Open Access Article. Published on 22 May 2026. Downloaded on 5/24/2026 9:19:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

(3

View Article Online

View Journal | View Issue

{ ") Check for updates ‘

Cite this: RSC Ad\v., 2026, 16, 27655

Received 29th March 2026
Accepted 14th May 2026

DOI: 10.1039/d6ra02602h

Cryogenic magnetocaloric effect in a disordered
double-perovskite Gd,MnZnOg

Dimitar N. Petrov,® J. Cwik, ©2° Yu. S. Koshkid'ko, ©2° M. Babij,® T. A. Ho,®
T. L. Phan,@*¢ D. T. Khan,® N. T. Dang, ©2¢" K. T. H. My? and D.-H. Kim*?

This work presents an investigation on the structural characterization, magnetic behavior, and cryogenic
magnetocaloric (MC) effect of a disordered double-perovskite Gd,MnZnOg prepared via a solid-state
reaction method. Powder X-ray diffraction analysis reflects that the title compound crystallizes in an
orthorhombic structure with the Pnma space group. Its MC performance has been systematically
assessed by means of the magnetic entropy change (|AS,,|), adiabatic temperature change (AT,q) and
heat capacity C,. As a result, under an applied field of 40 kOe, the directly measured AT.q reaches
approximately 2.6 K. Meanwhile, the largest |AS,,| and relative-cooling power values (RCP) are about 19
J kg™t Kt and 331 J kg%, respectively, for a magnetic-field change of 90 kOe. Such large values of the
parameters characteristic for the MC effect make Gd,MnZnOg a promising candidate for cryogenic
magnetic refrigeration. Furthermore, analysis of the M(T, H) and |AS..(T)| data around the magnetic-
phase transition indicates the presence of short-range magnetic order. This behavior is attributed to the
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1. Introduction

Magnetic cooling based on the magnetocaloric (MC) effect
represents an attractive, energy-efficient alternative to conven-
tional gas-compression refrigeration technology for both cryo-
genic and near-room-temperature applications. The MC effect is
quantified most often by the isothermal magnetic entropy
change (|ASy,|), adiabatic temperature change (AT,q), and rela-
tive cooling power (RCP) or refrigerant capacity (RC) for a given
magnetic-field change (AH).' Lanthanide-containing oxides,
and particularly Gd**-bearing compounds, are among the top
MC-effect performers because the half-filled 4f subshell of Gd**
produces a large, nearly isotropic magnetic moment
(ks = 7.94) due to zero orbital angular momentum (L = 0)
that can be efficiently magnetized by an applied magnetic
field.>® This fact makes Gd-rich oxides highly promising for
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coexistence of competing ferromagnetic and antiferromagnetic interactions in Gd,MnZnOg.

cryogenic refrigeration, where large entropy extraction per unit
mass at low temperatures is required.

Double-perovskite oxides typically follow the general
formula Ln,BB'O¢ (Ln - lanthanide element, B/B’ - transition or
main-group cations) and provide a chemically flexible frame-
work for engineering magnetic interactions between 3d and 4f
sublattices. In the family of Gd-containing double perovskites,
two qualitatively different magnetic scenarios appear repeatedly
in the literature and lead to fundamentally different MC
behavior.** First, when the B/B’ sites contain magnetic 3d ions
(like Ni, Co, and Mn arranged in an ordered rock-salt structure),
double-exchange among 3d moments produces a transition to
long-range ferromagnetic (FM) order at moderate tempera-
tures.” The 3d sublattice ordering interacts with the large Gd**
moments thus producing a large |AS,,| value near the 3d-
ordering temperature and additional low-temperature contri-
butions when the Gd sublattice is magnetized. Representative
examples are Gd,NiMnO, and Gd,CoMnOg, which show FM
ordering at temperatures below the Curie temperature (7¢) of
about 130 and 112 K, respectively, and a large cryogenic MC
effect: Gd,NiMnOg reaches |ASy,| = 35.5 ] kg™ ' K~ ' (AH = 70
kOe) with AT,q = 10.5 K, while the polycrystalline Gd,CoMnOg
shows smaller values of |AS,,| =24 J kg™ ' K" at AH = 70 kOe.®
These materials are notable because they combine a high |AS,|
and an insulating/low-loss character that is attractive for
refrigeration applications at liquid-He and liquid-H, tempera-
ture ranges. It is also shown that Gd,CoMnOs single crystal
exhibits large anisotropic and rotational MC effect (MCE) due to
Co-Mn sublattice anisotropy which changes the magnetization
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along different crystallographic directions, resulting in different
|AS;,| values and reversibility between polycrystalline and
a single crystal sample.®

Second, when one or both B-sites are occupied by nonmag-
netic ions with d° or d'° configurations such as Ti** or Zn>",
respectively, the super-exchange interactions between Gd** ions
are small or frustrated by lattice geometry, then the system
behaves like a dense lattice of almost free Gd spins down to very
low temperatures. Yang et al.'® reported an enormous |ASy|
value of ~53.5 ] kg™' K™, and RCP = 620.6 ] kg~ " at a field
change AH = 90 kOe, and AT,q = 23.7 K for a disordered
double-perovskite Gd,ZnTiOs. These values exceed those of the
benchmark for magnetic cooling Gd;Gas0;, (GGG) in the same
magnetic field change. The enhanced performance in such Zn/
Ti-containing double perovskites is attributed to the minimal
3d-4f super-exchange interactions and the resulting free-spin-
like response of the Gd sublattice. Comparing the two
scenarios highlights the tunability of the double-perovskite
motif: inclusion of magnetic 3d ion (Mn) shifts the MCE to
higher temperatures set by the 3d-ordering, whereas substitu-
tion by nonmagnetic B-site ions (Zn, Ti) suppresses the coop-
erative 3d order and shifts the maximal MCE to lower
temperatures with potentially larger per-mass magnetic entropy
change due to nearly complete extraction of the Gd**
entropy.>*™ The FM ground state of a sol-gel synthesized
Gd,ZnMnOg has been proposed by both experimental study and
first-principles calculations.*? In the same work, the MCE of this
polycrystalline sample has also been investigated in detail, thus
providing values of |AS,| = 25.2 ] k¢! K~ ! and corresponding
RCP = 407 ] kg™ ' for AH = 70 kOe. Because of the low ordering
temperature (Ty;) of ~6.4 K and the first-order phase transition
(FOPT), Gd,ZnMnOg has been suggested as a promising
candidate for magnetic cooling in the liquid He temperature
range. Despite the extensive investigation of Gd-based double
perovskites for low-temperature magnetic refrigeration, most
reported systems are either magnetically well-ordered or exhibit
relatively simple PM-AFM transitions. In contrast, Gd,MnZnOg
introduces significant B-site disorder through partial substitu-
tion of Mn ions with nonmagnetic Zn>* ions, leading to dilution
of exchange pathways and enhanced magnetic complexity.

Based on these facts, it can be concluded that the rare-earth
double perovskites present an opportunity: by rational B-site
substitution, ie. mixing magnetic and nonmagnetic ions,
adjusting B-site valence and ionic size, one can tune the balance
between super-exchange interactions strength and magnetic-
ordering temperature, and |AS,,| and RCP/RC parameters.
Although the MCE of a sol-gel synthesized Gd,ZnMnOg, sample
has already been studied upon |AS,,| and RCP," no attempts
have been made so far for systematic investigation of MC
behavior by means of the heat capacity (Cp) and AT,q data. This
work therefore focuses not only on the magnitude of MC
response, but also on its evolution in a magnetically inhomo-
geneous environment. The observed broad entropy change,
deviation from universal scaling behavior, and enhanced RCP
highlight the role of disorder and competing interactions in
tuning MC performance. Such behaviors, which are less
explored compared to structurally ordered Gd-based
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compounds, provide valuable insight into the design of mate-
rials with broadened working temperature ranges. In this
context, the present study aims to investigate the cryogenic MC
properties of a Gd,ZnMnOg sample fabricated via solid-state
reactions. For practical applications, the direct measurement
of AT,q, combined with its indirect determination from C}, and
magnetization (M) data, offers more comprehensive and reli-
able information. By comparatively analyzing the MCE using
multiple approaches - including |AS.,|, Cp, direct/indirect AT,q,
and RCP/RC - we can gain more insights into this complex
material system.

2. Experimental details

In this study, a polycrystalline Gd,ZnMnOs sample was
synthesized via a conventional solid-state reaction (SSR) in air.
Stoichiometric amounts of high-purity precursor oxides of
Gd,03, MnO, and ZnO (99.9%, Aldrich) were thoroughly mixed
and ground, followed by calcination at 950 °C for 5 h. The
calcined mixture was then reground and pre-annealed at 1250 °
C for 6 h. Finally, it was ground again, pelletized under
a uniaxial pressure of ~3 tons, and then sintered at 1320 °C for
12 h to ensure phase formation and improve crystalline quality.
During sample synthesis, the heating and cooling rates were
fixed at 3 °C min~". After sintering and cooling to room
temperature, the crystalline structure of the product was char-
acterized using an X-ray diffractometer (Bruker D8, Discover)
using the radiation source of Cu-K, with A = 1.5406 A. The
particle morphology of the fabricated sample was examined
using a field-emission scanning electron microscope (SEM,
JSM-5410LV) equipped with energy-dispersive X-ray spectros-
copy (EDS) working in the energy range E = 0-20 keV.

Magnetization vs. temperature, M(7), measurements were
performed using a PPMS-9 setup (Quantum Design) in a 2-300
K temperature range, with a temperature sweeping rate of 1.0
K min~*. The measurements were carried out in DC magnetic
fields of 1 kOe. Isothermal magnetization curves, M(H), were
measured in the temperature range of 2-38 K, with a 37 step of 2
K and applied magnetic fields of up to 90 kOe. The temperature
and AT,q values of the sample were directly measured using
a differential type-E thermocouple. This thermocouple was
connected to a Keithley 2182A nanovoltmeter. The calibration
of the thermocouple allowed the absolute temperature to be
determined with an accuracy of at least 0.1 K, and the adiabatic
temperature change with an accuracy of at least 0.02 K. It is
necessary to add that the PPMS-9 instrument (for standard
measurements) designed to provide high-precision data was
used for the measurements is equipped with temperature
sensors and a cryostat. Taking this into account, along with the
fact that the addenda were measured according to standard
procedures and the sample was mounted in an optimal
configuration using Apiezon N (with the sample mass and
geometry also being optimal for C, measurements).

MC behavior was evaluated upon |AS,,|, RCP and RC that
were calculated by using the following expressions:*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In these expressions, 37T is known as the full width at half
maximum of the |ASy(T)| curve that also introduces two
temperature points Ty and T;, defined as cold and hot sides,
respectively. The heat capacity was measured in a temperature
range of 2-100 K in a zero magnetic field and fields of 10 and 40
kOe using a PPMS-9 Heat Capacity System (Quantum Design).
The entropy curves S(T, H) for magnetic fields H = 0, 10 and 40
kOe have been derived from the experimental heat capacity data
Cp(T, H) by integrating from 50 K to 2 K, as described in ref. 1, 3
and 13. Then, by subtracting the curve of S(7, 0) from the S(T, H)
set, |ASm(H, T)| dependencies have been obtained. The calcu-
lations of AT,q4(T, H) have been carried out in a similar manner.
Thus, |ASw(H, T)| and |AT.q(H, T)| have been calculated from
the heat capacity (Cp) measured in the presence (Cy) and
absence (C,) of magnetic field using the following equations:*

T
Guar - |
T 0

ASW(H,T) = JT

0 %’dT=SH(TH)_SO(T0) (4)

AT,(H, T) = T(Su) — T(So) (5)

The calculations were performed with allowance for Ty = T,
(isothermal conditions) in eqn (4) and Sy = S, (adiabatic
conditions) in eqn (5).

For the direct measurement of AT,q, an experimental system
described in detail by Koshkid'ko et al.*®* was used. Experiments
were performed on the sample in magnetic fields up to 18 kOe
generated by A Halbach-type magnetic field source using
permanent Nd-Fe-B magnets (AMT&C Group). The tempera-
ture of the sample was measured with a differential thermo-
couple, and a Hall sensor placed in the sample holder was used
to measure the magnetic field. A thermal screen around the
sample helped to minimize heat losses to the environment.

3. Results and discussion

Fig. 1(a) shows a SEM image of our fabricated sample of Gd,-
MnZnOg. The sample appears to consist of irregular particles
with random crystallographic orientations. These particles are
agglomerated to form a polycrystalline ceramic material. There
are also micrometer-sized interstices among the particles. The
particle-size distribution histogram, as presented in the inset of
Fig. 1(a), indicates an average particle size of approximately 1.9
pm. Upon analyzing EDS data for Gd,MnZnO, it is observed
that the spectrum shows the presence of only Gd, Mn, Zn, and O
elements, as illustrated in Fig. 1(b). The average concentrations,
in both mass and atomic composition percentages, were esti-
mated from the integrated intensities of the corresponding EDS

© 2026 The Author(s). Published by the Royal Society of Chemistry
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peaks. These results are tabulated and presented in the inset of
Fig. 1(b). Comparing with the ideal stoichiometry (59.35% Gd,
10.37% Mn, 12.34% Zn, and 17.94% O), slight deviations are
observed in experimental composition. These differences are
attributed to slight nonstoichiometry and limitations of EDS
measurements. In particular, a small degree of oxygen defi-
ciency (within a few percent), as estimated from EDS data,
would lead to the coexistence of Mn*" and Mn>" ions, based on
charge balance considerations and comparisons with related
double perovskites.'> Together with Gd**, these mixed-valence
states significantly influence the magnetic and MC properties
of Gd,MnZnOg, as discussed below.

The crystal structure of the synthesized Gd,MnZnO, sample
was also analyzed using X-ray diffraction (XRD). Since the
degree of cation ordering in double perovskite samples strongly
depends on the synthesis route, structural models with B-site
cation ordered and cation-disordered configurations were
tested against the experimental data. As shown in Fig. 2, the
XRD pattern is well described by a single orthorhombic Pnma
disordered perovskite phase, which is a main part of the
structural diagram of the perovskite compounds.** The refined
lattice parameters were obtained as a = 5.635(1) A, b = 7.574(1)
A, and ¢ = 5.324(1) A. For the cation-ordered configurations,
Rietveld refinements reveal that structural models with space
groups P2,/n and P2,/c, as reported in ref. 12 and 15 are able to
reproduce the experimental data. However, these models do not
provide a significant improvement in fit quality, despite the
substantially larger number of refined parameters. Moreover,
the absence of any superlattice reflections characteristic of B-
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Fig. 1 (a) SEM image with a particle-size distribution histogram (the

inset), and (b) EDS spectrum of Gd,MnZnOg, with a table showing the
mass and atomic percentages of the elements Gd, Mn, Zn and O
present in the sample.
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Fig. 2 XRD data for Gd,ZnMnOg were analyzed using a disordered
Pnma perovskite structural model. The open circles denote the
experimental data points, and the solid line represents the fitted profile
obtained through Rietveld refinement. The ticks below represent
calculated positions of the nuclear peaks from the Pnma ortho-
rhombic structural phase.

site cation ordering supports the presence of the disordered
Pnma perovskite structure of our Gd,MnZnOg sample.*®
Regarding the magnetic behavior, Gd** is known to occupy
a unique position among the Ln series due to its half-filled 4f
electronic configuration (4f”). This leads to a highly symmetric
electronic structure characterized by a pure spin ground state.
According to Hund's rule, Gd** has J = 7/2 (the total angular
momentum) because of § = 7/2 (the spin angular momentum),
and L = 0 (as mentioned above), corresponding to the ground-
state term °S;,,.'” As a consequence, its magnetic behavior is
governed purely by spin magnetism. Additionally, due to L = 0,
Gd®" ion is essentially insensitive to crystal-field effects,
resulting in an effective-magnetic moment value close to the
spin-only value, pegi = 7.94 up as found experimentally in many
systems. This remains nearly temperature-
independent in the paramagnetic (PM) region and reflects
ideal Curie-Weiss behavior.> Furthermore, the coexistence of
Gd*" ions with a transition metal ion (like Mn) introduces
additional 3d-4f (or d-f) exchange interactions, which can lead
to complex magnetic ordering phenomena as shown below.
Fig. 3(a) represents the temperature-dependent magnetiza-
tion, M(7), in the range of 2-300 K for H = 1 kOe (0.1 T),
measured under zero-field-cooled (ZFC) and field-cooled (FC)
protocols. For the Mzpc(T) curve, it is seen that M increases
gradually with 7, thus achieving a clear maximum value at 4.8 K,
see the inset of Fig. 3(a). This point is assigned to the Néel
temperature (Tx), which is related to the antiferromagnetic-
paramagnetic (AFM-PM) phase transition driven predomi-
nantly by Gd**-Gd*" (f-f) super-exchange interactions. This
assignment is further supported by the corresponding A-type

3,18-21 Value
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Fig. 3 (a) ZFC/FC M(T) and x X(T) curves of Gd,MnZnOg at the field H
= 1 kOe, in which the inset represents an enlarged view of experi-
mental data at temperatures T =2-10 K, indicating Ty and T, values. (b)
dMzec(T)/dT curve at the same field, which shows Ty associated with
the FM—PM transition temperature ascribed to FM exchange interac-
tions of Mn**—Mn*" pairs.

anomaly observed in the heat-capacity data below. Above Ty, the
rapid decrease of M becomes more gradual as T increases
beyond 50 K. A similar trend is observed in the Mgc(T) curve
over the entire investigated temperature range, however, the FC
curve does not exhibit a maximum at Ty, as observed in Gd,-
MnCuOg and Li,CoCl,.**** This behavior may be associated
with field-induced alignment of magnetic moments, resulting
in a suppressed AFM transition signature. We also observed the
so-called irreversibility temperature, T, = 8.5 K, the inset of
Fig. 3(a), where the ZFC and FC magnetization curves begin to
diverge. This bifurcation between the ZFC and FC curves indi-
cates the existence of AFM/FM clusters and cation disorder.
These factors cause a local anisotropic field in the sample that is
usually assigned to magnetic frustration and/or magnetic
inhomogeneity.”**® Such features differ from those reported by
Li et al.** for the sol-gel synthesized Gd,MnZnO, sample. We
assume that these differences likely originate from synthesis-
dependent microstructural effects. It is well known that the
sol-gel route typically yields smaller grains, higher surface-to-
volume ratios, and a larger concentration of defects compared
to the sample prepared by the SSR method carried out at high
temperatures. Such microstructural differences in the material
would influence the effective anisotropy field (H,,), influencing
ZFC/FC splitting and field response. In our Gd,MnZnO, sample,
it is believed a mixed-valence state of Mn** and Mn®*" ions
(notably, this is an inferred interpretation based on EDS-related
considerations rather than a direct measurement). Besides
Gd*"-Gd*" AFM super-exchange pairs, this can stimulate weakly
FM exchange interactions of Mn*'-Mn** (d-d) pairs, and AFM
super-exchange interaction of Mn*"**-Gd>" (d-f) ones, causing
competing FM and AFM behaviors. In other words, the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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differences in magnetic behavior between the SSR and sol-gel
samples can be due to variations in microstructure, cation
distribution and oxygen stoichiometry arising from the
different synthesis routes. These factors influence the ratio of
Mn**/Mn**, and the strength of exchange interactions (Gd-Gd,
Gd-Mn, and Mn-Mn), leading to changes in ZFC/FC splitting,
transition temperatures, and the total effective magnetic
moment. Additionally, the presence of the nonmagnetic Zn>*
ions is expected to cause a random dilution on the Mn sub-
lattice and local structural distortions, potentially leading to
frustrated cluster-like magnetic states in the sample. Further
analysis of the x'(T) curve, presented in Fig. 3(a), shows that
the data follow the Curie-Weiss (CW) law in the PM region. This
law is expressed as x(T) = C/(T — 6cw), in which C represents the
Curie constant (C = uoNaup’tesi/3ks), and Ocw is the CW
temperature. A linear fit of the x () dependences yields C =
196.1 ] K mol ' T~2, and a negative interception of fcyy = —11.3
K with the T-axis. The negative value of fw also indicates the
predominant AFM interactions in this material system. The
simultaneous existence of AFM and FM phases are ascribed to
exchange interactions between Gd** and Mn**/Mn*" ions, as
mentioned above. If Mn*" ions are dominant in the host lattice,
we could calculate the theoretical magnetic moment u, of the
sample according to the expression:

Mm=={2<ﬂgf+>2+(MZ?L>2}U2- (6)

with ue9" and pe™™"” being 7.94 g and 3.87 ug respectively,
we have obtained u, = 11.88 ug. The experimental effective
magnetic moment (u.p) of the sample has been determined via
the equation: piex, = (3kC/uoNaps®)""> = 12.5 pp. It should be
noted that the obtained ., value is quite close to that of sol-
gel synthesized sample of 12.3 ug."” The slightly higher value of
Uexp could be explained with a slight oxygen deficiency which
causes a change of the oxidation state of the Mn ions from (4+)
to (3+). Mn*" (d*, § = 2) has a higher effective magnetic moment
of tege = 4.90 g, thus a small fraction of Mn>" ions increases the
total magnetic moment of the sample.

Notably, in the low temperature region from 15 to 35 K, we
have also observed a broad maximum in the x *(7) curve. At
such temperatures, when the spin-spin interaction energy
becomes comparable to the thermal energy (kgT), long-range
magnetic order is suppressed. As a result, the magnetic
susceptibility develops a characteristic broad hump, a feature
commonly seen in zigzag-chain compounds such as SrCuTe,-
0,.27%® Numerous theoretical studies of one-dimensional spin-
chain models have reproduced this characteristic broad peak
in the magnetic susceptibility.”®* Interestingly, such feature
has not been observed in the sol-gel synthesized sample.”> The
diverse phenomena associated with low-dimensional magne-
tism have been extensively discussed elsewhere,***' and the
work of Landee and Turnbull provides a particularly in-depth
analysis of the magnetic susceptibility in such systems.*

Particularly, analyzing the dMzpc(T)/dT data, in addition to
Tx, (see Fig. 3(b)), we have observed a clear minimum at ~7 K
marked as Ty, which could be considered as the FM-PM

© 2026 The Author(s). Published by the Royal Society of Chemistry
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transition, i.e., the Curie temperature (7¢). In fact, the simul-
taneous observation of two inflection points Ty and Ty is
a common feature in the Ln-transition metal systems. It is
indicative of the existence of mixed magnetic states (AFM and
FM) in Gd,MnZnOg at low temperatures. As above, we have
suggested that Gd**-Gd*" (f-f) and Gd**-Mn*"*" (f-d), and
Mn**-Mn*" (d-d) interactions are proposed to give rise to AFM
ordering at the main transition temperature (Ty), and FM
component associated with Ty, respectively, resulting in a two-
step magnetic behavior. The first-derivative method is more
sensitive in detecting Ty, which appears at a higher tempera-
ture than Ty.

When considering the M(H) data measured at 2 K, we ob-
tained a very negligible coercivity H. = 0.4 kOe. However, at T =
10 K (>Ty and Ty), the M(H) curve is analogous to super-
paramagnetic state with H, = 0,*® suggesting persisting FM/AFM
clusters confined in a PM matrix. These findings are presented
in Fig. 4(a and b) and in agreement with the splitting and
overlapping of the Mzrc(T) and Mgc(T) curves in the FM/AFM
and PM states, respectively, thus proving the soft-magnetic
behavior of the Gd,MnZnOg double perovskite sample. Such
soft-magnetic feature is highly desirable for MC applications
due to reduced magnetic hysteresis losses.

A close examination of the isothermal M(H) curves of Gd,-
MnZnO¢ recorded between 2 and 38 K, shown in Fig. 5(a),
reveals that M increases gradually as H rises from 0 to 90 kOe.
Concurrently, at lower temperatures, M exhibits a nonlinear
dependence on H, particularly in the low-field region. Mean-
while, with increasing T, M(H) dependences become linear.
These features are associated with the alignment of the

100

-20
-10 -5 0 5

H (kOe)
Fig. 4 (a) Full M(H) hysteresis curves of Gd,MnZnOg measured at

temperatures T = 2 and 10 K, with magnetic-field changes up to 90
kOe; (b) an enlarged view of M(H) data at low fields, H < 10 kOe.
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Fig. 5 (a) Representative M(H) data at temperatures T = 2-38 K, and
inverse Arrott plots of H/M vs. M? at (b) low fields and (c) high fields, in
which temperature increments were fixed at 2 K.
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magnetic moments to the H direction, and the transition of FM-
and AFM-mixed states to the PM state under the increased
thermal energy. It is noteworthy that no clear saturation of
magnetization is observed even at H = 90 kOe. This result
suggests magnetic inhomogeneity and short-range magnetic
ordering in Gd,MnZnOg, which hinder complete spin align-
ment under the applied field. Furthermore, the inverse Arrott
plots (M/H vs. M*)** at T = 2-16 K are presented in Fig. 5(b and
¢). These plots provide further insights into the magnetic-phase-
transition nature. Particularly, the slopes of some curves at low
fields and temperatures are negative, while at high fields and
temperatures they become positive (see Fig. 5(b)). These char-
acteristics are consistent with a short-range AFM/FM state and
FOPT character, suggesting magnetic inhomogeneity.

Fig. 6(a) shows the temperature dependence of |AS,,| for
Gd,MnZnO, under magnetic fields ranging from 5 to 90 kOe; in
which based on measurement resolution and data spacing, the
uncertainty in |AS,,| is estimated to be within +5%. These data
demonstrate that |AS,,| depends on both T and H, and consis-
tently increases with increasing H at any given T. The strongest
magnetic-entropy change (|ASmax|) take place around the AFM/
FM-PM transitions (Tx = 4.8 K, and Ty = 7 K). Under the
maximum applied field of 90 kOe, |ASy.x| reaches approxi-
mately 18.8 J kg™' K~ '. The inset of Fig. 6(a) indicates that
|ASmax(H)| dependences can be expressed by a power-law rela-
tionship of the type y = a x H", with a = 0.04 and n = 1.4. In fact,
n is associated with the magnetic ordering parameter derived
from another parameter, N, defined as follows:*

d In|ASH (T, H)|
dIn(H) '

N(T,H) = (7)

20¢ B Exp. data

| (Jkg.K)

90

1AS, | (J/kg.K)

T (K)

Fig. 6

400

10 20

T (K)

(a) |ASm(T)] and (b) N(T) data of Gd,MnZnOg at different applied fields with steps fixed at AH = 5 kOe; the inset represents |ASax(H)| data

fitted to a power function y = 0.04 x H* (solid curve), with error bars of ~2%.
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For long-range ferromagnets, N approaches 1 and 2 in the
limits T <« Tc and T > Tg, respectively, and reaches
a minimum value 2/3 at T = T¢. Accordingly, n = N(T¢), and
|ASmax| o H??, as predicted by mean-field theory (MFT).** For
our system of Gd,MnZnOg, though N at temperatures T > T¢
approaches 2 and is less dependent H (corresponding to the
complete PM region), its value at T < 25 K (covering both Ty, and
Twm or T¢) is different from above theorical descriptions, and
strongly H-dependent. At Ty or T, the minimum N can change
in the value range of 1.1-1.8, as shown in Fig. 6(b). Clearly, the
values of n (=1.4 obtained from fitting |AS,.x(H)| data to the
power law) and N(Ty/T) are notably larger than the MFT value
of 2/3 (~0.67), and typical values observed for most MC mate-
rials (n = 0.5-0.8).%*>** Such high value suggests the presence of
short-range magnetic order and disorder effects in the sample,
which are associated with the coexistence of f-f and f-d and d-
d interactions between Gd*', Mn®*" and Mn*" ions in Gd,-
MnZnOe. Similar large exponents have been reported in
unconventional FM systems exhibiting short-range magnetic
interactions.”®*?*® As discussed above, this behavior may origi-
nate from the coexistence of AFM/FM interactions and the likely
associated magnetic inhomogeneity.

To evaluate the feasibility of Gd,MnZnOs double perovskite
as a potential refrigeration material, it is necessary to consider
not only |AS,|, but also the relative cooling power (RCP) and
refrigerant capacity (RC)."”** These two quantities have been
calculated according to eqn (2) and (3). Fig. 7 shows the field-
dependent RCP and RC values. The results reveal a gradual
increase in both parameters with increasing H up to 90 kOe.
Similar to other reported systems,>>***> the RCP values are
consistently higher than the RC values. Under an applied
magnetic field of 90 kOe, the RCP and RC values reach
approximately 331 ] kg™ and 230 J kg *, respectively. According
to eqn (2) and (3), achieving large values of these quantities
requires a MC material exhibiting both large maximum entropy
changes (|ASmax|) and the broad phase-transition region. We

B RCP data
300F —y= 0.3*H"%®
® RC data
y - 0'3,\.H1.48
)
X
5/ 200
O
[h'd
o
O
& 100

0 20 . 40 . 60 . 80
H (kOe)

Fig. 7 H-dependent RCP and RC data of Gd,MnZnOg fitted to
a power function of y = b x H™, in which error bars are about 3%.
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believe that B-site disorder induced by the Zn presence modifies
local exchange pathways between Gd and Mn ions by intro-
ducing competing interactions and disrupting magnetic
coherence, thereby weakening the dominant magnetic
ordering. Consequently, the magnetic transition becomes more
diffuse (i.e., broader phase-transition region), leading to an
increased RCP/RC. Further analysis of RCP(H) and RC(H)
dependencies indicates both these quantities obeying a power—
law relationship of y = b x H™, where b = 0.3 and m = 1.56 for
RCP, and b = 0.3 and m = 1.48 for RC, as illustrated in Fig. 7.

The temperature dependence of heat capacity, Cp(T), of
Gd,MnZnO¢ was also investigated in the temperature range of
2-100 K under applied magnetic fields of 0, 10, and 40 kOe, as
graphed in Fig. 8. Herein, C,, measurements carry an estimated
uncertainty of £2-3% due to calibration of the calorimetric
system. A clear A-type anomaly is observed at ~3.4 K, which is
slightly lower than the Ty value obtained from the M(T) data,
corresponding to the AFM-PM phase transition. In fact, the Ty
value determined from magnetization measurements is often
higher than that inferred heat-capacity data. This discrepancy is
commonly observed in AFM and FM systems and arises from
the different sensitivities of magnetic and thermodynamic
probes. While magnetization measurements directly detect the
onset of long-range magnetic order, the heat capacity reflects
changes in entropy and can be influenced by the development
of short-range magnetic correlations above Ty, which may lead
to a broadened anomaly and a peak at lower temperatures. In
addition, critical fluctuations, magnetic inhomogeneity, and
measurement conditions performed for two M(T) and Cp(T)
measurements can also shift the apparent transition tempera-
tures. It should be noticed that with increasing H, the maximum
value of the Cp(T) curves gradually decreases while the
maximum-peak position shifts slightly towards low tempera-

tures. Moreover, for the measurements performed in
200
% Gd,MnZnO,
40
160 | ) rt\ﬂw/
< Saf {
212017
2
a % 5 10
O s} T(K)
—=—H=0kOe
40 &
] =—H=10kOe
[t H = 40 kOe
0 " 1 " 1 " 1 " 1
0 20 40 60 80 100

T(K)

Fig. 8 Temperature dependences of C, for Gd,MNnZnOg measured in
zero, 10 and 40 kOe magnetic fields. The inset displays the magnified
view of C(T) data at T < 30 K. The A-type anomaly associated with the
AFM—PM transition slightly shift to lower temperatures as increasing H.
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Fig. 9 T-dependent ASi, and |AS,,| data (in comparison) of Gd,-
MnZnQOg calculated from C,(T) (closed symbols) and M(H) measure-
ments (open symbols) for AH = 10 and 40 kOe, in which error bars are
about 3%.

a magnetic field of 40 kOe, it can be observed that after reaching
the maximum of C;, at Ty, a further increase in Cj, is observed
with increasing T, leading to a broad cusp in the vicinity of 18 K.
This anomalous behaviour can be attributed to the Schottky
contribution that arises from the crystal-field splitting of
degenerate ground state energy levels of Gd*", similar to that

View Article Online
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described in other double perovskites such as Ba,MgLnOg and
Ba,ZnLnOg.*”

Fig. 9 shows the temperature dependencies of |AS,,| ob-
tained from C, measurements and, for comparison, from M
measurements in magnetic fields of 10 and 40 kOe. Both the
maximum values and the shape of the of |AS,(T)| curves agree
well. The maximum |AS,,| reaches approximately 0.7 J kg™ ' K™*
near 4.8 K at 10 kOe. For a magnetic field of 40 kOe, this
maximum is shifted to a higher temperature, ie., 6.2 K, and
reaches a value of 6.3 ] kg~ " K. The slight differences between
the curves obtained from C;, measurements and those derived
from M measurements are ascribed to the measurement accu-
racy of both methods. As shown by Pecharsky et al.,* the typical
accuracy of the determination of |AS,,,| from M measurements is
in a range of 3-10%, and this error may become significantly
higher for small |AS,,| values. Compared to structurally ordered
Gd-based double perovskites, which often exhibit sharper
magnetic transitions and higher peak entropy changes, the
present system shows a reduced |AS,,| but broader temperature
dependence. This fact emphasizes the inherent trade-off
between achieving a high peak MC response and maintaining
a broad operational temperature range.

For the application aspect, it is necessary to assess the
adiabatic-temperature change (AT,q) of Gd,MnZnOg double
perovskite under different applied fields. First, it can be indi-
rectly derived from the Cp,(T) measurements for AH = 10 and 40
kOe combining with eqn (4) and (5). These data are shown on
Fig. 10(a). As expected, the H increase leads to an increase of
AT,q. For AH = 10 and 40 kOe, the maximum adiabatic-
temperature changes at T = 12 K are equal to ~0.3 and 2.6 K,

3.0 0.8
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L (a) (b) 15 kOe (direct)
! 10 kOe (direct) 1
25F S - 5 kOe (direct)
] . ——10kOe (C,, indirect)
L I.' \. - P 40.6
. \ H=40kOe "
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< | ) <
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Fig. 10
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(@) AT,q4(T) indirectly obtained from C,(T) data at fields 10 and 40 kOe, and (b) AT,4(T) dependences obtained from direct measurements

(symbols) at magnetic-field changes up to 18 kOe and based on C,(T) data (solid line) at 10 kOe for comparison.
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Tablel A comparison table showing MC parameters of Gd,MnZnOg compared with those reported on Gd-based double perovskites at different

magnetic-field variations

Compound Synthesis method Tn(Tc) (K) H (kOe) |ASmax] J kg K1) AT,q (K) RCP/RC (J kg™ 1) Ref.
Gd,MnZnOg SSR 4.8(7) 40 6.3 2.6 95/70 This work
90 18.8 — 331/230
Gd,MnZnOg Sol-gel 6.4 50 15.2 — 226.2/— 12
Gd,MnCuOgq SSR 4(8.5) 20 1.7 0.7 31/26 22
85 16.8 — 413/303
Gd,MnNiOg SSR 130 70 35.5 10.5 — 8
Gd,MnCoOq SSR 112 70 24 6.5 — 8
Gd,MnCoOgq Flux 112 90 25.4 8.3 — 9
Gd,ZnTiOg Flux-assisted SSR 2.4 90 53.5 23.7 620.6/— 10
Gd,FeCrOq Sol-gel 220 70 38.6 — 418/— 4
Gd,MgTiOg Sol-gel 3.3 70 46.2 — —/300.3 40
Gd,FeCoOg Sol-gel 4.9 70 21.6 — 346/— 41

respectively. Notably, the AT,4(7) curves around 4 K show
unusual features, especially for AH = 10 kOe, probably related
to spin reorientation.’*” Additionally, we have directly measured
AT,q values of Gd,MnZnOg for magnetic field changes from 5 to
18 kOe by using a differential thermocouple. It should be
noticed that AT,q obtained both directly and indirectly is
subject to uncertainties related to temperature sensor calibra-
tion, thermal lag, and heat exchange. The overall uncertainty in
AT,q is estimated to be approximately +0.1-0.2 K. The obtained
results are shown in Fig. 10(b), which are also compared with
AT,q(7T) obtained indirectly from Cp(T) at 10 kOe. It is seen that
the values of AT,q which have been obtained by the direct
measurements and by indirect method performed for 10 kOe
are reasonable. For the field AH = 18 kOe, the maximum AT,q
reaches ~0.64 K near 12 K. In Table 1, it shows the experimental
values of MC parameters of Gd,MnZnOs compared with those
reported on Gd-based double perovskites prepared by different
methods at different magnetic-field variations. It appears from
Table 1 that |ASp.| and/or AT,q of Gd-based compounds can
change in large ranges of 1.7-54 ] kg~ K™ ' and/or 0.7-23.7 K,
respectively, as H changes from 20 to 90 kOe.*#7%1>>24041 Among
these, Gd,ZnTiOg prepared by flux-assisted solid-state reaction
exhibits largest MC parameters with |ASp.| = 53.5 ] kg™ K™,
AT,q=123.7 Kand RCP = 621 ] kg~ " for H= 90 kOe.* At a lower
field of H = 70 kOe, Gd,MnNiOg offers the MC-parameter values
of |ASma] = 35.5 ] kg! K' and AT,q = 10.5 K.* Another
candidate worth mentioning is Gd,MnCoOg, which exhibits
|ASmax] = 25.4 J kg ' K, AT,q = 8.3 K for H = 90 kOe.® Our
sample of Gd,MnZnOgs demonstrates moderate MC perfor-
mance with |ASp.] = 6.3] kg ' K, AT,q = 2.6 Kand RCP = 95
J kg™ for H = 40 kOe; at a higher field of H = 90 kOe, it gives
|ASmax] = 18.8J kg ' K" and RCP = 331 ] kg~ *. More details for
other compounds in comparison are shown in Table 1.

4. Conclusions

We have investigated the structural, magnetic, and MC prop-
erties of the Gd,MnZnOg double perovskite prepared by the SSR
method. XRD analysis suggests a disordered orthorhombic

© 2026 The Author(s). Published by the Royal Society of Chemistry

Pnma structure of fabricated Gd,MnZnOs. Magnetic measure-
ments reveal dominant AFM interactions with Ty = 4.8 K and
fcw = —11.3 K, together with signatures of competing FM
contributions and short-range character arising from d-f
exchange and Mn/Zn-related disorder. The compound exhibits
a significant MC response, with a maximum magnetic entropy
change |ASp.] = 18.8 J kg™" K™' at AH = 90 kOe, and
amaximum AT,q = 2.6 K for AH = 40 kOe. Direct and indirect
AT,q results are consistent with each other, and demonstrate
that Gd,MnZnOs is a promising candidate for cryogenic
magnetic refrigeration and highlight the important role of B-
site disorder in tuning magnetic interactions and MC perfor-
mance in Gd-based double perovskites.
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