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The magnetic and magnetocaloric (MC) properties of melt-spun ribbons of the Dy3Co intermetallic

compound were investigated. Samples were fabricated in an Ar environment using a homemade

melt spinner system at a linear speed of the rotating copper wheel of 40 ms�1. X-ray diffraction

analysis shows that ribbons crystallize into a single-phase with the Fe3C-type orthorhombic crystal

structure. The M(T) curve measured at 5 mT reveals the occurrence of a transition at 32 K from a

first to a second antiferromagnetic (AFM) state and an AFM-to-paramagnetic transition at

TN¼ 43 K. Furthermore, a metamagnetic transition is observed below TN, but the magnetization

change DM is well below the one reported for bulk alloys. Below 12 K, large inverse MC effect

and hysteresis losses are observed. This behavior is related to the metamagnetic transition. For a

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

peak value of the magnetic entropy change DSM
peak of �6.5 (� 2.1) Jkg�1K�1 occurring close to

TN with a full-width at half-maximum dTFWHM of 53 (37) K, and refrigerant capacity RC¼ 364

(83) Jkg�1 (estimated from the product jDSM
peakj � dTFWHM). VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4906764]

INTRODUCTION

The development of magnetic refrigeration at cryogenic

temperatures demands the assessment of magnetic materials

exhibiting a large magnetization change DM through a first-

or second-order phase transition.1 Accordingly, rare-earth (R)

based intermetallic compounds are of particular interest due

to their large saturation magnetization MS. The R-rich binary

R3Co intermetallic compounds present a large saturation

magnetization and different types of first- and second-order

magnetic phase transitions in the low-temperature range.2–4

Among them, the compound Dy3Co, which crystallizes into

the orthorhombic Fe3C-type crystal structure (space group

Pnma),5 exhibits a complex antiferromagnetic (AFM) behav-

ior with different non-collinear AFM structures below its

N�eel temperature TN¼ 44 K.6,7 Its magnetic phase diagram

can be consulted in Refs. 6 and 8. Furthermore, magnetic-

field-induced transitions have been observed along the three

main crystallographic axes;6–8 in particular, this occurs along

the c axis for an applied magnetic field loH below 2 T and

gives rise to a large DM. For obtaining a large magnetocaloric

(MC) effect, this is a favorable condition. In fact, Shen et al.
have recently studied the MC properties of bulk polycrystal-

line alloys of this intermetallic phase produced after a pro-

longed thermal homogenization annealing at 873 K (8 days);9

they found large values of the maximum magnetic entropy

change DSM
peak and refrigerant capacity RC (�13.9

Jkg�1K�1 and 498 Jkg�1, respectively, for loDH¼ 5 T).

As far as we know, the only previous work on the fabri-

cation of melt-spun Dy3Co ribbons is that of Baranov et al.10

These authors refer the synthesis by this technique of amor-

phous R3Co ribbons with R¼Nd, Tb, and Dy, and present a

preliminary magnetic characterization (i.e., the temperature

dependence of both the AC magnetic susceptibility and hys-

teresis loops). They highlight that, in contrast with the

reported for crystalline samples, the magnetic structure of

amorphous Dy3Co is asperomagnetic below an ordering tem-

perature of 38 K. In addition, below 14 K the coercive field

loHC rises as temperature decreases to reach a value of

around 1 T at 2 K. However, neither the processing condi-

tions used to fabricate the ribbons nor their characterization

by X-ray diffraction (XRD) were reported.

This investigation was undertaken to produce melt-spun

polycrystalline ribbons of the Dy3Co intermetallic compound

in order to assess the magnetic and MC properties. It must be

emphasized that this processing technique has been recently

applied to fabricate ribbon samples of several rare-earth based

magnetocaloric alloys, such as RNi2 with R¼Tb or Dy,11,12

and NdPrFe17
13 with positive results: (a) the processing condi-

tions are improved since a prolonged thermal annealing is not

necessary in order to produce a single-phase material; (b) in

some alloys, such as DyNi2 and NdPrFe17, a considerable

enhancement of the refrigerant capacity RC has been observed

a)Author to whom correspondence should be addressed. Electronic mail:
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in comparison with that reported for their bulk counterpart

alloys.

EXPERIMENTAL PROCEDURE

As-quenched alloy ribbons of �15–18 lm thick [see the

inset of Fig. 1(a), where the typical cross-section of ribbons is

shown], with 1.5–2.0 mm in width and 7–10 cm in length,

were fabricated from argon arc-melted as-cast bulk ingots pre-

viously produced from highly pure elements (99.98% pure Co

and 99.9% pure Dy). The molten induction melted alloy was

ejected through a circular nozzle of 0.5 mm onto the polished

surface of a rotating copper wheel at a linear speed of 40 ms�1.

The process was carried out in a highly pure argon environ-

ment. Microstructure and elemental composition were deter-

mined using a FEI/Philips XL30 FEG ESEM equipped with an

energy dispersive analysis system (EDS). Room temperature

XRD patterns for ribbon samples were obtained with a Bruker

AXS model D8 Advance diffractometer (Cu-Ka radiation;

scanning interval: 20�� 2h� 80�; step increment: 0.02�). Le

Bail analysis of the diffraction patterns for ribbons and finely

powdered ribbons was carried out through the FullProf Suite.14

Magnetization measurements were performed on ribbon

samples using a Quantum Design PPMS
VR

EverCool-I 9 T plat-

form. The magnetic field loH was applied along the ribbon

axis (rolling direction) to minimize the demagnetizing field

effect. The magnetization as a function of temperature M(T)

curve was recorded on heating at 1.5 K/min under

loH¼ 10 mT. The N�eel temperature TN of the higher tempera-

ture magnetic sublattice was obtained by extrapolation to the

T axis of the thermal dependence of the reciprocal magnetic

susceptibility (1/v). The magnetic entropy change as a func-

tion of temperature DSM(T) was obtained by numerical inte-

gration of the Maxwell relation from a set of isothermal

magnetization curves M(loH) measured from 3 to 126 K, up

to a maximum applied magnetic field of loH¼ 5 T [shown in

Fig. 2(a)]. Due to the complex antiferromagnetic order of the

Dy3Co compound and the occurrence of a first-order field-

induced phase transition, the thermal protocol chosen to mea-

sure the isothermal magnetization curves below TN ensured

that the phase transition is always crossed in the same direc-

tion (i.e., from a lower to higher temperature). The latter

allowed a correct determination of the DSM(T) as well as the

evaluation of hysteresis losses associated to the irreversibility

of the M(loH) curves.

The refrigerant capacity RC was estimated from the

DSM(T) curves. The definition of RC–1, RC-2, and RC–3 can

be found in Ref. 15. The magnetic hysteresis losses were

estimated from the area between the virgin and demagnetiz-

ing M(loH) curves in the first quadrant measured at different

temperatures below TN.16

RESULTS AND DISCUSSION

The EDS analysis (not shown) performed on the ribbons

revealed that the chemical composition of as-solidified ribbons

coincides with the nominal one, i.e., Dy3Co, within the experi-

mental error (typically 0.1 at. %). The diffraction peaks in the

X-ray diffraction pattern, shown in Fig. 1(a), can be indexed

FIG. 1. Room temperature X-ray diffraction pattern measured for as-

solidified (a) and manually powdered (b) Dy3Co ribbons. Inset in (a): typical

SEM micrograph of the typical cross-section microstructure for the fabri-

cated ribbon samples. (c) Thermal dependence of the magnetic susceptibility

v(T) measured at 10 mT for as-solidified Dy3Co ribbons. The inset shows

the thermal dependence of the reciprocal susceptibility. A N�eel temperature

of 43 K was estimated from the extrapolation in the paramagnetic region. (d)

M(T) curves for increasing selected magnetic field values.

FIG. 2. Isothermal magnetization curves measured from 3 to 126 K for as-

quenched Dy3Co ribbons (a) and the corresponding Arrott plots (b).
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assuming a Fe3C-type crystal structure (space group Pnma)

with the cell parameters a¼ 6.9646(8) Å, b¼ 9.345(1) Å, and

c¼ 6.2238(7) Å (cell volume, V¼ 405.07(9) Å3). No traces of

a different phase, either amorphous or crystalline, have been

observed. This is in apparent contradiction with the reported in

Ref. 10, where the authors claimed that ribbons are amorphous,

and is probably due to the different fabrication conditions.

As the relative intensity between several Bragg diffrac-

tion peaks clearly indicates the existence of texture, we man-

ually powdered some ribbons and measured the XRD pattern

[see Fig. 1(b)]. The existence of a large preferential orienta-

tion along the (220) direction for the ribbons is clearly shown

[compare Figs. 1(a) and 1(b)]. This should be related with a

preferential growth of grains and it is well-known that is a

characteristic feature of many materials produced by this tech-

nique related to the temperature gradient during solidifica-

tion.10 Furthermore, we noted that the powdering process

induces a widening of the diffraction peaks mainly due to the

reduction of crystalline size. However, it must be noticed that

the cell parameters do not differ significantly from those of

the bulk.6

The extrapolation of the inverse of the susceptibility 1/

v(T) [see the inset of Fig. 1(c)] shows the presence of a

second-order AFM-to-paramagnetic (PM) transition at

43.0 6 0.5 K (indicated by the vertical arrow). However, the

presence of a shoulder in the v(T) curve at 32.0 6 0.5 K indi-

cates an additional magnetic phase transition that, in the bulk

material, has been associated to a change in the magnetic

ordering from two different AFM states (i.e., AFM-1 to AFM-

2).6,8 The isothermal magnetization curves M(loH) are plotted

in Fig. 2(a); as expected from the magnetic susceptibility

measurements, the M(loH) curves exhibit a paramagnetic

behavior above the N�eel temperature; below TN, the magnet-

ization depends linearly with the applied magnetic field in the

low field range, but at a certain critical magnetic field (� 1T)

increases steeply, indicating the occurrence of a magnetic-

field induced transition (it is interesting to note that M value

obtained at 5 T is close to the reported value in Ref. 8).

Accordingly, the curves of the temperature dependence of the

magnetization of the ribbons [depicted in Fig. 1(d)] for fields

over 3 T correspond to a ferromagnetic metastable state,

whereas for lower fields the magnetization shows two peaks

at the AFM-1 to AFM-2 and AFM-2 to PM magnetic phase

transitions, as occurs in the polycrystalline Dy3Co bulk alloy.9

To ascertain the first-order character of the metamagnetic

transition, in Fig. 2(b) we have represented the Arrott plots;

we noted that those isothermal curves below TN show a S-

shape, which—according to the Banjeree’s criteria17—con-

firms the first-order character for the AFM-to-FM induced

magnetic phase transition. Above TN, the Arrott plots are con-

cave upward with a positive slope indicating the second-order

character of the FM-to-PM transition.

Figure 3(a) shows the DSM(T) curves measured for differ-

ent applied magnetic field changes. The magnetic entropy

shows large positive values below 12 K. It is worth noting that

the measurements have been performed considering the meta-

magnetic transition. Furthermore, the curve at loDH¼ 1 T

presents positive values at temperatures below TN that

decreases with increasing magnetic field, and eventually

become negative. A similar behavior has been ascribed to the

magnetic-field induced phase transition by Shen and co-

workers.9 The minimum of the curves reaches close to T¼TN

(� 40 K) due to the FM-to-PM phase transition at large fields.

However, the magnetic field dependence of jDSM
peakj [plotted

in the left inset of Fig. 3(a)] follows a (loDH)n law with n> 1

for magnetic field changes below 2 T, but n tends to �1 for

higher magnetic fields; this change in the exponent close to

the critical field of the metamagnetic transition indicates that

it affects the magnetic field dependence of DSM(T). Table I

summarizes the main MC properties of the polycrystalline rib-

bons and compares them with that which was obtained in bulk

alloys.9 One can observe that the value of jDSM
peakj at

loDH¼ 5 T for the bulk alloy is almost twice than in ribbons.

The reason for that is twofold. On the one hand, the Dy3Co

ribbons present smother magnetic transitions—as generally

occurs in ribbons with a magnetic transition distribution13,18—

which are accompanied by an enlargement of the width of the

FIG. 3. (a) DSM(T) curves for magnetic field change values loDH from 1 to

5 T. Left inset: jDSMjpeak versus loDH. Right inset: Refrigerant capacities

RC-1, RC-2, and RC-3 as a function of loDH. (b) Comparison of the magnet-

ization isotherm measured at 3 K for as-solidified and manually powdered

ribbons. (c) Thermal dependence of the hysteresis losses measured for a field

change of 5 T below 40 K. Inset: magnetization isotherms for increasing and

decreasing the magnetic field (as indicated by the arrows) at selected temper-

ature values to illustrate the origin of hysteresis losses shown by the material.
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curve that, unlike other cases, here it does not lead to an

enhancement of the refrigerant capacity. The reader must note

that the broadening of the DSM(T) curve, compared to that of

the bulk, hides the effect of the AFM-1 to AFM-2 phase tran-

sition, as this transition has associated a clear peak in the bulk

but not in the ribbons. On the other hand, the XRD pattern

provides clear evidence on ribbons texture. Thus, the magnet-

ization reduction could be due to a relatively large volume

fraction of grains are oriented with their crystallographic

direction [110] along ribbon length. As this hard magnetiza-

tion axis is parallel to the applied magnetic field, the magnet-

ization would become lower than for other directions thus

reducing the maximum magnetic entropy change. In order to

prove this hypothesis in Fig. 3(b), we compare the isothermal

magnetization curve measured at 3 K for both melt-spun rib-

bons and a cylindrical in shape sample made from manually

powdered ribbons; the loH axis of the M(loH) curve for this

powder sample with most of grains randomly oriented was

corrected due to the demagnetizing field effect. It is clearly

seen that the magnetization at 5 T for the powdered sample

(172 Am2kg�1) is a 17.8% higher than that measured for the

as-solidified ribbons (146 Am2kg�1), indicating that in the

fabricated ribbons crystallographic texture diminishes

jDSM
peakj when the magnetic field is applied along the ribbon

length.

To make more complete our analysis, we estimated the

magnetic hysteresis losses from the increasing-decreasing

magnetic field dependence of the magnetization [see their

typical shape at the inset of Fig. 3(c) for four representative

temperatures below TN]. Clearly, losses for loDH¼ 5 T,

whose temperature dependence is shown in Fig. 3(c), increase

as the temperature decreases reaching a large value of

105 Jkg�1 at 3 K. They occur at those temperatures, where

the magnetic field-induced transition takes place [see Fig.

3(c)]. The RC values summarized in Table I are given (the

hysteresis losses were not subtracted), while their dependence

on loDH is given in the right inset of Fig. 3(a).

CONCLUSIONS

We have synthesized the polycrystalline Dy3Co alloy in

ribbon shape using the melt-spinning technique at a high lin-

ear wheel speed of 40 ms�1. The ribbons show an AFM-1 to

AFM-2 phase transition at 32.0 6 0.5 K followed by an

AFM-2 to PM at TN � 43.0 K. The positive values of the

magnetic entropy change are associated to the AFM state,

whereas the magnetic field-induced phase transition from an

AFM phase to the FM state is the responsible of the continu-

ous decrease of the magnetic entropy change. The maximum

absolute value of the magnetic entropy change (6.5

Jkg�1K�1 at loDH¼ 5 T) occurs close to the N�eel tempera-

ture; the jDSM
peakj values of the ribbons for loDH¼ 2 and

5 T are low in comparison with those reported for the bulk

alloys, as a direct consequence of both the lower values of

the magnetization change due to the metamagnetic transition

and the broader M(T) dependence.
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