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The modification of the magnetic ground state of the GdAMnO; compound has been explored with Y-doping
on the Gd-site. The study on the magnetic properties indicates the existence of a weak ferromagnetic phase
upon a 10% Y-doped sample. However, the strength of the ferromagnetic interaction becomes feeble in the
30% Y-doped sample. Such modifications of the magnetic ground states are analyzed considering the breaking
of correlated weak ferromagnetic chains due to doping of non-magnetic Y-ions. In addition to that, the

magnetocaloric effect has also been affected by the doping concentrations of Y-ions. The significant value
of magnetic entropy change and relative cooling power of both the studied systems indicate the possible
utilization of the materials as efficient magnetic refrigerants at the cryogenic temperature.

1. Introduction

The suppression of the magnetic randomness in a magnetic material
due to the influence of an external magnetic field, popularly known as
the magnetocaloric effect (MCE) has been studied during the last few
decades [1-7]. To elucidate the nature of magnetic ground state of any
magnetic material, the MCE can be considered as a powerful tool [8-
11]. It has been observed that a large value of MCE has appeared near
the transition temperature regions (paramagnetic (PM)-ferromagnetic
(FM)/antiferromagnetic (AFM) transition temperature). It is also con-
sidered as a more sensitive technique to detect any feeble magnetic
transition as compared to the dc magnetization measurement tech-
nique [9,10]. Besides the fundamental importance, the MCE has also
gained considerable attention from the technological perspective [12—
14]. To substitute the vapor gas compression cooling procedure by mag-
netic refrigeration technique, the searching for new suitable refrigerant
materials is one of the most quests to the current research direction [1,
6]. It is important to find such refrigerant materials having working
temperatures near room temperature or cryogenic temperature [2,3,
8,15]. Due to the large magnetic moment of Gd-ions, the Gd-based
compounds were extensively explored for several decades [12,16-29].
For the selection of a refrigerant material, the material should have
large value of magnetic entropy change, moderate value of relative
cooling power, good chemical stability, highly insulating, negligible
thermal hysteresis, and the cost of material processing should be low.

* Corresponding author.
E-mail address: kalipadadasphysics@gmail.com (K. Das).

https://doi.org/10.1016/j.jmmm.2022.169133

Considering those properties, the oxide-based materials have gained
privileged attention over the intermetallic compounds [30-33]. In or-
der to find out a suitable refrigerant material, a lot of research work
has also been performed on undoped perovskite manganite (AMnO;, A
= trivalent ion) as well as doped perovskite manganite (A;_,B,MnOs,
A = trivalent ion, B = bivalent ion) compounds in the last twenty
years [34-41].

Some of the well-studied undoped perovskite manganites are
LaMnO;, GdAMnOs, YMnO3, etc. [30,31,34,42]. The GAMnO; compound
exhibits rich magnetic properties due to its peculiar magnetic ground
state configuration and temperature-induced phase transformation [34,
43,44]. It is well documented that the GAMnO; shows a collinear
sinusoidal incommensurate AFM phase, dominated by the Mn>* spins
at transition temperature, T, = 42 K [34,45-48]. With further lowering
the temperature, a canted A-type AFM phase has also appeared around
T = 23 K [34,45-49]. However, the Gd** spins are antiferromagnet-
ically coupled below T = 7 K [34]. Hemberger et al. had reported
a detailed study about the magnetic ground state of the GdMnO;
compound [45]. According to their study, a long-range order of Gd**-
spins evolves at very low-temperature regions and results in a canting
of the Gd3* spins with a FM component [45]. This FM component is
oriented anti-parallel to the FM moment that arises from the canted
Mn3*-spins [45].
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From the technical perspective, a refrigerant material should have
a significant value of magnetic entropy change and negligible ther-
mal hysteresis. The previous study indicates that the GdMnO; com-
pound shows a significantly large MCE and hysteresis loop in the
low-temperature regions [45]. The motivation of our present study
is to explore the modification of the FM state by substitution of a
non-magnetic Y>* (Yttrium ion) on the Gd** site. Our experimental
outcome indicates that due to the introduction of non-magnetic Y-ion,
the hysteresis loop for weak FM interaction is substantially diminished
as seen in the isothermal magnetization curves. Additionally, we have
also observed significantly large values of magnetic entropy change
and relative cooling power at the cryogenic temperature region for the
Y3*+.doped GAMnO; compounds.

2. Experimental details

The polycrystalline compounds (Gd,_,Y,MnO;; x = 0.1 and 0.3)
were prepared by the well-known sol-gel method. At first, the appropri-
ate amount of pre-heated rare earth oxide materials (Gd,0; and Y,05)
and MnO, with high purity (99.99%) were taken. Both Gd,0; and Y,0;
dissolved into millipore water, and then some amount of concentrated
HNO; was added to make a clear solution. Due to the insoluble nature
of MnO, in water as well as HNO;, we have added the required amount
of oxalic acid to make the manganese oxalate first and then added some
HNO; to make it soluble in the solution. All the individual solutions
were poured into a large beaker, and then the magnetic stirrer was used
to make a homogeneous solution. After properly mixing up, a suitable
amount of chelating agent such as citric acid was added and kept the
solution undisturbed for some time. The solution was then uniformly
heated at 80-90 °C using a water bath until the formation of a gel. The
black porous powder was produced by heating the gel at 200-230 °C
and the powder was burned at 500 °C for 4 h to remove any carbon
component present in the system. Finally, the palletized form of the
samples was annealed at 1300 °C for 36 h to achieve the bulk form of
the compounds.

The room temperature X-ray diffraction (XRD) measurements had
been carried out using a Rigaku-TTRAX-III diffractometer, from M/s
Rigaku, Japan to characterize the compounds. The Cu-K, source, hav-
ing a wavelength of 1.5406 A had been used for recording the XRD
data at room temperature. To check the phase purity and to refine the
unit cell parameters, the XRD data were refined (only profile fitted) by
using the Rietveld refinement method in the Fullprof software. We had
used the Pseudo-Voigt function and kept the scale factor as 1 during the
whole refinement process. The magnetization measurements within the
temperature range of 2-300 K and magnetic field variation up to +70
kOe had been performed using a vibrating sample magnetometer-based
superconducting quantum interference device (SQUID-VSM, Quantum
Design, USA). The magnetization as a function of temperature at a par-
ticular magnetic field was measured using three different measurement
protocols which are described as follows:

Zero-field-cooled-warming (ZFCW): The sample was first cooled
down from room temperature to the lowest possible temperature with-
out any external magnetic field. Then, the desired magnetic field was
applied, and the magnetization data was recorded during the warming
cycle.

Field-cooled-cooling (FCC): In the presence of the desired magnetic
field, the temperature dependence of magnetization data was recorded
during the cooling process from room temperature.
Field-cooled-warming (FCW): After the completion of the above men-
tioned FCC measurement, the sample was warmed from the low tem-
perature to room temperature in presence of the same static magnetic
field, and the corresponding magnetization data was collected.
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Fig. 1. Profile fitted XRD pattern of polycrystalline Gd, oY, ;MnO; and Gd, Y, 3MnO,
compounds recorded at room temperature.

Table 1

Extracted lattice cell and refinement parameters of Gd,_,Y,MnO; (x = 0.1, 0.3)
compounds.

Compound ad bA A VA Rpuee Ry 27
Gdy oY, ;MnO, 5.800(7) 7.455(8) 5.308(6) 229.453(9) 1.936 1.262 1.46
Gdy,Y,;MnO; 5.820(3) 7.422(4) 5.294(3) 228.748(1) 2.631 1.590 1.45

3. Results and discussions

The room temperature XRD measurements indicate the single-phase
nature of the compounds shown in Fig. 1. It is observed that both the
compounds possess an orthorhombic crystal structure having a Pnma
space group. The refined lattice cell parameters (a, b, ¢, and unit cell
volume, V) and refinement factors (Rp,qe,, Ry, and x?) for both the
compounds are presented in Table 1.

A brief description regarding the ground state of the parent com-
pound (GdMnO;) should be discussed before the studied samples. A
few debatable reports regarding the ground state of GAMnO; have been
found in the literature [50,51]. In the context of effective ionic radius,
this material lies on the boundary between A-type AFM and cycloid
AFM phases [45,52]. In contrast to that Hemberger et al. had pointed
out the non-spiral nature of the magnetic ground state in the absence
of an external magnetic field [45]. This spiral nature of the magnetic
ground state introduced a spontaneous polarization in the presence of
a magnetic field [45,47].

In the present study, the magnetization as a function of temper-
ature at H = 100 Oe external magnetic field for Gdy¢Y,;MnO; and
Gdy ;Yo 3MnO; compounds are presented in Fig. 2 (a) and (b) respec-
tively. Similar to the GAMnOs;, the Gdy ¢Yy1MnO; sample transforms
from a PM state to an incommensurate AFM state near T = 42 K.
This incommensurate AFM phase is dominated by Mn3* ions, which
are aligned opposite to the direction of the applied magnetic field.
With further decreasing the temperature, the PM Gd** ions are started
to align along the applied field direction [45]. The competitive AFM
magnetization arising from the Gd** and Mn>* spins increases down
to 7 K. At the very low-temperature region (T < 7 K), the ZFCW
magnetization data indicates a decreasing nature due to the AFM
ordering of neighboring Gd>* spins [34,45]. On the other hand, such
AFM signature is hindered in the FCC/FCW magnetization data. The FC
magnetization increases monotonically with lowering the temperature.
However, for the Gd,;Y,3MnO;, the temperature dependence of mag-
netization curves follows the identical nature with a small kink at the
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Fig. 2. Variation of magnetization with temperature at H = 100 Oe in three different measurement protocols ZFCW, FCC and FCW for (a) Gd,¢Y,,;MnO; and (b) Gd,,Y,3MnO;
compounds. Insets show the variation of inverse susceptibility (1/y) with temperature for both the compounds.
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Fig. 3. Isothermal magnetization curve as a function of external magnetic field at T =
2 K. Blue data points shows the hysteresis for Gd, ¢Y,;MnO; compound and red data
points shows no such hysteresis for Gd,;Y,3MnO; compound. Inset shows the dM/dH
vs. H plots for both the compounds.

very low-temperature region. This suggests the existence of a dominant
AFM transition.

For a better understanding of the magnetic ground state, we have
plotted the inverse susceptibility (1/y) as a function of temperature
for both the compounds as shown in the respected insets of Fig. 2 (a)
and (b). We have fitted the 1/ vs. T plots using the Curie-Weiss law
(CW) of the form y = C/(T — 6cy,) (where C is the Curie constant). The
estimated values of Curie-Weiss temperature, 6., are —32 K and —42
K for Gdy ¢Yy1MnO; and Gd ;Y 3MnO; compounds respectively. The
negative value of 6.y, for both the compounds suggests the dominating
nature of the AFM ground states.

To get a deeper view of the magnetic ground state, we have mea-
sured the magnetization as a function of magnetic field at T = 2
K for both the compounds as shown in Fig. 3. With increasing the
magnetic field, a noticeable change in magnetization data has been
observed in the studied compounds. The isothermal magnetization data
indicates the predominant field-induced FM phase for both compounds.
In the first derivative of magnetization data (dM/dH vs. H) as shown
in the inset of Fig. 3, we have observed prominent peaks for both the
compounds. The peak positions are corresponding to the critical field
values (H) for meta-magnetic-type phase transition. This suggests the
presence of mixed magnetic phases (AFM+FM) in the studied systems
at low temperature regions. Additionally, the Gdj¢Y,;MnO; sample
exhibits a pronounced hysteresis loop. However, such hysteresis nature
is absent in the case of Gdy;Y;3MnO; compound. As the doping
concentration of non-magnetic Y3* ions increases, the FM correlation
between Y3+ and Gd3* ions becomes weaker in the presence of the
magnetic field. This can be observed in the M-H curves (Fig. 3) where
no such prominent hysteresis loop is present for the Gd, ;Yo 3MnO;
system. The reversible nature of the magnetization implies the mini-
mization of magnetic energy loss. Regarding this context, the presence

of magnetic field hysteresis in the M-H curves and the absence of
thermal hysteresis in the M-T curves should be a beneficial aspect for
the selection of any magnetic refrigerant materials.

According to the earlier report, a significantly large value of mag-
netic entropy change has been observed in the single-crystalline
GdMnO; compound [34]. For evaluating the magnetocaloric perfor-
mance of the compounds, we have carried out the isothermal mag-
netization measurements at several fixed temperatures. Some of the
selected magnetic isotherms are shown in Fig. 4 (a) and (b) for both
the compounds. The M2 vs. H/M curves (Arrott plot) from 2 K to 24 K
with a temperature difference of 2 K have also been plotted in Fig. 4.
In Fig. 4 (c) and (d), the positive slopes of the Arrott plots indicate
the second order nature of the magnetic phase transition for both the
compounds.

The magnetic entropy change (4S,) has been calculated using
Maxwell’s thermodynamics relation, which is given below:

H
Asz/ (0M /oT)dH (€D)]
0

The magnetic entropy change is directly related to the change in
magnetization of the sample with the temperature. Hence, a large value
of 4S,, should be expected only at the low-temperature region for the
present systems (Fig. 2). The estimated —4S,, as a function of tem-
perature for Gd, Y, ;MnO; and Gd, ;Y 3MnO; compounds have been
shown in Fig. 5 (a) and (b) respectively. The temperature dependent
—A4S,, exhibits a quietly large value at the cryogenic temperature region.
Due to the presence of a strong AFM ground state in the Gdy oY ;MnO;
system, the —4S,, vs. T curves show an inverse MCE at T = 3 K for a
field change of 10 kOe as shown in Fig. 5 (a).

In addition to the large value of —4S,,, the value of relative cooling
power (RCP) is also important for any refrigerant material. RCP simply
depends on the maximum value of —A4S,, and its temperature broaden-
ing. The value of RCP can be estimated by using the expression, RCP = |
— A4S | X AT gy, pr, Where —AS"e* is the maximum value of magnetic
entropy change at a constant applied field value and ATy, 4, is the
full-width at half-maxima of —4S,, vs. T curves. The variation of RCP
as a function of magnetic fields for Gdy Yy ;MnO; and Gd, ;Y 3MnO;
compounds have been presented in Fig. 5 (c) and (d) respectively. For
Gd ¢Y(.1MnOj3, the maximum value of RCP is 390 J/kg, and the corre-
sponding value of —4S""** is 22.65 J/(kg K) upon a field change of 70
kOe. For the Gdg Y, 3MnO; compound, the maximum value of RCP is
262 J/kg, and the corresponding value of —A4S"%* is 15 J/(kg K) for AH
= 70 kOe. In addition to the large value of —4S!"**, both the compounds
exhibit significantly large values of RCP at the cryogenic temperature
region. Regarding this issue, we have compared these maximum values
of magnetic entropy change (—4S/*) and RCP at the low-temperature
region with several other manganite compounds in Table 2. In contrast
to the single-crystalline GAMnO;, the magnetic anisotropy is highly
influenced the magnetocaloric properties for the polycrystalline form
of the compound [53]. As reported by Mahana et al. the maximum
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(c) and (d) represent the Arrott plots (M? vs. H/M) of the Gd,4Y,;MnO, and Gd,,Y,;MnO; compounds respectively.
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value of the magnetic entropy change (-4S"%) is reduced in the
case of polycrystalline form of the sample [53]. In our present study,
the value of magnetic entropy change for Gdy Y, ;MnO; compound
is higher and the same is comparable to the parent polycrystalline
GdMnO; compound in case of the Gdj,Y,3MnO; compound [53].
Moreover, the RCP values of both Y-doped compounds are higher than
the polycrystalline GAMnO; compound [53].

Additionally, the -4S, vs. T curves of Gdy¢Y,;MnO; and
Gd 7Yy 3MnO; compounds can also be understood using a universal

master entropy change curve [54,55]. For the second-order magnetic
phase transition, the universal master curve is constructed by normaliz-
ing the magnetic entropy change with their respective maximum value

48"e* and rescaling the temperature axis as 6 which is defined by

g _T-T) T<T @
= =Ty " <1,
(T -T)
0 = m ......... T > Tc (3)



A. Ahmed et al

1.2
(a) m 0-10kOe
’%‘ ® 0-20kOe
. 0-30 kOe
g 08 ¢ v 0-40 kOe
wn ‘; 0-50 kOe
3 $ < 0-60kOe
g L ) 0-70k0e
©» E’
g 04 » 2,
; K :
2o
[ )
0.0 Gdy4Y MnO3

-2 -1 0 1 2
0

Fig. 6. Variation of the normalized magnetic entropy change with reduced

Table 2
Comparison of magnetocaloric parameters (-4S”** and RCP) of several manganite
compounds at low temperature region.

Compound H (kOe) -48"* (J/kg-K) RCP (J/kg) References
Gdj Yo 1 MnO; 70 22.65 390 Present study
Gdy ;Yo 3MnO; 70 15.0 262 Present study
GdMnO; (c axis) 70 29.76 420 [34]
GdMnO; (a axis) 70 23.55 285 [34]
GdMnO; (polycrystal) 70 15.43 211 [53]

ErMnO, 30 9.4 - [41]

Gd, 5CaysMnO; 70 22.8 - [35]

Dy, 5Cay sMnO, 70 8.5 - [35]

Dy, 5SrosMnO; 50 4.0 144 [38]

Dy, 5(Srg9Cag1)osMnO; 50 2.5 113 [38]
Dy,.5(S10.,Cay3)9sMnO; 50 5.0 169 [38]
LaggCag,MnygFe),0;, 50 0.54 - [39]
Gd,CoMnOg 90 25.4 - [40]

where T,; and T,, are the reference temperatures of each -4S,, vs. T
curve corresponding to half of the maximum entropy change value.
The variation of the normalized entropy change curve with 6 of
Gdy 9Yy1MnO; and Gdgy;Yy3MnO; compounds are shown in Fig. 6
(a) and (b) respectively. It has been noticed that all the rescaled
normalized entropy change curves (for different magnetic field values)
are collapsed into one single master curve for both the compounds.
This confirms the occurrence of the second-order magnetic phase
transition at around 7 K [15]. Additionally, absence of reasonable
deviation in the universal curves indicates the absence of spin reori-
entation phenomenon or spin-glass transition in the present studied
compounds [15].

For the Gdg ¢Y( ;MnO; compound, all the three magnetization mea-
surement protocols show a similar trend at T > 42 K, but the ZFCW
magnetization curve does not follow the same track unlike the FCC or
FCW magnetization data below T < 42 K. A phase transformation of
Mn3* ion takes place from the PM state to an incommensurate AFM
state at T = 42 K for the parent GdAMnO; compound [34]. Due to
the absence of spontaneous magnetization, a drastic change in mag-
netization has not been observed in the parent compound [34]. With
further decreasing temperature, the ground states of Gd** sublattices
are coupled ferromagnetically with each other in the absence of any
magnetic field. At the same time, the strength of canting component
of Mn?* ions is small which results in a weak FM behavior at the very
low-temperature region. The clear evidence of this weak FM state is
shown in Fig. 3 as field hysteresis is present at the low temperature.
However, the scenario is completely different in the case of FCC and
FCW magnetization data as compared to the ZFCW magnetization
data. In the presence of an external magnetic field, all the Gd>* spins
are oriented parallel to the applied magnetic field direction and the
resultant magnetization increases with decreasing temperature due to
the large magnetic moment of Gd>* ions as compared to the resultant
magnetic moment of the canted Mn3* ions. The presence of weak
ferromagnetic behavior in the studied systems can also be understood
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with the doped non-magnetic Y>*-ions. As the Gd** (ionic radius is
1.107 A) ions are replaced by comparatively lower ionic radii-based
cations such as Y?*-ions (ionic radius is 1.075 f\), the unit cell pa-
rameters and volume decrease. The Mn-O-Mn bond angle and Mn-O
bond lengths are also reduced with the substitution of Y3*-ions [56].
When the doping concentration of the non-magnetic Y3+ is 10%, the
correlation among the Gd**-ions becomes weak. Due to the reduction
of Mn—-O-Mn bond angle, the resultant magnetic moment of the canted
Mn>*-ions increases which reduces the width of the FM hysteresis loop.
This feature is totally absent in the higher Y>*-doped compound (x
= 30%). In the case of virgin compound, each magnetic Gd**-ion is
coupled with the neighboring Gd**-ions and shows a weak FM state.
As the doping concentration of non-magnetic Y3*-ions increases, the
magnetic correlation becomes weak and the weak FM phase diminishes.

4. Conclusions

In summary, the magnetic and magnetocaloric properties of
Gdg9Yo.1MnO;3 and Gdgy,Y,3 MnO; compounds have been presented
in details. As a result of Y-doping on the Gd-site, the magnetic ground
state of the parent material (GAMnO;) is markedly modified. Addi-
tionally, the long-range FM interaction strength is suppressed with the
doping of Y3*-ion. For the 30% Y-doped sample, the FM hysteresis loop
in magnetization is totally disappeared. At the cryogenic temperature,
due to the large values of magnetic entropy change and other beneficial
aspects (insulating nature, high chemical stability, large RCP, small
or no thermal hysteresis), both the compounds can be considered as
promising magnetic refrigerant materials.
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