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Refrigeration down to 0.16K using a
frustrated magnet Gd2B2MoO9

Yikun Zhang1, Yingzhe Na1, Xinyang Liu2, Junsen Xiang 2, Fengying Chen1,
Hai-Feng Li 3, Peijie Sun 2, Shengqiang Zhou 4, Xuefeng Zhang 1 &
Lingwei Li 1

Magnetic refrigeration, utilizing the magnetocaloric effect in solid-state
magnets, has emerged as apromising cooling technology. Thedevelopment of
practical ultra-low-temperature magnetic refrigeration applications has been
limited by the absence of high-performance magnetic refrigerants. Herein, we
provide a frustratedGadolinium-dominatedmagnet, Gd2B2MoO9 oxide, which
exhibits remarkable ultra-low temperaturemagnetocaloric performances. The
maximum magnetic entropy changes reach 13.3 (76.6), 33.7 (194.0) and 45.1
(259.8) J/kgK (mJ/cm3K) under relatively lowmagnetic field changes of 0-1, 0-2
and 0-3 T, respectively. A minimum temperature of 0.16 K has been achieved
by a custom-built quasi-adiabatic demagnetization apparatus. These magne-
tocaloric performances surpass those of the commercial ultra-low tempera-
ture magnetic refrigerant Gd3Ga5O12 and outperform most of recently
reported materials. Combined with its relatively high density and environ-
mental stability, the geometrically frustrated Gd2B2MoO9 oxide is established
as an attractive ultra-low temperature magnetic refrigerant.

Ultra-low temperature conditions are crucial for various cutting-edge
technological and scientific fields, such as space exploration, super-
conductor science, quantum physics and technology1–7. However,
current refrigeration technologies rely heavily on liquid He, which is a
depleting resource and increasingly difficult to obtain8. Thus, there is
an urgent need to explore alternative cooling methods that can
operate without liquid He8–11. Magnetic refrigeration (MR)11–13, which
utilizes the magnetocaloric (MC) effect in solid-state magnets, offers
an excellent alternative. The MC effect, an inherent magneto-thermal
property of magnets11–13, can be primarily quantified by the magnetic
entropy change (−ΔSM) under certainmagnetic field variations (Δμ0H).
Ultra-low temperature magnetic refrigerants are generally effective
only close to and slightly above their magnetic ordering temperatures
(TM). Historically, the low-temperature MR concept was first demon-
strated experimentally by adiabatic demagnetization refrigeration
(ADR) in the early 1930s14–16. Early ultra-low temperature ADR mainly

utilized water-containing salts, such as Ce2Mg3(NO3)12·24H2O,
Gd2(SO4)3·8H2O, CrK(SO4)2·12H2O, and Fe(SO4)2(NH4)·12H2O

15–18, in
which themagnetic ions are separated bywatermolecules, resulting in
ultra-low TM. However, these materials exhibit poor environmental
stability and low density of magnetic ions, which limits their wide-
spread applications.

Over the past thirty years, systematic MC characterization has
been undertaken in some rare-earth (RE)-dominated magnetic
solids19–28, and some trivalent Gadolinium (Gd)- and divalent Europium
(Eu)-dominated magnets with low TM are found to demonstrate
notable low-temperature MC performances21–26. This is related to the
high-spin-only ground state of Gd3+ and Eu2+ ions (J = S = 7/2), which
results in low magnetic anisotropy and large magnetic entropy. How-
ever, high-performing magnetic refrigerants that are effective at ultra-
low temperature below 1 K are still rare, since a higher density of
magnetic ions usually results in stronger exchange interactions and
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thus higher TM19–24. Currently, the commercialized ultra-low tempera-
ture magnetic refrigerant is gadolinium gallium garnet (Gd3Ga5O12),
which exhibits prominentMCperformanceswith −ΔSMmax of 38.4 J/kgK
(Δμ0H =0–7 T) as well as high density (7.09 g/cm3)27,28.

We herein shifted our attention to geometrically frustrated (GF)
magnets, which present a diverse class of magnets with peculiar
cryogenic physical phenomenon such as large ground state degen-
eracy, unconventional phase transitions, and unusual quantum spin
states29–35. The magnetic ions in GF systems are generally arranged in
nearly equilateral triangle lattices, which prevents the nearest neigh-
bor exchange interactions from being satisfied simultaneously29–31. It
has also been theoretically proposed around three decades ago that
magnetic frustration can enhance low-temperature MC response by
suppressing TM with high magnetic ion density and thus maintaining
large magnetic entropy at low-temperatures33. As stated above, the
Gd3Ga5O12 oxide27,28, the only commercialized ultra-low temperature
magnetic refrigerant up to present, shows a typical three corner-
sharing garnet type GF structure. Koskelo et al. have provided a
comparative study of theMC effects in several Gd-dominatedmagnets
with different GF lattices, and they found that the lattice geometry and
degree ofmagnetic frustration play vital roles in their low-temperature
MC performances34. We have recently unveiled the MC properties of
pyrochlore-type GF structured Gd2Ti2O7 oxide with strong magnetic
frustrations, and a moderate MC performance with −ΔSMmax of 15.43 J/
kgK under Δμ0H of 0–5 T was realized35. Nonetheless, the reported GF
magnets with prominent ultra-low temperature MC performances
remain quite limited due to the lack of material systems with a high
density ofmagnetic ions and a suitable degree ofmagnetic frustration.

In this work, we present a Gd-dominated GF magnet with mod-
erate magnetic frustration, Gd2B2MoO9 oxide, possessing excellent
ultra-low temperature MC performances. This material adopts an
antiferromagnetic semiconductor ground state and exhibits remark-
able maximum magnetic entropy changes of 13.3 (76.6) and 33.7
(194.0) J/kgK (mJ/cm3K) under low magnetic field changes of 0–1 and
0–2 T, respectively. Utilizing a custom-built quasi-adiabatic demag-
netization apparatus, we successfully achieved a minimum tempera-
ture of 0.16 K, which is low enough for solid-state quantum
computers36,37. These MC performances are significantly better than

those of the commercial ultra-low temperature magnetic refrigerant
Gd3Ga5O12 and surpass most of the recently reported materials, high-
lighting Gd2B2MoO9 as a promising candidate for next-generation
cryogenic cooling applications.

Results
Structural features and multi-technique characterization of
Gd2B2MoO9 oxide
We fabricated the polycrystalline sample of Gd2B2MoO9 oxide using a
conventional solid-state reaction route. Its structure and phase purity
were examined by powder X-ray diffraction (XRD) at room tempera-
ture (RT) and Rietveld refinement using Fullprof38. The resulting XRD
profiles (Fig. 1a) show a reliable fit to a triclinic structure (space group
P1). The refinement quality factors of RB, Rwp, Rexp and χ2 are all with
reasonably low values of 3.85%, 5.04%, 3.07% and 2.69, respectively.
The derived lattice parameters of a, b, c and α, β, γ are 5.201(1),
6.948(8), 10.321(2) Å and 73.987(2), 76.146(5), 72.626(4)o, respectively.
More detailed, refined structural and refinement parameters are listed
in Table S1. The low refinement parameter values confirm the single-
phase nature of Gd2B2MoO9 oxide.

Figure 1b, c illustrates the schematic structure and nearest-
neighbor oxygen environments of Gd, B, andMo. Two inequivalent Gd
sites (Gd1 and Gd2) are each coordinated by eight O atoms, forming
distorted GdO8 hexagonal bipyramids (Fig. 1c1, 1c2). The Gd1–O and
Gd2–O bond lengths are 2.159(5)−2.781(9) Å and 2.237(6)−2.675(8) Å,
respectively. The Gd2–O–Gd2 bond angles range from 100.716(1)° to
115.010(1)°, while the Gd1–O–Gd1 angle is 100.851(0)°. The nearest Gd-
Gd atoms form an isolated, slightly distorted, GF diamond lat-
tice (Fig. 1b).

There are two inequivalent B sites (B1 and B2), each bonded in a
trigonal planar geometry to three O atoms (Fig. 1c3, 1c4), with B1–O
and B2–O bond lengths of 1.397(2)−1.593(1) Å and 1.353(2)−1.672(3) Å,
respectively. The Mo atom is coordinated by four O atoms, forming
MoO4 tetrahedra (Fig. 1c5) with bond lengths of 1.559(3)−1.996(3) Å.
Each GdO8 bipyramid shares a corner with one MoO4 tetrahedra and
edges with three other GdO8 bipyramids.

To comprehensively verify the chemical composition and struc-
tural features of Gd2B2MoO9 oxide, we employed a combination of
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Fig. 1 | Structural features of Gd2B2MoO9. a Experimental and Rietveld-refined
powder X-ray diffraction (XRD) profiles indicate the high-quality of the studied
sample. b Crystal structure diagram shows the formation of a geometrically

frustrated (GF) diamond lattice by the nearest Gd-Gd atoms. c1–c5 Local
nearest oxygen coordination environments of Gd1, Gd2, B1, B2, and Mo atoms,
respectively.
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spectroscopic and microscopic techniques. The chemical valence
states of the constitute elements were determined by RT X-ray pho-
toelectron spectroscopy (XPS). High-resolution core-level XPS spectra
for Gd, B, and Mo, along with peak-fitting analyses (Fig. 2a–c), show
that the experimentaldata agreewell with thefitted results, confirming
the presence of Gd3+, B3+, and Mo6+ in the oxide. Similar to those in
recently reported Gd-containing oxides23,35, the profile of 4 d5/2 peak
can be fitted by two components, demonstrates the existence of spin-
orbit coupling interaction of 4d and 4 f electrons.

Morphology, chemical, and structural characteristics of
Gd2B2MoO9 oxide were further evaluated using scanning electron
microscopy (SEM), high-resolution transmission electron microscopy
(TEM), and scanning transmission electron microscopy (STEM) cou-
pled with elemental energy-dispersive X-ray spectroscopy (EDS). The
constituent elements of Gd, B, Mo and O elements are all uniformly
distributed from the microscale to nanoscale (Figs. S1, S2) with the
average atomicmolar ratios of 15.3(3)%, 13.6(8)%, 7.2(2)% and 63.9(5)%,
well-alignedwith thenominal composition. The averageparticle size of
Gd2B2MoO9 oxide was determined to be 2.26(8) μm (Fig. S3). These
SEM and TEM images, together with elemental EDS mappings,
demonstrate the single-phase nature and good homogeneity of the
present Gd2B2MoO9 oxide.

An atom-resolved HAADF-STEM image and the corresponding
EDS maps, acquired along the [111] zone axis (Figs. 2d, 2f-i), clearly
resolve the Gd and Mo atomic columns. Four of the nearest Gd–Gd
atoms, forming an isolated diamond lattice, are visible; the enlarged
structural diagram (Fig. 2e) further confirms the Gd-dominated dia-
mond-type GF structure of Gd2B2MoO9 oxide.

First-principle insights into the ground state of
Gd2B2MoO9 oxide
To complement the experimental characterization, density functional
theory (DFT) calculationswere conducted to explore themagnetic and
electronic properties of Gd2B2MoO9 oxide in its ground state. Spin-

polarized generalized gradient approximation (GGA) plus Hubbard U
(GGA+U) approach with Ueff values up to 8 eV was performed using
VASP software39–41. The magnetic ground state was firstly evaluated by
computing the total energy (Etot) for various constructed potential
spin configurations, including non-magnetic (NM), ferromagnetic
(FM), as well as three distinct antiferromagnetic (AFM) states, as illu-
strated in Fig. 3a–d. The derived values of Etot for various potential
magnetic structures with different Ueff values are all summarized in
Table S2, in which the AFM configuration exhibits the lowest Etot value,
indicating that Gd2B2MoO9 oxide favors an AFM ground state.

Further insights into the electronic structure were obtained by
calculating the spin-polarized total density of states (DOS) and the
atom-projected DOS for Gd (4 f), B (1 s), Mo (5 s), and O (2p) orbitals of
Gd2B2MoO9 oxide without and with differentUeff values up to 8 eV are
illustrated in Figs. 3, S4, respectively. Both spin-majority and spin-
minority channels in all the DOS are nearly identical, and a distinct
band gap (BG) is observed at the Fermi level regardless of the Ueff

values, confirming the AFM semiconductor nature of Gd2B2MoO9

oxide. The total DOS is dominated by the Gd(4 f) partial DOS, with
significant splitting observed, reflecting strong spontaneous polariza-
tion of the Gd3+ ions. The deduced BG value is 2.27(5) eV without Ueff,
and it gradually rises to 2.43(8) eV with increasing Ueff up to 8 eV, as
illustrated in Fig. S5. Moreover, the calculated average magnetic
moments Mcal values range from 6.89(4) to 7.07(3) μB for Gd1, and
from 6.91(3) to 7.06(5) μB for Gd2 atoms, respectively, closely match-
ing the theoretical value for a free Gd3+ ion (7.0 μB).

Charge distribution and transfer characteristics were also ana-
lyzedusing 2Dmaps and aerial view (Fig. 3f–h).O2− ions shareelectrons
with Gd3+, B3+, and Mo6+ ions, indicating a covalent bonding nature in
Gd2B2MoO9 oxide. Greater electronic overlap is observed between
Mo6+ and O2− atoms compared to Gd3+ and O2− atoms. The aerial view
reveals a positive peak for O2− and a negative peak for B3+ atoms, while
charges around Gd3+ atoms are well-localized, resulting in the large
magnetic moments observed.
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Fig. 2 | High-resolution XPS spectra and microstructural analysis of
Gd2B2MoO9. a–c Core-level XPS spectra and peak-fitting results for Gd, B, and Mo
elements confirm the presence of Gd3+, B3+, and Mo6+ valence states. d High angle
angular dark-field scanning transmission electron microscopy (HADDF-STEM)

image proves the formationof geometrically frustrated (GF)diamond lattice byGd-
Gd atoms. e Schematic of the nearest Gd-Gddiamond lattice. Gd atoms are red, and
Mo atoms are green. f–i Scanning transmission electron microscopy-based ele-
mental energy-dispersive X-ray spectroscopy mapping.
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Experimental determination of low-temperature magnetic and
thermal properties of Gd2B2MoO9

To comprehensively characterize themagnetic phase transition (MPT)
and magnetic frustration properties of Gd2B2MoO9 oxide, a series of
magnetic and thermodynamic measurements was performed. The
magnetic field (μ0H) and temperature (T) dependent magnetization
(M) were measured up to 5 T and down to 0.4 K. The T-dependent
inverse magnetic susceptibility, 1/χ (χ =M/μ0H), under μ0H = 1 T, exhi-
bits high-temperature linearity consistent with the Curie-Weiss (C–W)
law (Fig. 4a), χðTÞ=C=ðT � θPÞ, wherein C and θ are the C-W constant
and paramagnetic Curie temperature, respectively. Additionally,
C =NðμBμef f Þ2=3kB, wherein N is Avogadro’s number, kB is the Boltz-
mann constant, and μeff is the effective magnetic moment. Linear fit-
ting above 6K yields a negative θP of −3.11(5) K, indicative of AFM
interactions at the ground state. This is further supported by the
downturn in the χΜΤ products at low temperatures (Fig. S6). The
effective magnetic moment, μeff, is deduced to be 7.97(3) μB/Gd, clo-
sely matching the theoretical value of the free Gd3+ ion (7.94 μB).

Further insights were obtained from χ(T) measurements under
field-cooled (FC) and zero-field-cooled (ZFC) protocols from 0.4 to
1.8 K with μ0H values of 0.05, 0.2, and 0.5 T using a He-3 refrigerator
(inset of Fig. 4a). Evidently, χ increases monotonously with decreasing
T, peaking near its Néel temperature (TN) of 0.79(5) K, before
decreasing asT increases. These observations confirm theAFMground
state of Gd2B2MoO9 oxide under low magnetic fields and align with
DFT calculations. Whereas, under higher μ0H of 0.5 T, χ increases
monotonously with decreasing T and shows a saturation tendency at
low temperatures, illustrating the occurrence of a field-induced
metamagnetic transition from AFM ground state to ferromagnetic-
like state. Additionally, the T-dependent χZFC and χFC curves demon-
strate high reversibility, which is advantageous for MR applications.

The T-dependent heat capacity, C(T), was measured from 4K
down to 0.1 K under various magnetic fields (Fig. 4b). The existence of

a pronounced C(T) peak under zero-field and low magnetic fields
demonstrates the long-range magnetic ordering in Gd2B2MoO9 oxide,
well-aligned with those by magnetic measurements and DFT calcula-
tions. TheMPT temperature (TN) was deduced to be 0.51(3) K from the
inflection point in the temperature-dependent zero-field d(C/T)/dT
curve (Fig. S7). The frustration parameter, f = |θP | /TN30,33–35, was con-
sidered as a measurement of magnetic frustration level. Generally, no
magnetic frustration when f value is lower than 1, whereas, being
strong magnetic frustration if fwas higher than 1030,42. For the present
Gd2B2MoO9 oxide, a f value of 6.1(4) has been obtained, which sug-
gests a moderate magnetic frustration, favorable for ultra-low tem-
perature MR33–35. At higher magnetic fields, only a broad peak is
observed in C(T), with the peak temperature increasing as μ0H
increases, consistent with magnetization results. The M(μ0H) curve
(Fig. 4c) at low temperatures shows thatM increases rapidly at low μ0H
and saturates under high μ0H above ~2.0 T. A nearly linear behavior in
M(μ0H) curves at high temperatures can be noted, consistent with the
PM state. These findings corroborate DFT results, further confirming
the dominate role of gadolinium in the magnetism of
Gd2B2MoO9 oxide.

Discussion
The MC performance of Gd2B2MoO9 oxide was firstly assessed using
−ΔSM(T, Δμ0H) (Fig. 5a, b) calculated from M(μ0H) (Fig. S8) and C(T,
μ0H) (Fig. 4b) data with the temperatures ranging from0.5 to 10K and
0.1 to 4 K, respectively. Subsequently, we estimated the relative cool-
ing power (RCP) (Fig. S9) from the resulting −ΔSM(T, Δμ0H) (Fig. 5a)
data. The detailed calculation methods43 are provided in the supple-
mentary file. Although some differences in values exist, which are well
within the intrinsic uncertainties documented by Pecharsky &
Gschneidner43, the −ΔSM(T, Δμ0H) results from both approaches are
consistent. The −ΔSM value increases with decreasing temperature
under each Δμ0H, reaches a maximum (−ΔSMmax), and then decreases.
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Under low Δμ0H (0–0.5, 0–1, and 0–1.5 T), as temperature falls below
~0.5 K (Fig. 5b), the values of −ΔSM change from positive to negative,
indicating a transition from conventional to inverse MC effect, con-
sistent with the AFM ground state inferred from magnetization and
DFT results. In the section below, we use the ΔSM results calculated
from M(μ0H) data for discussion and comparison since most of the
reported results are also estimated by this method. Moreover, the
−ΔSMmax and RCP values all increase significantly with increasing Δμ0H
(Fig. S9), reaching 13.3, 33.7, and 55.0 J/kgK and 35.0, 113.9, and 378.5 J/
kg under Δμ0H =0–1, 0–2, and 0–5 T, respectively. Despite the fact
that these −ΔSMmax and RCP values are still lower than several updated
Gd-based metal-organic framework materials and divalent Eu-based
oxides24–28,44–46, the present Gd2B2MoO9 oxide evidently has its own
benefits of high density (5.76(5) g/cm3), easy to be fabricated by a
simple solid-state route, as well as good environmental stability.

For practical MR applications, minimizing system size is essential,
making the volumes of MC materials and magnets critical factors. As
such, evaluating the magnetic entropy change in volumetric terms
(−ΔSV), expressed in the unit of mJ/cm3K, under relatively low Δμ0H
(0–2 T) achievable by permanent magnets, is more suitable for asses-
sing the MC performance of magnetic refrigerants. We therefore
summarize the −ΔSmax values under Δμ0H =0–2 T, both per unit mass
and per unit volume, for Gd2B2MoO9 oxide, in comparison with com-
mercial Gd3Ga5O12 oxide and other recently reported ultra-low tem-
perature MCmaterials44–54 (Fig. 5c). While the mass-based −ΔSmax value
of Gd2B2MoO9 oxide under Δμ0H =0–2 T is lower than that of some
reported materials24–26, its volumetric −ΔSVmax is approximately 1.88
times higher than commercial Gd3Ga5O12 and exceeds most recently
realized ultra-low temperature MC materials27,28,46–53, positioning
Gd2B2MoO9 oxide among the leading ultra-low temperature magnetic
refrigerants.

We further assessed the practical low-temperature cooling per-
formances of Gd2B2MoO9 oxide by direct measure its adiabatic
demagnetization cooling T(μ0H) curves (Fig. 6) using a custom-
designed apparatus6, with initial conditions and field control provided
by a PPMS-9T system and by indirect calculation of adiabatic tem-
perature change (ΔTad) below 4K (inset of Fig. 6) from C(T, μ0H) data,
respectively. The resulting T(μ0H) curves, starting from 9T, for both
Gd2B2MoO9 and Gd3Ga5O12 oxides at various initial temperature (To),
exhibit three distinct stages: initially, the temperature decreases con-
tinuously with decreasing μ0H and reaches a minimum temperature
(Tmin) at a critical field (μ0Hcr); subsequently, the temperature increa-
ses slightly as the field is further reduced, indicating a transition from
conventional to inverseMC effect. These behaviors are well consistent
with thoseof indirectly calculatedΔTad (inset of Fig. 6) results, inwhich
the values of ΔTad under low Δμ0H clearly change from positive to

negative around 0.71(3) K, further proving the AFM ground state.
Additionally, the deduced ΔTad values by directmeasurement method
(marked by star) are well-aligned with those by indirectly calculated
from C(T, μ0H) data43, as illustrated in the inset of Fig. 6. The values of
Tmin and μ0Hcr of Gd2B2MoO9 oxide are: 0.41 K and 0.62 T at T0 = 6K;
0.28 K and 0.75 T at T0 = 4 K; 0.21 K and 0.84 T at T0 = 3 K; and 0.16 K
and 1.04 T atT0 = 2 K, respectively. Under identical conditions, the Tmin

values are obviously lower than those of commercial Gd3Ga5O12,
making it promising for practical ultra-low temperature applications.
Moreover, Gd2B2MoO9 oxide can maintain the minimum temperature
formore thanhalf an hour (Fig. S10), demonstrating significant cooling
capacity. It is worth noting that the achieved temperature of 0.16 K is
well below the operating temperature (~1 K) of state-of-the-art silicon-
based quantum computers36,37, thereby enhancing the prospects for
practical quantum computing applications. Additionally, Gd2B2MoO9

oxide can be synthesized via a simple solid-state reaction route, and
possess high chemical stabilities, high density, and environmental
friendliness. These attributes underscore the potential of Gd2B2MoO9

oxide as an excellent candidate for practical ultra-low temperatureMR
applications.

Methods
Sample synthesis
Polycrystalline Gd2B2MoO9 oxide was fabricated by a solid-state
reaction from high-purity (≥ 99.9wt.%) MgCO3, H3BO3, and
(NH4)6Mo7O24·4H2O powders. The raw materials, weighted in stoi-
chiometric proportions, were thoroughly ground by hand for 2 h
with the addition of a small amount of alcohol to facilitate mixing.
To compensate for the volatilization of H3BO3, a 6% excess was
included to improve reproducibility. The mixture was preheated
at 700 °C for 10 h. The resulting precursor was reground, pressed
into thin pellets, and sintered in air at 900 °C for 18 h, followed by
furnace cooling.

Microstructural characterization
The phase purity and crystal structure of Gd2B2MoO9 oxide were
examined by powder XRD at RT using a Rigaku-SmartLab dif-
fractometer. The elemental chemical states were analyzed using XPS
(Thermo-Scientific K-Alpha). The density was determined to be
5.76(5) g/cm3 by Archimedes method. Microscopic morphology and
EDS mapping were assessed using SEM (SM-7800F), TEM (FEI-
TalosF200s), and STEM (FEI Titan-T300kV).

Physical property measurements
Magnetization measurements were acquired by a SQUID magnet-
ometer (MPMS-Q3, QuantumDesign) equipped with a 3He refrigerator
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Fig. 4 | Magnetic and thermal properties of Gd2B2MoO9. a Temperature
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ground state and a field-induced metamagnetic transition from antiferromagnetic
to ferromagnetic-like state. b Temperature dependence of heat capacity C(T)
curves under different magnetic fields. c Magnetic field dependence of magneti-
zation M(μ0H) curves at several selected temperatures.

Article https://doi.org/10.1038/s41467-025-68278-z

Nature Communications |         (2026) 17:1554 5

www.nature.com/naturecommunications


inset, using an irregular bulk sample with a mass of 3.65(4)mg. The
field-dependent magnetization data used for the magnetic entropy
change calculations were recorded during cooling and by incremen-
tally measuring the field from 0 to 5 T. Specific heat measurements
were performed using the adiabatic heat relaxation method with the

PPMS-9T and a dilution refrigerator module; the sample mass in this
case was 1.16(3) mg. All magnetic field-dependent addenda measure-
ments were conducted under the magnetic fields of 0, 0.5, 1, 1.5, 2,
and 5 T.

Calculation details
Atomic-level spin-polarized first-principles calculations were per-
formed within the framework of DFT using commercial VASP
software39–41. The valence electron contributions used [5s2 5p6 4f7 5d1

6s2] for Gd, [2s2 3p1] for B, [4d5 5s1] forMo, and [2s2 2p4] forO in the PAW
pseudopotentials. The k-point mesh for Gd2B2MoO9 oxide was set as
7 × 5 × 3 using the Monkhorst-Packmethod. Structural optimization of
Gd2B2MoO9 oxidewas performed until the total energies andHellman-
Feynman forces on each atomwere converged to below0.01 eV/Å and
10−7 eV, respectively.

Quasi-adiabatic demagnetization device
The adiabatic demagnetization cooling μ0H(T) curves of Gd2B2MoO9

oxide were determined using a custom-built apparatus5, with initial
conditions and field control provided by a PPMS-9T system. Approxi-
mately 3 g of powder sample wasmixed with ~50wt.% silver powder to
enhance thermal conductivity and cold-pressed into a cylindrical pel-
let. Then, the sample pellet was mounted on a sapphire-plate holder,
which was supported by a Vespel frame. A field-calibrated RuO2 ther-
mometer with the uncertainty less than 0.001 K was attached to the
sample pellet for temperature measurements. The sample pellet was
precooled to T0 and stabilized in a chamber where residual gases were
evacuated using a cryopump to ensure adiabatic conditions. The
μ0H(T) curveswereacquiredbydecreasing the externalμ0H at a rateof
0.3 T/min from 9 to 0T.
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Data availability
The data that support the findings of this study are provided in the
main text and the Supplementary Information. Source data are pro-
vided with this paper.
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