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Magnetic phase transition and magnetocaloric effect in Dy,,Co; compound
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Magnetic and magnetocaloric properties of Dy;,Co; compound have been investigated by
magnetization measurements. Its magnetization does not reach saturation even for 7T at 2K due
to the crystalline field effect. Dy,,Co; undergoes a ferromagnetic-paramagnetic phase transition
around Curie temperature Tc=64K. The thermomagnetic irreversibility between the zero-
field-cooling and field-cooling curves is detected below T in low magnetic field, and it is attributed
to the narrow domain wall pinning effect. Large magnetic entropy change of 10.0J kg~ ' K™
and refrigerant capacity of 299J kg~ ' for a magnetic field change of 05T are found around T,
resulting from the large change of magnetization during the magnetic phase transition. The nature
of second-order phase transition for Dy;,Co; induces the complete reversibility of magnetic
entropy change around T, which is very favourable for the application of magnetic refrigeration.
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4829281]

. INTRODUCTION

Magnetic refrigeration based on magnetocaloric effect
(MCE) of solid-state working substances has been proved to
be an attractively alternative technology due to its higher
energy-efficient and environment-friendly features as com-
pared with the common gas-compression refrigeration tech-
nology widely in service.'™ Many materials with a first-order
or second-order phase transition (SOPT) have been found to
exhibit large MCEs, such as Gds(Si, Ge)s,* La(Fe, Si);3,>°
MnAs,”® MnFe(P, As),” Ni,MnGa,'® Gd,? etc. Much atten-
tion has also been paid to the heavy rare earth (R) intermetal-
lic compounds with a giant MCE and low-temperature
phase transition for the purpose of magnetic refrigerant appli-
cation due to their large magnetic moments.''™'* Currently,
researches are still in progress for exploring new materials
which have large MCE in the special working temperature
range for the refrigeration technological application.

R1,Co7; (R =Gd-Er) compounds crystallize in a mono-
clinic Ho;,Co5-type structure (P21/c).15 Recently, magnetic
properties and MCEs of Gd,Co, Tb;,Co7, Gd{,.4Tb,Co7,
and Ho;,Co; compounds have been reponed.“s*19 Gd,Co;
undergoes a ferromagnetic (FM)-paramagnetic (PM) phase
transition at Curie temperature Tc=163K as well as a
spin-reorientation transition at 123 K. Both of Gd;,_,Tb,Co,
and Tb;,Co; exhibit only one FM-PM phase transition.
Moreover, with the increasing substitution of Tb for Gd, the
Curie temperature shifts toward low temperature and the cor-
responding MCEs around T gradually decreases. The peak
values of magnetic entropy change (—AS) are 4.6 J/kg K for
Gd;,Co; and 3.08J/kg K for Tb;,Co5 for a field change of
0-2T, respectively. Different from the aforementioned com-
pounds, Ho,Co; compound displays rich magnetic phase
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transition: antiferromagnetic (AFM)-AFM transition at
T:=9K, AFM-FM transition at T, = 17 K, and FM-PM tran-
sition at Tc =30K. And correspondingly, two successive
peaks of magnetic entropy change are shown. For a field
change of 0-5T, the maximum value of —AS ~ 19.2J/kg K
is reported. According to these results, we can find that
the variety of rare earth element greatly affects the mag-
netic properties and MCEs. How does the magnetic phase
transition of Dy;,Co; compound evolve? Up to now, we
have only seen the report about its crystalline structure.
So in the present paper, the magnetic properties and MCEs
of Dy,,Co; compound are investigated by magnetization
measurements.

Il. EXPERIMENTS

The Dy,Co5 ingot was prepared by arc melting Dy and
Co with the purity better than 99.9 wt. % in a high-purity ar-
gon atmosphere. 5 at. % excessive Dy was used to compen-
sate the weight loss during the arc melting. The melt-spun
ribbons were obtained by using a single-roller melt-spinner
at a cooper wheel surface speed of 50 m/s. A post-annealing
of the products at 823K for 72h and then at 873K for
72h and a subsequent quenching to room temperature were
performed to obtain crystalline samples. The crystalline
structure of sample is determined by X-ray powder diffrac-
tometer. X-ray diffraction results indicate that the annealed
ribbons are crystallized in a nearly single phase with a mono-
clinic Ho,,Cos-type structure. The lattice parameters are
found to be a=8357A, h=11.251A, and c¢=13.907 A
at room temperature, which are almost in agreement
with the experimental results reported by Adams et al.'’
Magnetizations were measured as functions of temperature
and magnetic field by using a superconducting quantum in-
terference device (SQUID) magnetometer.

© 2013 AIP Publishing LLC
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lll. RESULTS AND DISCUSSION

Figure 1 shows the temperature (7) dependences of
zero-field-cooling (ZFC) and field-cooling (FC) magnetiza-
tion (M) under fields of 0.1 T and 2 T. In the ZFC mode, the
sample was cooled to 5K before the measuring field H was
switched on and the measurement was made while warming
up the sample to high temperature. After finishing the ZFC
M-T measurement, we followed to take the data again in the
presence of the same H while cooling the sample. This was
the FC mode. One can find that Dy;,Co; experiences a
FM-PM transition around the Curie temperature 7= 64K,
defined as the minimum value of dM/dT curve. It can also
be seen from Fig. 1 that the ZFC and FC curves are com-
pletely reversible in the vicinity of T¢ as shown usually in
magnetic materials with a second-order magnetic transition.
Meanwhile, a significant thermal irreversibility between the
ZFC and FC branches is clearly observed below T under
0.1T. Like many rare earth-metal compounds,20 Dy,Coy
may have strong anisotropy due to its large Dy content. It
has been reported that in materials with high anisotropy
energy and low exchange energy (which will be embodied
by the low ordering temperature), the domain wall width
could be comparable to that of lattice spacing, thus leading
to a large pinning effect.’®?! Considering the magnetic ani-
sotropy and low T for Dy,Co, the thermomagnetic irre-
versibility is likely attributed to the narrow domain wall
pinning effect. When the sample is cooled under a zero field,
it freezes in an irregular domain structure where the direction
of the spontaneous magnetization is only determined locally
by the magnetic anisotropy. When a small field is switched
on and the sample is warmed up, the walls begin to move
and in every domain the direction of magnetization turns
into the energetically most favourable direction which now
also depends on the direction of the applied field.”* So we
can see that the ZFC magnetization is low below Tc and
reaches a maximum at low temperature. Whereas in FC
mode, the magnetic field during the cooling prevents the pin-
ning effect, and therefore the magnetization at low

140 — 8.
{ mE 21 —— Curie Weiss fit
>
| ~
A105 5 14 oT
NE 70 | % - O (I R R
% 0 80 160 240 320
S T (K)
=
35 2T —M—ZFC —A—ZFC
| —O—FC —/—FC
| |
0 _! 15DDDD)) 335D0)) Wmﬁm
' S N SR PR B B
0 50 100 150 200 250 300

T (K)

FIG. 1. Temperature dependences of ZFC and FC magnetization for
Dy,Co7 under 0.1 T and 2 T. The inset shows the temperature variation of
the ZFC inverse susceptibility fitted to the Curie-Weiss law under 2 T.
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temperature is higher than that in ZFC mode and gradually
reaches saturation.

The inset of Fig. 1 displays the temperature dependence
of the reciprocal magnetic susceptibility ¥~ for Dy;,Co;
under the field of 2 T. The susceptibility above ~75 K obeys
the Curie-Weiss law with an effective moment ptoep=11.0 g
per Dy atom and a paramagnetic Curie temperature
0p=48.8 K. It is found that the value of g for Dy ,Co; is
larger than the free-ion value for Dy3 *ion (10.6 ug), which
may result from a small moment on Co as observed in
H0]2C07.19

Figure 2 depicts the magnetization versus magnetic field
for Dy,Co5 at 2K, 48 K, and 64 K. The magnetization does
not reach saturation even for 7T. The saturation magnetic
moment per Dy atom is calculated to be 5.9 ug by using the
magnetization under 7T at 2K, which is smaller than that
expected for Dy3+ free ion saturated moment (10 pg). This
may result from the crystalline field effect, further confirm-
ing the large anisotropy of Dy;,Co;. One can find from Fig.
2 that the coercivity decreases rapidly with the increase of
temperature. A large coercive field of 9.95 kOe for Dy,Coy
at 2K is observed. However, it decreases to 0.18 kOe at
48 K. When a magnetic field much higher than the maximal
coercive field is applied, the magnetic domains are similarly
oriented along the applied magnetic field direction whether
for ZFC mode or FC mode. Thus, one can only find a small
discrepancy between the ZFC and FC M-T curves at low
temperature in fields as high as 2 T (see Fig. 1). The coerciv-
ity at 64K is only 3.95 Oe, showing the soft magnetism of
Dy ,Co; around T¢. It is highly desired for magnetic refrig-
eration applications.

The isothermal magnetization curves as a function of
magnetic field for Dy;,Co; were measured in applied fields
of up to 7T in the temperature range of 4-101 K. Fig. 3(a)
shows the typical isothermal magnetization curves of
Dy ,Co5. One can find that the Dy;,Co- exhibits typical FM
nature at temperatures lower than Tc. The Arrott-plots™
around T are presented in Fig. 3(b). According to the
Banerjee criterion,”* a magnetic transition is expected to be
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FIG. 2. Initial magnetization and demagnetization curves for Dy;,Co; at
2K, 48K, and 64 K.
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FIG. 3. Typical magnetic isothermals measured during field increasing (a)
and Arrott-plots (b) of Dy;,Co5.

of the first order when the slope of M? versus H/M plot is
negative, whereas it will be of the second order when the
slope is positive. It is very clear that the Arrott plot for
Dy ,Co5 indicates a characteristic of second-order magnetic
transition.

The magnetic entropy change AS of Dy;,Co; compound
can be calculated from isothermal magnetization data by
using Maxwell relation AS = j: (OM/OT),dH. Figure 4 dis-
plays the values of —AS for Dy;,Co; compound as a function
of temperature for the typical field changes. The distinct
“A’-type of —AS-T curves as well as the immovable position
of the peak of —AS with the increase of field change further
confirms the SOPT nature of Dy;,Co;. The maximum values
of —AS reach 4.9, 10.0, and 12.8] kg~' K~! for the field
changes of 0-2T, 5T, and 7T, respectively. These values are
comparable with or larger than those of some magnetocaloric
materials with a SOPT in a similar temperature range under
the same field change. For example, for the field change of
0-5T, the maximum values of TbCoAl (Tc=70K),"
Er(Cog g5Sio.15)> (Tc=60K) (Ref. 25) are 10.5, and 8J kg~
K™, respectively. In addition, refrigerant capacity (RC),
another important parameter to quantify the heat transferred
between the hot and cold sinks in an ideal refrigeration cycle,
is estimated by using the approach RC = fTle |AS|dT, where
T, and T, are the temperatures corresponding to the both sides
of half maximum value of —AS peak.26 Thus, the RC values
are obtained to be 83, 299, and, 473J kg{1 for the field
changes of 0-2T, 5T, and 7T, respectively.

J. Appl. Phys. 114, 173911 (2013)
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FIG. 4. Magnetic entropy change as a function of temperature for Dy;,Co
for magnetic field changes of 0-2 T, 0-5 T, and 0-7 T, where the inset shows
the maximum isothermal magnetic entropy change as a function of 4#** at
Tc, the solid line is the fitting one according to Eq. (5) in Ref. 28.

The linear relationship between —AS and H*? is first
predicted by Oesterreicher and Parker.”’ Recently, the rela-
tionship is discussed intensively by the renormalized group
theory and verified by the experimental results.”® In order to
find out the dependence of MCE on the applied field for
Dy;,Co7, the maximum value of —AS (—AS™) at Tc as a
function of h*? (h :’x’—f{i) is plotted in the inset of Fig. 4. It
can be well fitted by Eq. (5) in Ref. 28. The value of parame-
ters -S(0,1) and S(0,0) defined in Ref. 28 are 77 J/kgK and
—0.82J/kg K, respectively. The appearance of negative
S(0,0) is associated to the nonsaturation of the sample.29

Recently, based on soft magnetic amorphous alloys and
lanthanide-based crystalline materials, Franco et al. con-
structed theoretically and experimentally the universal curve
of magnetic entropy change for magnetocaloric materials
with a second order phase transition.’**! Now, we construct
the universal curve of Dy;,Co; by using the method with
two reference temperature points in Ref. 30. The magnetic
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FIG. 5. Universal curve behavior of magnetic entropy change of Dy;,Co;
for maximum applied fields ranging from 0.1 T to 7 T.
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entropy change has to be rescaled to AS’ (T, Hy.y) = AS' (T,
H oo )IAS™ ™ (H ). The temperature axis has to be rescaled
in a different way below and above T¢, just by imposing that
the position of two additional reference points in the curve
correspond to 0 = *1

—(T = Tc)/(Tn —Tc),
(T —Tc)/(Ta — Tc),

T <Tc

1
T>Tc, M

where T;; and Ty, are the temperatures of the two reference
points that have been selected as those corresponding to
%AS‘“""‘. Figure 5 shows the 0 dependence of AS’ for typical
field changes from 0.1 T to 7 T. The peaks of the curves col-
lapse onto the same universal curve, which is associated with
the second-order ferromagnetic ordering transition. While
the low-temperature parts of the curves show tails, which
may be associated with the large contribution of the crystal-
line electric field as discussed in DyAl, and Erg ;5Dyq gsAl,
compounds.*?

IV. SUMMARY

Dy;,Co; undergoes a FM-PM transition around
Tc =64 K. The thermomagnetic irreversibility between ZFC
and FC curves is detected below T in low magnetic field
due to the narrow domain wall pinning effect. The large
change of magnetization during the phase transition leads
to large MCE. Large —AS of 10.0J kg~' K™' and RC of
299 kg~ ' are found for a magnetic field change of 0-5T.
The result of Arrott-plots and the existence of the universal
curve of —AS around T confirm the nature of second-order
phase transition for Dy;,Co;. The large and reversible mag-
netocaloric properties indicate the applicability of Dy;,Coy
compound as a good candidate for magnetic refrigerant in
middle-low temperature range.
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