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The magnetocaloric effect of Mn, Ni, and Mn—Ni-doped EuTiO3 compounds are studied in the near-liquid-helium-
temperature range. The Eu(Ti0A9375MnOA0625 )03, Eu(Ti0A975 Ni0_025)03, and Eu(TiO‘g125MH0A0625Ni0A025 )03 are prepared by
the sol-gel method. The Eu(Tig 9375Mng g625)03 and Eu(Tig 9125Mng gg25Nig.025)O3 exhibit ferromagnetism with second-
order phase transition, and the Eu(Tig 975Nig 025)O3 displays antiferromagnetic behavior. Under the magnetic field change
of 10 kOe (1 0e=79.5775 A-m~!), the values of magnetic entropy change are 8.8 J-.kg~!-K~!, 12 J.kg~'.K~!, and
10.9 kg~ !-K~! for Bu(Tig.9375Mng.0625)03, Eu(Tig.975Nig 025)03, and Eu(Tig 9125sMng 625 Nig.025)03, respectively. The
co-substitution of Mn and Ni can not only improve the magnetic entropy change, but also widen the refrigeration tempera-
ture window, which greatly enhances the magnetic refrigeration capacity. Under the magnetic field change of 10 kOe, the
refrigerant capacity value of Eu(Tig 9125Mng 0625Nig.025)03 is 62.6 J-kg~! more than twice that of EuTiOz (27 J-kg™1),

indicating that multi-component substitution can lead to better magnetocaloric performance.

Keywords: magnetocaloric effect, magnetic entropy change, magnetic phase transformation

PACS: 75.30.Sg, 65.40.gd, 75.30.Kz

1. Introduction

Cryogenic technology is widely used in cutting-edge sci-
entific research fields for providing extreme environment and
greatly improving the resolution and signal-to-noise ratio of
detection instruments. It may be used everywhere, including
space detection, scientific research, and military fields. In re-
cent years, based on the magnetocaloric effect (MCE), ') mag-
netic refrigeration (MR) has attracted much attention for its
advantages of environmental friendliness, energy saving, and
high efficiency. Isothermal magnetic entropy change (ASw)
and refrigerant capacity (RC) are important parameters, which
can quantitatively characterize the MCE performance. The
MR technology does not rely on gravity nor scarce working
fluids (*He and “He), and it has become one of the significant
technologies in terms of low temperature refrigeration. [*!

In the research of magnetocaloric effects, the study on
rare earth metal oxides has become a hot research topic. As
a rare earth titanate (ReTiO3), EuTiO3 (ETO) has a coupling
effect between spin and charge ordering, and the spin mag-
netic moment is 7/2.13% The permittivity of the G-type an-
tiferromagnetic (AFM) significantly reduces 5.6 K, suggest-
ing a larger magnetoelectric coupling.[’"! The ETO, a low-
temperature magnetic refrigeration material, has a large ASy

DOI: 10.1088/1674-1056/abb230

in the liquid helium temperature region. What is more, the
ferromagnetic (FM) state and AFM state can coexist in the
ETO, but the magnetization state is easily affected by experi-
mental method. Therefore, the dielectric, transport, and mag-
netic properties of ETO are easily adjusted by external means,
such as strain, pressure, and chemical doping.!'’! In recent
years, the improvement of the magnetocaloric effect of ETO
has been reported. A large number of studies revealed that
B-site doping is a crucial mean to affect the magnetic proper-
ties of ETO.[1%-161 The Nb-doped ETO presents the FM state
and the value of maximal magnetic entropy (ASy**) reaches
14.7 J)kg~"-K~! for the single crystal EuTiggsNbg 503 un-
der a magnetic field in a range of 0 kOe—10 kOe.['3! Roy
et al.'" discovered that EuTigoV( 103 has a large ASY* of
20 J-kg~'-K~! when the magnetic field changes from 0 kOe
to 20 kOe. The EuTi;_,Al,O3 compounds at 0.10 < x < 0.50
At 0.10 < x < 0.33,
the Curie temperature 7c is around 4 K. When x increases

display the FM insulation behaviors.

from 0.33 to 1, Tc presents a downward trend.!">! The val-
ues of AST™ and RC are 15.6 J-kg~!-K~! and 58.2 J-.kg~! for
EuTig g5Alg.1503, with magnetic field changing from 0 kOe to

[16

10 kOe, respectively.!!¢] Therefore, the FM coupling and the

magnetocaloric effect can be improved in the ETO.
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The multi-component doping often has an obvious ef-
fect on the improvement of material properties.!!’2% For ex-
ample, Nd-doped LaFe;3_,Si, compounds could improve the
value of ASy; because of the enhancement of itinerant electron
magnetic transition. Owing to the improvement of Fe—Fe in-
teraction and inhabitation of itinerant electron metamagnetic,
co-doped LaFe3_,Si, compounds could increase the transi-
tion temperature and reduce the hysteresis loss. When Nd
and Co co-dope LaFe 3_,Si, compounds, not only can their
Tc values be enhanced to room temperature, but also a large
ASy and a negligible hysteresis loss are still maintained. !
The substitution of Mn for Ti improves the magnetic sus-
ceptibility and the substitution of Ni for Ti can give rise
to large saturation magnetization in ETO compounds.!?!-??!
Therefore, in this work we report the magnetocaloric effect
of B-site element that replaces Mn—Ni in EuTiO3 compounds.
The Eu(Tig.9375Mng 0625)03 (ETMO), Eu(Tig.975Ni0.025)03
(ETNO), and Eu(Tig.9125Mng 0625Nig.025)03 (ETMNO) are
synthesized by the sol-gel method and their MCEs and refrig-
erant capacities are explored. The ETMNO displays a very
high refrigerant capacity (62.6 J-kg~!), and multi-component
doping presents some inspirations for discovering more suit-
able magnetic refrigeration materials.

2. Experimental details

The Eu(Tig.9375Mng.0625)03, Eu(Tig.975Nig.025)03, and
Eu(Tig.9125Mng 0625Nig.025)O3 were synthesized by the sol—
gel method. According to the stoichiometric ratio, eu-
ropium oxide (EuyO3) was dissolved in aqueous nitric acid
solution, the resulting solution was stirred until it be-
came clarified, and then added into by manganese ac-
etate (Mn (CH3COO);-4H;0). Afterwards, nickel chloride
(NiCl,-6H,0) was added into the solution. Tetrabutyl titanate
(TBT) was dissolved in a certain amount of aqueous nitric acid
and stirred, until it was completely dissolved. Then, the two
solutions were mixed together, and an appropriate amount of
ethylene glycol was added into the mixture and the mixture
was stirred for 30 min. Subsequently, the mixed solution was
dried in a drying box at 60 °C for 12 h, and then dried at 245 °C
for 2 h. Next, the dried oxide was sufficiently ground for 1 h.
The ground powder was sintered at 1000 °C for 3 h and then
naturally cooled at room temperature and was ground again
for 1 hour. Finally, the power sample was placed in a tube fur-
nace and sintered at 1200 °C in Hy—Ar mixture (1:10) for 3 h
to obtain a desired experiment sample.

The structures of the compounds Eu(Tig 9375Mng g625)03,
Eu(Tig.975Nip.025)03, and Eu(Tig.9125Mng 0625Ni0.025)O03 were
investigated by a Rigaku 2500/PC x-ray diffractometer with a
Cu-K o radiation source, whose wavelength was 1.54184 A.
The magnetization (M) changing with temperature (7)) was
measured by a commercial superconducting quantum interfer-

ence device (SQUID) magnetometer. The Oxygen content was
measured by an oxygen nitrogen analyzer (leco, TC500).

3. Results and discussion

The ETO has a cubic perovskite structure with Pm3m
space group near room temperature with a lattice parameter of
3.905 A7l Figure 1 illustrates the x-ray diffraction patterns of
the samples at room temperature. The diffraction peak for each
of samples corresponds to the ETO standard spectrum, and no
impurity is found within the resolution of x-ray diffractome-
ter, indicating that each sample is of pure phase and possesses
a cubic perovskite structure. There exists no obvious shift hap-
pening to these diffraction peaks, because the ionic radius of
Mn2t (~ 0.67 A) and Ni2t (~ 0.69 A) are similar to Ti**"
(~0.61 A). According to valence equilibrium, it is inevitable
to generate the oxygen vacancy defect or Eu3*. The values
of oxygen content of ETNO, ETMO, and ETMNO are 19.3%,
19.2%, and 19.2%, respectively, suggesting the existence of
oxygen vacancies and Eu** ions.
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Fig. 1. XRD patterns of (a) ETO, (b) ETMO, (c) ETNO, and (d) ETMNO at
room temperature.

Figure 2 shows the temperature dependence of the mag-
netization (M-T') in heating (black symbol) and cooling (red
symbol) process for ETMO (Fig. 2(al)), ETNO (Fig. 2(a2))
and ETMNO (Fig. 2(a3)). In the heating process, M—T mea-
surements are performed at field H = 100 Oe and in tempera-
ture range from 3 K to 300 K. The samples are cooled to 3 K in
the presence of H = 100 Oe to obtain the M-T data of cooling
process. Distinctly, the heating curves basically coincide with
the cooling curves as shown in Figs. 2(al) and 2(a2). It means
that ETMO and ETNO compounds scarcely have the thermal
hysteresis around transition temperature, which is good for the
heat exchange. Here the magnetic transition temperature is de-
termined by the peak value of dM/dT. The inset of Fig. 2(b1)
displays two consecutive magnetic transitions for ETMO com-
pounds with the increase of temperature at the corresponding
low-temperature peaks in the (dM/dT)-T curve. The first
anomaly around spin transition temperature 7y = 5 K is con-
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sidered to be a transition from collinear to non-collinear mag-
netic structure.?! The second change Tc = 9.5 K originates
from the FM to paramagnetic (PM) state transition. The first
abnormality at lower temperature may come from magnetic
frustration and the other change of magnetization around Néel
temperature Ty = 5.5 K is the magnetic transition from AFM
to PM states (the inset of Fig. 2(b2). The EuTi;_,Ni,O3 com-
pound exhibited AFM behavior when x < 0.1 in our previous
reports.??] This cusp feature of M—T curve results from the G-
type AFM transition at ~ 5 K that is induced by Eu?>* spins or-
dering below Ty.!”**>! As shown in Fig. 2(a3), for ETMNO
compound, the difference between the heating curve and cool-
ing curve can be observed below 5 K. The magnetic frustration
behavior or a spin-glass-like surface layer could cause spike-
like peaks in the heating time. %! Perhaps, the differences be-
tween the temperature-rising curves and the cooling curves
are ascribed to the certain inherent magnetic moment of Mn
and Ni ions, which can lead to a magnetic frustration behav-
ior. The inset of Fig. 2(b3) clearly shows an FM—PM transi-
tion that occurs about 7 K. Part of Ti elements are replaced
by Nb, Zr, Al, and other elements affects the magnetic ex-
change (Eu 4f-Ti 3d—Eu 4f) and adjusts the transition tempera-
ture such as in EuTi;_,Nb, O3, EuTi; _,Zr, O3, EuTi;_,Sc,03,
EuTi;_,Al,O3, and EuTi;_,Cr,03.[20:25:27-30]
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Fig. 2. Plots of magnetization (M) versus temperature under heating and
cooling for (al) ETMO, (a2) ETNO, and (a3) ETMNO, respectively. Plots
of (dM/dT)-T for (b1) ETMO, (b2) ETNO, (b3) ETMNO.

In order to investigate the effects of substitution on mag-
netic performance, the isothermal magnetization M—H curves
are measured in a temperature from 3 K to 28 K for ETMO,
ETNO, and ETMNO as illustrated in Figs. 3(a), 3(b), and 3(c),
respectively. The ETMO and ETMNO show that their mag-
netizations sharply increase at low field and trend to be satu-
rated with the increase of the field as shown in Figs. 3(a) and
3(c), which is the typical nature of FM material. The field
dependence of the magnetization reveals a linear relationship

(PM state) because the temperature is higher than 20 K. When
the temperature is between T¢ and 18 K, the field dependence
of the magnetization is nonlinear, proving that there are some
short-range ferromagnetic clusters in the PM state. Figure 3(b)
exhibits representative isothermal magnetization curves at the
temperature ranging from 3 K to 28 K for ETNO. At low mag-
netic field (< 6 kOe), the M increases almost linearly, followed
by a saturating trend close to 10 kOe. The field-induced tran-
sition from AFM to FM is not observed clearly, so maybe it
needs a very small magnetic field to trigger the magnetic tran-
sition between AFM state and FM state which are co-existent
in ETO compounds. Generally, the G-type AFM states of ETO
compounds are not very stable. Eu>* spins have Heisenberg
characteristics and weak magnetic anisotropy. Under the field
action, Heisenberg spins are sorted by AFM state immediately
and flip to an arrangement perpendicular to H and gradually
transit into the FM arrangement when the field increases.>!
Figure 3(d) exhibits the isothermal magnetization curves of
compounds at T = 3 K. By comparison, the ETMNO not
only has large saturation magnetization, but also exhibits large
magnetic susceptibility, which refers to a small saturation field
and a larger saturation magnetization. The value of M for
ETMO and ETMNO are much larger than that for ETNO un-
der low magnetic field (< 10 kOe). In our previous report, >}
Mn?* and Mn** can coexist when Mn is doped. The mag-
netic moments of Mn?>* (5 ug) may be antiparallel to that of
the Eu?* ions, and Mn?" ions can cause the change from Eu?*
to Eu** (no magnetic moment) for the valence equilibrium, so
the total magnetic moment decreases. When a small number
of Ni%* jons are added, the number of Mn2?" ions decreases
because of the valence equilibrium, so a large magnetic mo-
ment is created. Magnetic hysteresis loops of ETMO, ETNO,
and ETMNO are measured at 3 K, which exhibits the negli-
gible coercivity. The existence of neither magnetic hysteresis
nor thermal hysteresis of magnetization is favorable for their
applications in magnetic refrigeration.

The ASym can be calculated by isothermal magnetic data
based on Maxwell relation

H(OM(H.T)
ASM—/O (8T )HdH.

The temperature dependence of ASy of magnetic field be-
tween 10 kOe and 50 kOe for ETMO, ETNO, and ETMNO
compounds are presented in Figs. 4(a)-4(c). The tempera-
ture that corresponds to ASy™* increases from 4.5 K (AH =
10 kOe) to 5.5 K (AH = 50 kOe) with the increase of the
magnetic field for ETMO and ETMNO compounds, indicat-
For the ETNO compound, the
temperature that corresponds to ASy™* declines from 5.5 K
(AH =10 kOe) to 4.5 K (AH = 50 kOe), implying the AFM
nature of ETNO compound. The maximum values of ASy
(—AST) are 31.3 J.kg~!'K~! (ETMO), 42.2 J- kg~ '.K~!

ing a typical FM feature.
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(ETNO), and 33.1 J- kg~!-K~! (ETMNO) for a field change
of 0 kOe—50 kOe. Figure 4(d) gives the values of ASy for the
substituted samples under AH = 10 kOe, in which the ASy
of ETO is taken as a reference. For the ETMO compound,
although the value of AST™* (8.8 ] kg~ !'K™!) is smaller than
that of ETO compound (9.8 J-kg~!-K~!) for its lower satura-
tion magnetization, the values of ASy are larger than those of
ETO except those in the surrounding area of transition tem-

M/emu-g—1!

H/kOe

perature, for the two magnetic transitions exist. For the ETNO
compound, the value of AST# (12 J-kg~!-K™!) is larger than
that of ETO compound, and the values of ASy; are larger than
those of ETO compound below 10 K, especially below tran-
sition temperature. Perhaps, it is attributed to the spin-glass
at 3 K caused by magnetic frustration. The value of ASy for
ETMNO compound is larger than that of ETO in a temperature
range from 3 K to 28 K.

150

uTio.9375Mn.062503
——
EuTip.975Nip.02503
—A—

EuTig.9125Mn.0625Nip.02503

—20 0 20 40

Fig. 3. Plots of magnetization (M) versus magnetic field (increasing only) for (a) ETMO, (b) ETNO, and (c¢) ETMNO at some selected
temperatures, and (d) magnetization curves of ETMO, ETNO, and ETMNO at 3 K.
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Fig. 4. Plots of values of ASy versus temperature for various values of magnetic field change AH up to 10 kOe-50 kOe for (a) ETMO, (b)
ETNO, and (c) ETMNO, respectively. (d) ASy versus temperature (7') for ETO, ETMO, ETNO, and ETMNO under AH = 10 kOe.
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The RC is considered as another important criterion for
the performance of magnetic refrigerant materials. It reflects
the amount of heat that transfers between cold storage and
heat storage in an ideal refrigeration cycle. It is defined as
RC = fTTzl ASdT, where T1 and 7> denote the temperatures that
correspond to both sides of the half value of the ASyi**. When
the magnetic field changes from 0 kOe to 10 kOe, the RC val-
ues are 49.2 J-kg~!, 37.6 J-.kg~! and 62.6 J-.kg~! for ETMO,
ETNO, and ETMNO, respectively, which are all larger than
that of ETO. Especially, the RC value of ETMNO is twice
more than that of ETO (27 J-kg~!), which is ascribed to the
higher ASy and wider temperature window.
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Fig. 5. Plots of (H/M) versus M* for (a) ETMO, (b) ETNO, and (c)

ETMNO at some selected temperatures.

The phase transition of materials includes the first-
order phase transition and the second-order phase transition.
The first-order phase transition is strongly coupled with the
magnetic and structural transition, which leads to a larger
ASy.B1731 However, the thermal hysteresis, magnetic hys-
teresis and mechanical instability are the disadvantages that
limit the practical applications of the first-order phase tran-
sition system. Whereas, the magnetic hysteresis and ther-
mal hysteresis are almost negligible in the second-order phase

341 Meanwhile, the second-order phase transition

transition.
compounds have better mechanical stability, which makes
them more suitable for magnetic refrigeration. Figure 5 shows
the Arrott plots of ETMO, ETNO, and ETMNO compounds
for clarifying the properties of magnetic transitions. Accord-
ing to Banerjee criterion, the first-order phase transition dis-
plays the negative slope of the curve and the second-order
phase transition shows positive slopes.[>>3¢1 As shown in
Figs. 5(a) and 5(c), both ETMO compound and ETMNO com-
For the ETNO com-

pound, a negative slope can be observed in the Arrott curve

pound have the second-order nature.

around transition temperature. Figure 5(b) reveals that the
magnetic transition is from AFM to PM state. In addition, the
types of phase transitions of these materials can also be seen by
overlapping the AS’(6) curves as shown in Fig. 6. The curves
of ETMO and ETMNO (Figs. 6(a) and 6(c)) are overlapped
well, which further proves that each of them experiences the
second-order phase transition. However, the curves of ETNO
compound are discrete in Fig. 6(b), which may be caused by
the AFM of ETNO.
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Fig. 6. Curves of 6-dependent AS'(T) for typical field changes in (a) ETMO,
(b) ETNO, (c) ETMNO compounds.

4. Conclusions

The ETMNO compound is synthesized by doping Mn and
Ni into EuTiO3 compound. It exhibits ferromagnetic behav-
ior and a giant magnetocaloric effect under a low magnetic
field change. When the magnetic field changes from 0 kOe
to 10 kOe, the value of AST™* reaches 10.9 J-kg™! K~! that is
larger than that of the EuTiO3 (9.8 J-’kg~!-K~!). Meanwhile,
the cooling temperature window becomes wider, so the RC
value of ETMNO is twice more than that of ETO. The im-
provement of magnetocaloric performance is attributed to the
enhancement of ferromagnetic coupling. Most importantly,
ETMNO belongs to the second-order phase transition with
minimal thermal hysteresis and hysteresis and is one of the
materials suitable for practical applications in magnetic refrig-
eration.
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