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Abstract

Adiabatic demagnetization refrigeration (ADR) has attracted considerable attention as
an effective approach to reach ultra-low temperatures required for fundamental physics
and quantum technologies. Here we directly characterize the cryogenic magnetocaloric
performance of the rare-earth-based double-perovskite oxide Gd,CuTiO4 (GCTO) through
quasi-adiabatic demagnetization measurements. Magnetization measurements show no
long-range magnetic transition above 1.8 K and indicate dominant antiferromagnetic
(AFM) interactions, consistent with an AFM ordering temperature of Ty ~ 1.15 K reported
previously. Notably, the isothermal magnetization M(H) at 1.8 K deviates from an ideal
single-ion Brillouin response and is better described by a molecular-field correction for
the Gd sublattice, suggesting correlated paramagnetism persisting above Ty. In contrast
to previous studies that inferred cooling performance from thermodynamic estimates,
we directly validate the achievable sub-Kelvin cooling in GCTO through quasi-adiabatic
measurements. In the quasi-ADR process starting from Tp~2 K, demagnetization fields
of 4, 6, and 9 T yield minimum temperatures of Ty, = 761.5, 452.4, and 289.2 mK,
respectively, well below Ty. After complete removal of the magnetic field, the sample
temperature remains highly stable for at least several tens of minutes, demonstrating a
long hold time under quasi-adiabatic conditions. Moreover, the T(H) curves reveal a
characteristic field scale around H.~1 T, implying a field-induced modification of the low-
temperature magnetic-entropy landscape that is relevant to the cooling behavior during
demagnetization. These results highlight GCTO as a promising magnetic refrigerant for sub-
Kelvin ADR applications and underscore the role of correlated magnetism in optimizing
cryogenic magnetocaloric performance.

Keywords: adiabatic demagnetization refrigeration; magnetocaloric effect; double perovskite;
antiferromagnetic interactions; spin correlations

1. Introduction

The demand for reliable ultralow-temperature environments has grown rapidly in
recent years, driven by advances in quantum information science, condensed matter
physics, and space technology. Although dilution refrigerators and >He sorption coolers are
well established for sub-Kelvin applications, they rely heavily on scarce 3He and typically
involve complex and expensive instrumentation. These limitations have renewed interest
in adiabatic demagnetization refrigeration (ADR), a cooling technique that utilizes the
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magnetic entropy change associated with the magnetocaloric effect (MCE) of a magnetic
material to reach low temperatures [1,2]. Owing to its simple and compact design, broad
compatibility with experimental setups, and independence from gravitational constraints,
ADR has emerged as a promising alternative for achieving sub-Kelvin temperatures [3-8].

The performance of ADR systems is fundamentally determined by the low-temperature
thermodynamic and magnetic characteristics of the refrigerant material. Conventional
hydrated paramagnetic salts widely used in ADR exhibit excellent magnetocaloric perfor-
mance [3,9-12]. However, their poor thermal stability and susceptibility to dehydration
significantly limit their practical applications, particularly in high-vacuum environments.
Moreover, most of these salts contain relatively low densities of magnetic ions, which
reduces the available magnetic entropy and consequently limits their overall cooling capac-
ity. To address these limitations, increasing attention has been directed toward compact
magnetic materials that combine robust stability with high magnetic-entropy density and
strong magnetocaloric performance [13-23].

Double-perovskite oxides have been widely studied due to their flexible crystal chem-
istry and rich magnetic ground states arising from multiple competing exchange path-
ways [24-30]. In particular, rare-earth-based double perovskites have attracted increasing
attention as promising low-temperature magnetocaloric materials, owing to their tunable
magnetism and excellent structural stability [31-33]. These compounds typically crystallize
in the general formula A; BB'Og, where rare-earth ions reside on the A sites and transition-
metal ions occupy the B sites in ordered or disordered configurations, enabling diverse
magnetic interactions and substantial magnetic-entropy changes. Numerous studies have
investigated the crystal structures, magnetic properties, and magnetocaloric behaviors
of various rare-earth/transition-metal cation combinations in the cryogenic temperature
range [31-40]. Although these studies have demonstrated large isothermal entropy changes
(AS\) and adiabatic temperature changes (AT,q) in such systems, highlighting their po-
tential in sub-Kelvin ADR, most of them rely on indirect thermodynamic indicators (ASy
and AT,q4) derived from magnetization or heat-capacity data, while direct experimental
validation of achievable cooling performance during an actual demagnetization process
remains scarce.

Among them, Gdy,CuTiOg (GCTO) has attracted particular interest recently due to
its favorable low-temperature magnetic behavior and promising magnetocaloric perfor-
mance [40]. It adopts a well-defined B-site-ordered double-perovskite structure, in which
the Gd*>" ions on the A site contribute the dominant 4f magnetic moments, while the
Cu?" 3d ions on the B site also contribute appreciably to the magnetism and participate
in the magnetic-exchange network. First-principles calculations and experimental char-
acterizations further indicate that the positive 4f-3d exchange interactions between the
Gd and Cu sublattices play a crucial role in enhancing the cryogenic MCE, leading to
a magnetic-entropy change that surpasses all previously reported Gd-based double per-
ovskites. Moreover, heat capacity measurements reveal antiferromagnetic (AFM) ordering
around a relatively low temperature of Ty = 1.15 K, which originates from weak AFM
coupling within the Gd-4f sublattice [40]. These features make GCTO a particularly at-
tractive candidate for sub-Kelvin magnetic refrigeration and ADR applications. However,
existing studies on GCTO have primarily employed indirect approaches, such as eval-
uating the adiabatic temperature change (AT,q) and isothermal entropy change (ASy)
from magnetization and specific heat data, to assess its magnetocaloric properties. Direct
experimental verification of its performance during the adiabatic demagnetization process
remains absent, and performing such measurements is essential for evaluating its practical
viability as an ADR refrigerant.
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Motivated by these considerations, the present study places primary emphasis on
direct adiabatic-demagnetization measurements of GCTO, which have been absent in
previous studies. Beyond conventional characterization methods, we directly monitor the
sample temperature of GCTO throughout the quasi-ADR process for the first time, enabling
a reliable determination of its intrinsic temperature response under varying magnetic fields.
This direct approach provides a rigorous and realistic assessment of its low-temperature
magnetocaloric performance and bridges the gap between ideal thermodynamic estimates
and experimentally achievable ADR cooling behavior.

2. Materials and Methods

High-quality polycrystalline samples of GCTO were synthesized via a conventional
high-temperature solid-state reaction method. Stoichiometric amounts of Gd;O3 (99.99%),
CuO (99.9%), and TiO; (99.9%) were mixed, thoroughly ground and pelletized. The pellets
were placed in an alumina crucible and sintered in air at 1100 °C for 18 h. The sintering
process was repeated several times to minimize possible impurities.

The phase purity and crystal structure of the synthesized sample were characterized by
powder X-ray diffraction (XRD) measurement at room temperature, utilizing a DX-27mini
Benchtop X-ray diffractometer (Dandong Haoyuan Instrument Co., Ltd., Dandong, China)
with Cu Ka radiation (A = 1.5406 A). The diffraction data were collected in the 260 range
from 10° to 100° with a step size of 0.02°.

DC magnetization of the sample was investigated using a Quantum Design Magnetic
Property Measurement System (MPMS) (Quantum Design International, Inc., San Diego,
CA, USA).Temperature-dependent magnetization M(T) was measured under an applied
magnetic field of 1 T in the temperature range of 1.8-300 K in zero-field-cooling (ZFC) mode.
Isothermal magnetization M(H) measurement was performed at 1.8 K under magnetic
fields ranging from 0 to 7 T.

The MCE measurements were conducted by directly monitoring the temperature
change of the sample during the quasi-adiabatic demagnetization process, utilizing a field-
calibrated RuO; thermometer attached to the surface of the pelletized sample. A homemade
sample stage was integrated into the Quantum Design Physical Property Measurement
System (PPMS) [14], on which a pellet consisting of 3 g GCTO mixed with 3 g silver
powder was mounted. The silver was introduced to enhance the low-temperature thermal
conductivity of the otherwise insulating GCTO, thereby ensuring good internal thermal
equilibration during demagnetization. Although the presence of silver increases the total
heat capacity of the composite pellet and reduces the effective magnetic-entropy density
of the composite pellet per unit mass, it allows the quasi-adiabatic condition to be more
reliably satisfied in the present setup. The quasi-ADR process was performed under
different initial conditions, with starting temperatures Ty of approximately 2 and 4 K and
initial magnetic fields Hy of 2,4, 6,and 9 T.

3. Results
3.1. Crystal Structure

The crystal structure of GCTO is illustrated in Figure 1. GCTO was reported to
crystallize in a monoclinic symmetry with space group P2;/c [40], adopting a typical
double-perovskite A;BB’Og structure. The Gd** ions occupy the A sites, while Cu?"
and Ti** cations form an ordered arrangement over the distinct B and B’ sites. Figure 2
shows the room-temperature XRD pattern of the synthesized polycrystalline GCTO sample,
together with the corresponding Rietveld refinement based on the monoclinic structure
shown in Figure 1. No impurity-related diffraction peaks are discernible, indicating that
our sample is single-phase within the detection limit of laboratory XRD. The refinement
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yields satisfactory agreement factors, supporting the reliability of the adopted structural
model. The refined structural parameters are summarized in Table 1. Notably, the refined
lattice parameters of our GCTO sample show deviations from those reported in Ref. [40],
where a = 5.365(3) A, b = 5.579(5) A, c = 9.923(6) A and B = 125.49(2)° were reported.
In the present work, the lattice constants are refined to be a = 5.3581(2) A, b = 5.7526(2) A,
¢ =9.234(2) A, and B = 125.47(2)°. While the a and f values remain comparable, more
pronounced differences are observed in b and c¢. The origin of these discrepancies is
currently unclear and may be related to differences in sample preparation conditions or
oxygen stoichiometry.

0-
°Cu
OTi
Q@ O

Figure 1. Schematic illustration of the unit cell of GCTO with a monoclinic structure, in which Cu?t
and Ti** ions form an ordered arrangement.

Table 1. Structural parameters of GCTO from Rietveld refinement to the room-temperature XRD
pattern. Numbers in parentheses denote the standard uncertainties of the last significant digits
obtained from Rietveld refinement.

Space Group P2, /c
Lattice Constants a=53581(2) A, b =57526(2) A, c =9.234(2) A, B = 125.47(2)°
Atom (site) x y z
Gd 0.2649(9) 0.0725(2) 0.7490(9)
Ti 0 0 0
Cu 0.5 0 0.5
o1 0.136(5) 0.036(2) 0.238(5)
02 0.258(6) 0.676(5) 0.038(4)
03 0.387(6) 0.194(5) 0.063(4)
7 [ T T . T T T T T T ]
~ or 1
2 0 R,=599 ]
2 Ry, =6.16
S 4L i
> R,,=7.76
Z 3tk ) 4
iy x =159
g °r ]
£ 1t 1
0F T 0 Dt n s W mer O om e wn IHIHII\II\IH\IH\HHH\II\HIIIIIIHIHIIIW!
71 i 1 ' 1 j:' ‘I ‘ VM 1 ' : 1 1 1 1
10 20 30 40 50 60 70 80 90 100
26 ()

Figure 2. Room-temperature XRD patterns of GCTO and corresponding Rietveld refinements.
The red circles represent the observed intensities, and the black solid line is the calculated pattern.
The difference between the observed and calculated intensities is shown as the blue solid line at the
bottom. The green vertical bars correspond to the expected Bragg reflections.
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3.2. Magnetization Behavior

The temperature-dependent dc magnetic susceptibility x = M/H of GCTO, measured
under an applied magnetic field of 1 T, is shown in Figure 3a. x increases monotonically
upon cooling, and no magnetic transition is detected over the temperature range from 1.8
to 300 K, indicating typical paramagnetic behavior throughout the measured temperature
interval. Curie-Weiss fit to the inverse magnetic susceptibility x 1 (T) from 10 K to 300 K
yields an effective magnetic moment of pog = 11.91 ug/f.u., which is close to the theoretical
value of peg = 11.36 pg/f.u. expected from the free-ion moments of two Gd3* ions and
one Cu®* ion. The slight enhancement of ¢ may be associated with the spin correlations
involving the Gd** and Cu?* sublattices. In addition, a negative Weiss temperature of
# = —2.38 K is obtained, indicating weak antiferromagnetic interactions and suggesting
that the magnetic ordering temperature lies below the lowest temperature accessible in
our magnetization measurements (1.8 K). Indeed, a recent heat-capacity measurement on
polycrystalline GCTO has revealed an antiferromagnetic transition at Ty ~ 1.15 K [40].

3 30 T T T T T T
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=3 16+ My =14.29 py/fu. .
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3 £ _ -
5 2 : - 20 2 12 F -7 -
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Figure 3. (a) DC magnetic susceptibility x = M/ H (open circles, left axis) and inverse susceptibility
1/ x (open squares, right axis) of GCTO measured under 1 T. The red line is the Curie-Weiss fit to
1/ x from 10 to 300 K. Inset: enlarged 1/ x below 40 K, where the Curie-Weiss fit yields § = —2.38 K.
(b) Isothermal magnetization M(H) at 1.8 K (solid circles). The dotted line represents the high-field
linear fit, whose extrapolation to H = 0 gives My ~ 14.29 ug/f.u. The olive and red curves represent
the ideal Brillouin model and the mean-field corrected model, respectively, with the Gd and Cu
contributions shown by the blue and green dashed curves.

The isothermal magnetization M(H ) measured at 1.8 K is shown in Figure 3b. The mag-
netization increases rapidly at low fields and gradually tends toward saturation at higher
fields, consistent with a Brillouin-like response of a large-moment local-spin system.
Above 5 T, M(H) increases weakly with field and reaches about 15.60 ug/f.u. at 7 T, which
is significantly larger than the moment expected from two free Gd3* ions (14 pp/f.u.).
To examine this discrepancy, the high-field part of the M(H) curve was fitted with a linear
function, M(H) = My + xvvH, where the linear term v H accounts for the contribution
from the Van Vleck paramagnetism. Extrapolating the linear fit to H — 0 yields an intercept
of My =~ 14.29 ug/f.u., which is very close to the expected saturation moment of two Gd>*
ions. This result indicates that the magnetization at 1.8 K is dominated by the Gd sublattice,
and additional contribution from the Cu?* moments is comparatively small within the
experimental uncertainty.

To further validate whether the M(H) behavior at 1.8 K can be well described by
an ideal paramagnetic model, the magnetization is first calculated using the Brillouin-
function expression,

M(H, T) = 2gG4 Jad 1B Bjoy(¥Gd) + §cu Scu BB Bse(Xcu) + xvwH, (1)
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where | or S denotes the total or spin angular-momentum quantum number, B represents
the Brillouin function, and g is the Landé factor. The dimensionless parameter x is defined
as xrq — ScdJcausH _ 8cuScuts H

Gd kT kgT
to Jgq = 7/2 and ggq = 2 for Gd** (spin-only, L = 0), and Sc, = 1/2 and gc, = 2 for

Cu?* as a simplified approximation. The value of Van Vleck-like susceptibility vy was

and xcy . The parameters in Equation (1) were fixed

taken from the high-field linear fit. With no adjustable fitting parameters, the calculated
curve (green solid line in Figure 3b) shows a pronounced deviation from the experimental
data (black solid circles), particularly in the low-field range. This discrepancy indicates
that GCTO at 1.8 K does not behave as an ideal ensemble of non-interacting paramagnetic
moments. Such a deviation may be associated with spin correlations and short-range
magnetic order that become non-negligible near the AFM ordering temperature, due to the
proximity of 1.8 K to Ty ~ 1.15 K [40].

To account for the deviation of the M(H) curve from the ideal single-ion Brillouin be-
havior at 1.8 K, a standard mean-field correction for the Gd sublattice is introduced [41-43].
In this approach, the applied field H is replaced by an effective field Heg that includes an
internal molecular field proportional to the magnetization,

Hegr = H + AgaMga, ()

where Agq is an effective molecular-field coefficient that accounts for spin correlations and
short-range magnetic order within the Gd sublattice in the paramagnetic state, particularly
in the vicinity of Ty. Accordingly, the Gd contribution to the magnetization is expressed by
the self-consistent equation,

Mga(H, T) =2gcd Jcams B]Gd[‘%‘}q]:;i%(H + /\GdMGd)] : 3)

The Cu?t contribution is modeled as a spin-1/2 Brillouin response,

(4)

ScuusH
MCu(HI T) = gcu ScuMB BSCu(gCuCuB>I

kgT

while a molecular-field term is neglected for Cu?* since the magnetization is dominated by
the Gd sublattice and the Cu contribution is relatively small. The total magnetization is
then given by

M(H,T) = Mcq(H, T) + Mcu(H, T) + xvwH. (5)

By fitting the experimental M(H) curve using Equation (5), the molecular-field coefficient
is refined to be Agq = —0.1422(5)T-(ug/f.u.)~'. With this mean-field correction for the
Gd sublattice, the calculated curve (red solid line in Figure 3b) shows excellent agreement
with the experimental data over the entire field range. The negative Agq is consistent with
the AFM interactions inferred from the Curie-Weiss analysis. Given that the measured
saturation moment is essentially governed by the two Gd>* ions, the Cu?* contribution is
comparatively minor. Within the experimental resolution and fitting accuracy, the influence
of 4f-3d exchange at 1.8 K can be effectively incorporated into the mean-field correction
applied to the dominant Gd sublattice, and introducing an additional molecular-field term
for the Cu sublattice does not lead to a meaningful improvement of the fit.

3.3. ADR Performance

Having characterized the magnetization behavior of GCTO, we now turn to its low-
temperature magnetocaloric response during the quasi-ADR process. A pronounced
cooling effect of the polycrystalline GCTO sample is observed upon reducing the applied

https:/ /doi.org/10.3390/app16052456
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magnetic field under quasi-adiabatic conditions. As shown in Figure 4a, the minimum
temperatures achievable under different initial conditions are compared first. Starting from
To = 4K, demagnetization from Hy = 2 T and 4 T cools the sample down to Trin ~ 2.5 K
and ~1.4 K, respectively. Notably, the minimum temperatures obtained from Ty = 4 K
remain substantially higher than those achieved when the demagnetization is initiated near
2 K. This is naturally expected, as the magnetic entropy is already significantly thermally
populated at higher initial temperatures, which reduces the available magnetocaloric cool-
ing efficiency during demagnetization. For measurements initiated at a lower temperature
of Ty ~ 2 K (Figure 4b), demagnetization from Hy = 4 T yields Trin, = 761.5 mK. Increasing
the initial field to Hy = 6 T further reduces the minimum temperature to Tryin, = 452.4 mK.
Under the highest initial field of Hy = 9 T, the sample reaches the lowest temperature of
Tinin = 289.2 mK. These results demonstrate the strong cooling capability of GCTO in the
sub-Kelvin temperature range, highlighting its potential for cryogenic magnetic refrigeration.

4 1.0
/ —— 4K 2T (b) / /
— 4K 4T
3 2K-4TF 0.8 po mﬂ"/ ,,,,,, 615 mK/
— 2K 6T 7
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Figure 4. Low-temperature magnetocaloric response of GCTO measured during quasi-adiabatic
demagnetization. (a) Temperature-field T(H) curves recorded under different initial conditions.
(b) Enlarged low-field view of the T(H) curves initiated at Ty ~ 2 K, where the dashed lines indicate
the minimum temperatures Ty, achieved for Hy = 4, 6, and 9 T. (c) Magnetic Griineisen parameter
I'y = % (%) s derived from the corresponding T(H) data, showing a sign change around H.~1T.
(d) Temperature-time T(t) curves after demagnetization for the same initial conditions, showing

excellent temperature stability with negligible drift after complete removal of the magnetic field.

Furthermore, the detailed temperature evolution as a function of magnetic field [T(H)
curve] provides additional insight into the low-temperature magnetocaloric response of
GCTO. Notably, for the demagnetization curves initiated at Ty ~ 2 K, the temperature
exhibits a pronounced minimum around H~1 T, followed by a clear rebound upon fur-
ther reducing the field, as highlighted in the enlarged low-field view in Figure 4b. Such
a nonmonotonic T(H) behavior implies a strong field dependence of the magnetic en-
tropy at low temperatures and can be characterized by the magnetic Griineisen parameter,

I'y = %(375) 5 As shown in Figure 4c, I'y changes sign in the vicinity of H.~1 T, indi-
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cating a pronounced modification of the entropy landscape as a function of field in this
low-temperature regime. Although the present measurements are conducted at tempera-
tures still above the deep quantum critical regime, the observed temperature minimum
and the sign reversal of I'yy together suggest a possible field-induced crossover or anomaly
around H, [44,45]. Further investigations at even lower temperatures will be helpful to
clarify the nature of this anomaly around H..

Figure 4d presents the corresponding temperature-time (T-t) curves for different initial
conditions, as recorded after the quasi-ADR process. After the magnetic field is fully re-
moved, the sample temperature shows excellent stability with negligible drift. In particular,
once the minimum temperature is reached, it can be maintained for at least tens of minutes,
demonstrating a long hold time under quasi-adiabatic conditions. This behavior indicates
effective thermal isolation from the environment and confirms that the demagnetization is
carried out under well-controlled quasi-adiabatic conditions. The observed temperature
stability further ensures that the measured Ty, and the adiabatic temperature changes re-
flect the intrinsic magnetocaloric response of GCTO, rather than being significantly affected
by external heat leaks or relaxation effects. For comparison, recent reports on oxide-based
quantum magnetic refrigerants such as NayBaCo(PO4); have demonstrated holding times
on the order of 1-2 h below 1 K under optimized experimental conditions [14]. We note that
holding time depends sensitively on total heat capacity, thermal contact conditions, and par-
asitic heat leaks in the measurement setup. In the present study, the post-demagnetization
evolution was monitored for approximately one hour only, during which the temperature
remained stable in the sub-Kelvin regime. The current data therefore establish robust
temperature stability, while not defining the absolute upper limit of the holding time.

3.4. Discussion

Previous heat-capacity measurements on GCTO have established its strong cryogenic
magnetocaloric response through indirect thermodynamic analyses and revealed an AFM
transition at Ty ~ 1.15 K [40], indicating the onset of long-range magnetic ordering. In the
present work, direct quasi-ADR measurements demonstrate that GCTO can be cooled
well below this transition temperature, reaching minimum temperatures of 761.5, 452.4,
and 289.2 mK for demagnetization fields of 4, 6, and 9 T, respectively, starting from T ~ 2 K.
These results suggest that a substantial amount of magnetic entropy remains accessible
across the magnetic ordering transition and can be effectively utilized for sub-Kelvin
magnetic refrigeration.

Importantly, the isothermal magnetization at 1.8 K (Figure 3b) deviates from the ideal
single-ion Brillouin response expected for a non-interacting paramagnet. A satisfactory de-
scription of the M (H) data requires the inclusion of a molecular-field correction for the Gd
sublattice, with a negative molecular-field coefficient Ag4 consistent with the Curie-Weiss
analysis. Experimentally, the necessity of including such an interaction term indicates a
deviation from conventional ideal paramagnetism. Meanwhile, we emphasize that mag-
netization data alone cannot strictly distinguish between correlated paramagnetism and
short-range magnetic order in a microscopic sense, which would require complementary
probes such as neutron scattering or detailed heat-capacity analysis. It is worth noting that
the present magnetization data were collected at 1.8 K (above Ty;). Closer to Ty, enhanced
critical spin fluctuations are expected, which may further strengthen the correlated behav-
ior, whereas below Ty long-range AFM order dominates and the paramagnetic description
is no longer applicable.

Significant spin correlations persist even above Ty, consistent with a correlated para-
magnetic regime in the vicinity of the AFM transition. Such correlated paramagnetism is
commonly observed in materials undergoing second-order magnetic phase transitions and

https:/ /doi.org/10.3390/app16052456


https://doi.org/10.3390/app16052456

Appl. Sci. 2026, 16, 2456

9of 12

has also been reported in various magnetic refrigerants such as Gd3BWOy [17], GABO3 [46],
and NayBaCo(POy); [14], where enhanced magnetocaloric responses appear just above the
ordering temperature. Microscopically, in this critical regime, the spin correlation length
increases and low-energy spin fluctuations become enhanced, leading to a pronounced tem-

perature dependence of magnetization (24 ) . Since the magnetic Griineisen parameter
T )

I'y = % (g—g) . is directly related to (%—AT/I) ° through the Maxwell relation, these critical fluc-
tuations can enhance the magnetocaloric response and are favorable for ADR performance.
In addition, the T(H) curves measured for Ty ~ 2 K (Figure 4b) together with the derived
magnetic Griineisen parameter I'y (Figure 4c) reveal a characteristic field scale of H.~1 T,
where a field-induced modification of the low-temperature magnetic entropy landscape is
expected. Such low-field entropy redistribution around H, is expected to be an important
factor governing the attainable minimum temperature in the ADR process [14,44-49].

Moreover, recent indirect analysis based on magnetization and heat-capacity data has
predicted a significant cryogenic magnetocaloric response in GCTO [40]. In that work,
both the isothermal magnetic entropy change (ASyf) and the adiabatic temperature change
(AT,q) were estimated from thermodynamic data. Note that ASy; corresponds to an isother-
mal field change and therefore cannot be directly compared with the present quasi-ADR
measurements, which monitor the temperature evolution T(H) of GCTO under approx-
imately isentropic conditions. By contrast, the calculated AT,yq provides a meaningful
thermodynamic reference. From Figure 4d of Ref. [40], AT,4 ~ 1.6 K at 0.4 K for a field
change of 0-5 T. Since AT,q represents the temperature difference between two states
connected by an isentropic field variation, this implies that the thermodynamic states (0 T,
0.4 K) and (5 T, 2 K) lie approximately on the same isentropic line. Therefore, an ideal
adiabatic demagnetization starting from 2 K at 5 T would reach a minimum temperature of
approximately 0.4 K. However, such indirect thermodynamic estimates represent an ideal
limit under perfectly isentropic conditions and do not necessarily reflect the achievable cool-
ing performance under realistic conditions. In contrast to these thermodynamic estimates,
the present work directly tracks the sample temperature during the quasi-ADR process.
Starting from Ty ~ 2 K, we obtain Ty, = 761.5 mK and 452.4 mK for demagnetization
fields of 4 T and 6 T, respectively. Linear interpolation yields an estimated Ty, ~ 0.6 K
for 5 T, which is in reasonable agreement with the ideal thermodynamic limit of ~0.4 K
inferred above. The remaining difference can reasonably be attributed to the quasi-adiabatic
character of our experiment, unavoidable heat leaks, and the additional heat capacity of
the Ag powder used to improve the thermal contact.

Beyond demonstrating proximity to the ideal thermodynamic limit, our direct-ADR
measurements further reveal the real cooling trajectory and the post-demagnetization hold
behavior of GCTO. Our results demonstrate that GCTO can achieve a low Ty, in the
sub-Kelvin regime and maintain a long hold time of at least several tens of minutes under
quasi-adiabatic conditions. These features suggest that GCTO is a promising candidate
not only as a standalone cryogenic magnetic refrigerant, but also as an intermediate-stage
refrigerant in multistage ADR systems. In particular, GCTO may serve as a robust oxide-
based precooling stage working at relatively high magnetic fields, while conventional
paramagnetic salts may be employed in the low-field regime (e.g., below ~1 T) as a
final stage to reach even lower temperatures. Such a hybrid strategy may combine the
excellent thermal and chemical stability of GCTO with the superior ultra-low-temperature
performance of paramagnetic salts [49-52]. The existence of a characteristic low-field
entropy scale therefore may offer practical guidance for field-window optimization in
ADR design.
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4. Conclusions

In summary, we have investigated the low-temperature magnetic properties and
the magnetocaloric performance of Gd,CuTiOg (GCTO), with a primary focus on direct
quasi-adiabatic demagnetization measurements. The M(H) behavior at 1.8 K cannot be
fully described by an ideal single-ion Brillouin model and instead is better captured by
introducing a molecular-field correction for the Gd sublattice, indicating a correlated para-
magnetic regime above the AFM ordering temperature Ty ~ 1.15 K. Direct quasi-ADR
measurements demonstrate that GCTO can be cooled into the sub-Kelvin range, reaching
Tmin = 289.2 mK under a demagnetization field of 9 T starting from Tp~2 K, and the
temperature can be stably maintained for at least several tens of minutes under quasi-
adiabatic conditions. In addition, the observed low-field feature around H.~1 T suggests a
field-dependent modification of the low-temperature magnetic-entropy landscape, which
is relevant to the cooling behavior during demagnetization. These results suggest that
GCTO is a promising oxide-based magnetic refrigerant for sub-Kelvin ADR applications.
We note that the present study is limited to magnetization measurements above 1.8 K
and to polycrystalline samples, where magnetic anisotropy cannot be resolved. Future
investigations, including low-temperature magnetization using a *He insert, single-crystal
growth to probe magnetic anisotropy, and multi-stage ADR demonstrations, will further
clarify the microscopic mechanisms and optimize the refrigeration performance of GCTO.
In particular, detailed studies of critical spin fluctuations and entropy redistribution near
Tn, as well as systematic exploration of chemically tuned 4f-3d exchange-coupled double
perovskites, may help identify a broader materials platform for cryogenic magnetic refrig-
eration. Such efforts may help clarify design principles linking correlated magnetism to
enhanced ADR efficiency.
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