for both samples. Focusing on the temperature span delimited by the full-width at half-maximum, 

the curves, melt-spun ribbons systematically show larger ∆SM values for both magnetic field 

changes than the obtained for pulverized ribbons. The dependence of |ΔSM
peak | on µoDH also 

shows a similar trend.” 

 

IV. CONCLUSIONS. 

In conclusion, in this work we report the fabrication of single-phase melt-spun ribbons of the 

binary Laves phase HoNi2 with the Mg2Cu-type crystal structure and the characterization of their 

magnetocaloric properties from magnetization and specific heat measurements. The comparison 

of our experimental results for a magnetic field change of 2 T with those reported in literature for 

bulk polycrystalline alloys proves that the as-solidified ribbon samples produced exhibit 

enhanced magnetocaloric properties along the ribbon longitudinal length, that derives from a 

favorable combination of the partial grain orientation (texture effect) induced by the high thermal 

gradient during solidification and the anisotropic behavior of magnetization of this compound.  
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FIGURE CAPTIONS  

 

Fig. 1. SEM micrographs showing the typical microstructure of ribbons: (a) fractured cross-

section; (b) wheel surface,  and; (a) free surface.  

 

Fig. 2. (a) Experimental and Rietveld refinement of the room temperature X-ray power 

diffraction pattern. (b) M(T) curves measured at 5 mT (full red symbols; FC), and 5 T (full black 

symbols; FH). Inset: dM/dT(T) curve at 5 mT; TC= 13.9 K.  

 

Fig. 3. (a) Isothermal magnetization curves measured up to a maximum magnetic field of 5 T 

between 2 and 50 K. (b). Specific heat as a function of temperature measured at 0 and under an 

applied magnetic field of 2 T. Inset: corresponding ST(T) curves.  

 

Fig. 4. DSM(T) curves at µoDH = 2 (a) and 5 T (b) for the fabricated as-solidified melt-spun 

ribbons compared with the experimental data reported in literature for bulk alloys. (d) DTad(T) 

curve at 2 T for the as-solidified melt-spun ribbons compared with the experimental data reported 

in literature for bulk alloys.  

 

Fig. 5.  (a) Isothermal magnetization curve measured at 2 K up to a maximum magnetic field of 5 

T for as-solidified and pressed pulverized ribbons. Inset: the same curves normalized to the 

magnetization value at 5 T (M/MS
5T). (b) Comparison of the DSM(T) curves at µoDH = 2 and 5 T 

for as-solidified and pulverized (pulv.) ribbon samples. Inset:  |ΔSM
peak | as a function of µoDH for 

both samples.  

 

TABLE CAPTIONS 

 

Table 1. Structural and magnetic data for as-solidified HoNi2 melt-spun ribbons compared with 

the data reported in literature for bulk alloys. 

 

Table 2. ΔTad
max, |ΔSM

peak |, refrigerant capacities RC-1, RC-2, and RC-3, and  dTFWHM of the 

DSM(T) curve (for µoDH = 2 T and 5 T) for as-quenched and pressed pulverized HoNi2 melt-spun 
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ribbons. The results are compared with both pressed pulverized ribbons and the data reported in 

literature for bulk polycrystalline alloys. 

 
 
Table 1. Structural and magnetic data for as-solidified HoNi2 melt-spun ribbons compared with 
the data reported in literature for bulk alloys. 
 

Alloy  type   a  (Å)   TC  (K)  
MS

5T  (2  K)    
(A  m2  kg-­1)  

HoNi2  ribbons   7.1497(3)  a   13.9  a   159  a  
HoNi2  bulk  alloys   7.167(1),5  7.142,14  7.1318     145,  156,  13.17,  13.4  8,  13  9,  1310,  13.514                     -­  
     aThis work 
 
 
 
 
 
Table 2. ΔTad

max, |ΔSM
peak |, refrigerant capacities RC-1, RC-2, and RC-3, and  dTFWHM of the 

DSM(T) curve (for µoDH = 2 T and 5 T) for as-quenched HoNi2 melt-spun ribbons. The results are 
compared with the data reported in literature for bulk polycrystalline alloys and the one obtained 
for the pulverized ribbons. 

 
 
 

 

 

 

 

 

 

TABLE II. 

 

 

 

 

 

 

 

 

 

Method! Magnetization,measurements,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,Specific,heat,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,Direct, !Tad14,,,,,,,,,,,,,!

Alloy,type,,,,,,,,,,,,,,,,,! aq;ribbons,,,,,,pulv.,ribbons,!!bulk10,,,,,,,,,,,,,,,,,,bulk14,,,,,,,,,,,,,,,,,,,,,,,,aq;ribbons,,,,,,,bulk5,,,,,,,,,,,,,,,bulk14,,,,,,,,,,,,,,,measure!

µo!H,(T)! 2, 5, 2, 5!, 2, 5!, 2!, 5, , 2, 5, 2, 5!e, 2!c, 5, , 2, 5,

ΔTadmax,(K)! (! (! (! (! (! (! (! (! ! 6.7! (! (! 10!a! 4.6!a! (! ! 4.2!a! 8.7!a!
|ΔSMpeak|,(Jkg;1K;1)! 16.9! 27.2! 14.8! 24.8! (! 22.3!a! 14.3!a! 26.1!a! ! 18.4! (! (! 24.8a! 14.6a! (! ! (! (!

RC;1,(Jkg;1)! 194! 522! 169! 465! (! 400!a! 145!a! 468!a! ! 216! (! (! 389!a! 173!a! (! ! (! (!

RC;2'(Jkg;1)! 145! 388! 127! 349! (! 317!a! 109!a! 355!a! ! 161! (! (! 302!a! 130!a! (! ! (! (!

δTFWHM,(K), 11! 19! 12! 18! (! 18!a! 10!a!! 18!a! ! 11! (! (! 16!a! 11.7a! (! ! (! (!

Thot,(K), 20! 27! 21! 27! (! 26!a! 18!a! 25!a! ! 21! (! (! 25!a! 19.5!
a!

(! ! (! (!

Tcold,(K), 9! 8! 9! 9! (! 8!a! 7.9!a! 7!a! ! 10! (! (! 9!a! 7.7!a! (! ! (! (!

RC(3!(Jkg;1), 101! 267! 86! 240! (! (! (! (! ! 111! (! (! (! (! (! ! (! (!

δTRC;3,(K), 14! 23! 13! 24! (! (! (! (! ! 14! (! (! (! (! (! ! (! (!

ThotRC;3'(K)!b, 22! 30! 22! 31! (! (! (! (! ! 23! (! (! (! (! (! ! (! (!

TcoldRC;3,(K)!b' 8! 7! 9! 7! (! (! (! (! ! 9! (! (! (! (! (! ! (! (!

!!!!!!!!!!!!!!aEstimated!value!from!the!reported!curves.!!brelated!to!RC(3.!
!
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Fig. 3. 
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Fig. 4. 
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Fig. 5. 



Highlights  
 

 Single-phase ribbon flakes of HoNi2 were fabricated by melt spinning technique. 
 

 Structural, magnetic and magnetocaloric properties of HoNi2 melt-spun ribbons 
are reported. 

 

 MCE of HoNi2 melt-spun ribbons was studied by magnetization and heat capacity 
measurements. 

 

 At 2 T, ribbons show larger ΔSM
peak

 and ΔTad
max values with respect to bulk 

alloys. 
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