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TOPICAL REVIEW — Multiferroicity and multicaloric effects
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Accessing the milli-Kelvin regime is increasingly important for next-generation quantum technologies and deep-
space observations. Among established cryogenic techniques, adiabatic demagnetization refrigeration (ADR) is distinctive
for its all-solid-state design, low vibration, and intrinsic gravity independence. Here we present a materials-centered review
of ADR refrigerants, connecting classical thermodynamics to modern quantum many-body behavior. Beyond hydrated
paramagnetic salts, dense rare-earth oxides and correlated-disorder ceramics, we highlight emerging quantum-engineered
refrigerants, including geometrically frustrated magnets, and quantum-critical systems. In these materials, suppressing
long-range order and tailoring low-energy excitations redistribute spin entropy into the sub-Kelvin window, enabling large
and reversible entropy changes at the lowest accessible temperatures. We discuss the central trade-offs among volumetric
entropy density, thermal transport, and magnetic ordering, and outline possible design rules for staged ADR architectures.
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1. Introduction

The ultralow temperature regime (typically below 1 K)
represents an important frontier in modern physics and ad-
vanced technology. At these temperatures, thermal noise
is greatly reduced, allowing macroscopic quantum phenom-
ena to appear clearly, such as superconductivity, superfluidity
and possible supersolid-like phases, revealing complex many-
body energy landscapes. This environment is ideal for high-
sensitivity detection methods (including x-ray spectroscopy,
far-infrared sensing, and dark matter searches) as well as
groundbreaking innovations like quantum computing.[1–4]

Currently, the main cooling methods for reaching ultralow
temperatures include 3He evaporative refrigeration (reaching
∼ 0.3 K), 3He–4He dilution refrigeration, and adiabatic de-
magnetization refrigeration (ADR).

Among these, dilution refrigerators can operate continu-
ously down to the milli-Kelvin regime (typically reaching base
temperatures < 10 mK), while offering a moderate cooling
power. However, they face practical limitations, such as struc-
tural complexity, reliance on 3He circulation, and mechanical
vibration. Furthermore, conventional wet dilution refrigera-
tors rely on gravity-assisted phase separation, making them
difficult to adapt for space missions without complex modifi-
cations (such as open-cycle dilution or closed-cycle sorption
systems).[5]

In contrast, ADR is inherently gravity-independent. It
offers a simpler, fully solid-state architecture that avoids the
complexities of gas handling and fluid circulation, making it
particularly attractive for achieving deep cryogenic environ-
ments in space. At T < 1 K, the volumetric cooling power
and efficiency of ADR can be competitive for certain mission
constraints to those of dilution refrigeration. Furthermore, its
flexible design allows for single-stage, multi-stage cascaded or
continuous cycling operations.

The principle of ADR was independently proposed by
Debye and Giauque in 1926 to 1927, and was experimen-
tally demonstrated seven years later by Giauque and Mac-
Dougall (1933).[6–8] By implementing the adiabatic demagne-
tization of paramagnetic salts Gd2(SO4)3·8H2O, they success-
fully achieved 0.53 K from a starting temperature of 3.4 K, sur-
passing the 0.83 K limit of liquid helium evaporation cooling
set by Onnes in 1922.[9] Shortly thereafter, de Haas, Wiersma
and Kramers employed the technique to reach 0.08 K via de-
magnetization of cerium ethylsulfate, inaugurating the era of
milli-Kelvin physics.[10]

In 1954, Heer, Barnes, and Daunt constructed a device
using superconducting thermal switches combined with a high
heat capacity reservoir.[11,12] Their device successfully main-
tained a temperature of 0.26 K under a heat load of 7 µW
using FeNH4(SO4)2·12H2O. This design was subsequently re-
fined by Zimmerman, McNutt, and Bohm, who incorporated
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superconducting solenoids to achieve a significantly higher
heat load of 100 µW.[13] Later, Rosenblum, Sheinberg and
Steyert reported a similar refrigerator that pushed the bound-
aries to the milli-Kelvin regime (base 10 mK under load of
0.1 µW).[14] They utilized the demagnetization of a compos-
ite cylinder of gold-cerous magnesium nitrate, and a cobalt
metal thermal reservoir, which acts to smooth out the cyclical
temperature swings.

The development history of ADR shows its core advan-
tages, such as all-solid-state operation, high reliability, and
gravity-independent performance. However, this history also
shows a consistent pattern: the performance of ADR systems
depends fundamentally on the properties of magnetic refriger-
ants. From the early paramagnetic salts used by Giauque to
the composite materials in Rosenblum’s milli-Kelvin refriger-
ator, each advance in cooling capacity and temperature range
has been made possible by improvements in refrigerant design.
As cryogenic applications have grown from basic physics lab-
oratories into space missions, x-ray astronomy, and quantum
computing, the demands on ADR refrigerants have become
more challenging. Modern applications require higher mag-
netic entropy density, wider operational temperature ranges,
and carefully controlled magnetic ordering behavior. There-
fore, the search for and development of better magnetic refrig-
erants has become a central task in advancing ADR technology
to new levels.

While many excellent reviews on ADR already exist,
most focus on the cooling principles, cryogenic engineering,
or specific instruments, and only briefly mention the under-
lying refrigerant materials.[2,15–17] A systematic, materials-
centered comparison across both classical and emerging ADR
refrigerants is still missing. In this context, we present a short
review on ADR refrigerant materials. We begin by introducing
key thermodynamic measures for evaluating refrigerant per-
formance. The discussion then moves from classical hydrated
paramagnetic salts to structurally disordered compounds, and
finally to exotic quantum many-body systems including geo-
metrically frustrated magnets, quantum critical materials, and
heavy fermion compounds. For each category, we examine
their performance strengths and fundamental challenges in
ADR applications. Finally, we provide an outlook on future re-
search directions and the practical potential of advanced ADR
technology.

2. Key performance metrics for magnetic refrig-
erants
Magnetic entropy change ∆S(T,B) The entropy change

at temperature T upon increasing the external field from 0 to
Bi is given by the Maxwell relation

∆S(T,Bi) = S(T,Bi)−S(T,0) =
∫ Bi

0

(
∂M
∂T

)
B

dB (1)

or calculated from the entropy by integrating of the heat ca-
pacity Cp via

S(T,Bi) = S(0,Bi)+
∫ T

0

(
Cp(T ′,Bi)

T ′

)
dT ′. (2)

Along the isothermal magnetization path A→ B (Fig. 1), the
heat Qm released to the thermal reservoir is

Qm(Ti,Bi) =−Ti∆S(Ti,Bi), (3)

corresponding to the rectangular area ABCDE in Fig. 1. Qm is
modest and can be readily absorbed by an evaporating helium
bath in typical ADR precooling stages.

Fig. 1. The S–T diagram for a typical magnetic refrigerant. A→ B:
isothermal magnetization at Ti from 0 to Bi, releasing heat of magnetiza-
tion Qm =−Ti∆S(Ti,Bi) (area of rectangle ABCDE). B→C: adiabatic
demagnetization to Bf with Tad = Ti − Tf set by S(Ti,Bi) = S(Tf,Bf).
C→ A: isofield warm-up at Bf; the shaded area represents the available
cooling load Qc.

A large ∆S typically correlates with large spin multiplicity
and high magnetic moment density. The maximum available
entropy for an ideal paramagnet is R ln(2J + 1), where R is
the gas constant and J is the total angular momentum quantum
number. However, ∆S alone represents only a stock of avail-
able entropy (i.e., an equilibrium thermodynamic quantity), it
does not specify the field distribution of this entropy or its ac-
cessibility within a given thermodynamic cycle. Therefore, ∆S
serves as a useful first-pass screening metric but not as a suffi-
cient performance criterion.

Adiabatic temperature change Tad The adiabatic de-
magnetization step B → C conserves entropy, S(Ti,Bi) =

S(Tf,Bf), defining the adiabatic temperature change Tad, as
Tad = Ti− Tf. In real materials, Tf seldom reaches zero even
by letting Bf → 0, because internal interactions will eventu-
ally align the moments and quench the entropy. Typically, for
ideal paramagnets or systems far from critical points (assum-
ing Bi� b), the final temperature Tf can be estimated as

Tf =
Ti

Bi

√
B2

f +b2, (4)

where b represents the internal field. It is important to note
that, for refrigerants whose entropy–temperature relation de-
viates from simple paramagnetic behavior, Tf is determined by
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the specific density of states and the release of residual entropy
at zero-field, rather than by a simple effective internal field.

Heat capacity Cp and cooling capacity The heat capac-
ity Cp determines the usable cooling capacity during the heat
absorption stage. From the entropy curve (C→ A in Fig. 1),
the heat absorbed by the refrigerant during warming from Tf

back to Ti at fixed Bf is

Qc(Bf;Tf→ Ti) =
∫ Ti

Tf

T
(

∂S
∂T

)
Bf

dT, (5)

of which the thermodynamic identity ( ∂S
∂T )B =

Cp(T,B)
T .

The position and magnitude of the low-temperature heat
capacity peak determine the fundamental cooling limit of adi-
abatic demagnetization. Once the temperature approaches the
energy scale defined by internal interactions, residual mag-
netic entropy becomes trapped below the Cp maximum and
further cooling stops. The magnitude and width of Cp thus
control the thermal buffering capacity: a larger, broader Cp

peak in the working temperature range (typically 0.05–1 K)
produces smaller temperature rises for a given heat load and
longer hold times t. This can be roughly estimated by a time
evolution equation under a given P (P represents the total para-
sitic heat load or external heating power applied to the system)
as

dU [T (t)]
dt

= P, (6)

where U(T ) denotes the internal energy, obtained by integrat-
ing Cp.

It must be noted that cycle-averaged cooling power de-
pends additionally on heat-exchange rate and achievable cy-
cle frequency. Therefore, direct measurements of Tad and Qc

under operating conditions provide the most reliable perfor-
mance benchmarks, beyond ∆S and Cp inferred from equilib-
rium data. This can be accomplished through two primary ap-
proaches: (i) testing in a commercial working ADR system,
which provides real operational metrics including hold time,
base temperature stability, and cycling performance under ac-
tual heat loads; or (ii) laboratory-scale quasi-adiabatic de-
magnetization measurements, which are more accessible and
widely used for rapid materials screening. In the latter ap-
proach, the sample is thermally anchored to a heat sink (typ-
ically at 2–4 K) under an applied magnetic field, then ther-
mally isolated before field ramping. Temperature evolution
during demagnetization is monitored using calibrated cryo-
genic thermometers (such as CERNOX or ruthenium oxide
sensors) in commercial superconducting magnet systems (e.g.,
physical property measurement system, PPMS). While this
method cannot fully replicate the continuous ADR operation
(lacking active thermal switching and multistage heat man-
agement), it effectively captures the intrinsic magnetocaloric

response (T vs. B profiles) and allows direct comparison of
candidate refrigerants under standardized conditions. Key ex-
perimental considerations include minimizing parasitic heat
leaks through support structures, ensuring adequate thermal
equilibration time between the sample and thermometer, and
accounting for eddy-current heating during field ramping in
metallic samples.

Thermal conductivity κ Thermal conductivity κ de-
termines how rapidly Qm is expelled to the heat sink during
stage A→ B, and how quickly the load reaches equilibrium
with the refrigerant during stages B→C and C→ A. Low κ

creates internal temperature gradients, slows cycle rates, and
shortens holding time. This limitation is a major weakness
of many hydrated paramagnetic salts. In contrast, dense ox-
ides and intermetallic compounds typically show much bet-
ter heat exchange, typically orders of magnitude higher than
hydrated salts, which greatly simplifies cold-finger design,
though sometimes at the cost of limited achievable tempera-
tures. Representative single-crystal κ values of Gd3Ga5O12 (a
benchmark refrigerant) are approximately 101 W·m−1·K−1 at
4 K and 102 W·m−1·K−1 at 10 K.[18]

Chemical and mechanical robustness ADR refriger-
ants must withstand high vacuum and repeated cryogenic cy-
cling. For space applications, radiation tolerance is also es-
sential. Classical hydrated salts are sensitive to environmen-
tal humidity, easily losing water or deliquescing, which leads
to performance degradation. Dense ceramics or intermetallic
compounds offer more robust packaging and stable long-term
operation. Therefore, new refrigerants often prioritize chemi-
cally inert, mechanically strong material forms to ensure stable
performance in practical applications.

3. Magnetic refrigerant materials
3.1. Hydrated paramagnetic salt

Paramagnetic salts containing ions with partially filled
electronic shells, such as 3d transition metal ions and 4f rare
earth ions, were the first refrigerants employed in adiabatic
demagnetization cooling. This choice was primarily driven by
the material technology available at that time, for which hy-
drated salts could be readily synthesized as large, high-purity
single crystals from aqueous solutions, making them experi-
mentally accessible. In these compounds, the crystallization
water molecules separate magnetic ions from each other, thus
weakening magnetic dipolar and exchange interactions. This
reduces the magnetic energy scale to the milli-Kelvin range,
thereby delaying spontaneous magnetic ordering to ultralow
temperatures.

Alum salts (manganous ammonium sulfate MAS:
Mn(NH4)2(SO4)2·6H2O; ferric ammonium alum FAA:
FeNH4(SO4)2·12H2O; chromium potassium alum CPA:
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KCr(SO4)2·12H2O): Containing 3d transition metal mag-
netic ions with quenched orbital angular momentum (g ≈ 2),
magnetic moments are primarily from spin, such as Mn2+

(S = 5/2), Fe3+ (S = 5/2), Cr3+ (S = 3/2). Typical zero-
field magnetic ordering temperatures: MAS ∼ 170 mK, FAA
∼ 30 mK, CPA ∼ 10 mK.[19,20]

Cerium magnesium nitrate (CMN, Ce2Mg3(NO3)12·
24H2O): Below T ≈ 1 K, its crystal field ground state is an
effective J = 1/2 doublet, with paramagnetic behavior per-
sisting down to ∼ 6 mK. The La-doped dilution can go even
lower, though at the cost of reducing volumetric entropy ca-
pacity. The spontaneous magnetic ordering temperature under
zero field of CMN is among the lowest reported for electronic
paramagnetic salts.[19]

In practice, the extremely low thermal conductivity of
hydrated salts at cryogenic temperatures requires embedding
them in a metal wire mesh to improve heat conduction. With-
out these measures, temperature gradients easily form during
demagnetization, making low temperatures difficult to main-
tain. Additionally, these salts are sensitive to humidity, requir-
ing careful attention to sample preparation and packaging.

3.2. Dense rare-earth compounds

Although hydrated salts still hold records for extremely
low temperatures, the emergence of new dense magnetic mate-
rials has opened more application possibilities for ADR. These
materials, as complementary solutions, cover the intermedi-
ate temperature range of 1–4 K with their higher thermal con-
ductivity and mechanical strength, significantly enhancing the
overall volumetric cooling power.

Gadolinium gallium garnet (Gd3Ga5O12, GGG) is
a typical example. The Gd3+ ion density reaches
12.6 nm−3, with ground-state volumetric magnetic entropy
of 363 mJ·K−1·cm−3.[22] More importantly, GGG does not
show long-range order until < 20 mK in zero field, meaning it
maintains high magnetic entropy and reversible magnetic cy-
cling in the liquid helium temperature range when most strong
magnets have ordered (Fig. 2).[21] Furthermore, GGG can be
grown as large single crystals, with thermal conductivity of
40 W·m−1·K−1 at 4 K, orders of magnitude higher than hy-
drated salts, thus allowing direct processing without complex
thermal connections.[18] Modern multi-stage ADR often uses
GGG as the first stage, precooling hydrated salts at 0.8–2 K
before demagnetizing to < 0.2 K.

The garnet structure also offers considerable flexibility
for tuning magnetic properties through rare-earth substitu-
tion. Replacing Gd3+ in GGG with other rare-earth ions, such
as Tb3+, Dy3+, or Yb3+ to form Tb3Ga5O12, Dy3Ga5O12,
and Yb3Ga5O12, systematically adjusts the magnetic order-
ing temperature, crystal-field splitting, and effective mag-
netic moment.[21,23] These variations enable materials opti-
mization for specific temperature regimes. Beyond simple

rare-earth substitution, partial replacement of Ga3+ by mag-
netic Fe3+ ions in gadolinium gallium iron garnet (GGIG,
Gd3(Ga1−xFex)5O12) introduces additional magnetic interac-
tions, allowing fine-tuning of the magnetic entropy profile and
ordering temperature through composition control.[24]

(a)

(b)

Fig. 2. (a) Crystallographic structure of R3Ga5O12, R = rare earths,
along the 〈111〉 axis. (b) Magnetization of Gd3Ga5O12 single crystal as
a function of temperature and applied fields parallel to 〈100〉 direction.
Reproduced with permission from Ref. [21].

Gadolinium lithium fluoride (GLF, GdLiF4) possesses
large S = 7/2 magnetic moments, with magnetic ordering
temperature < 0.3 K and isothermal entropy change 20%–
60% higher than GGG, now manufacturable as large single
crystals.[25,26] GdF3 also provides considerable entropy capac-
ity and thermal conductivity in the 0.3–1 K range.[27]

Common features of these materials include high entropy
change from high magnetic ion density and large magnetic
moments; low ordering temperature ensured by frustrated or
weakly coupled magnetic interactions; high thermal conduc-
tivity and chemical stability endowed by dense crystal struc-
ture. They serve as complementary refrigerants to hydrated
salts, facilitating efficient ADR operation across the extended
0.05–4 K temperature window. Notably, considerable research
efforts in magnetic refrigerants have focused on this tem-
perature regime, with numerous studies exploring alternative
Gd3+- and Eu2+-based materials that aim to surpass the bench-
mark GGG series.[28–43]

3.3. Structurally disordered magnetic refrigerants

Beyond the classical hydrated salts characterized by
weakly interacting ordered lattices, structural disorder offers
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an alternative and promising avenue for ADR refrigerant de-
sign. Structural disorder encompasses various lattice imper-
fections, including site mixing, random distortions of bond
lengths and angles, vacancies, and stacking faults. These
structural features randomize the exchange interaction distri-
bution between magnetic ions and reduce the effective connec-
tivity of the spin network. Consequently, long-range magnetic
ordering is suppressed to temperatures far below the Curie–
Weiss temperature. Macroscopically, this suppression mani-
fests as the absence of a sharp magnetic phase transition. In-
stead, the system exhibits a broad distribution of short-range
magnetic correlations and low-energy excitations, which are
particularly advantageous for ADR applications.

We demonstrate how correlated disorder enhances
cooling performance in Gd9.33[SiO4]6O2, a rare-earth
oxyapatite-type silicate featuring highly correlated occupancy
disorder.[44] The stochastic interruption of Gd3+ occupancy
by vacancies disrupts three-dimensional magnetic connectiv-
ity, suppressing long-range magnetic order down to 50 mK
(Fig. 3). This correlated disorder induces distributed modifica-
tions to exchange pathways and local magnetic environments,
giving rise to a spin-liquid like disordered ground state. Ex-
perimental results reveal exceptional cooling performance in
the sub-Kelvin regime, characterized by large reversible mag-
netic entropy changes and significant adiabatic temperature
changes. Critically, the magnetocaloric effect is among the
highest ever reported, and extends across a broad temperature
range rather than being confined to a discrete phase transition
point.

(a) (b)

Fig. 3. (a) Heat capacity Cp of Gd9.33[SiO4]6O2 measured down
to 50 mK under varying constant applied fields. (b) Magnetic en-
tropy changes as a function of magnetic field and temperature of
Gd9.33[SiO4]6O2. Reproduced with permission from Ref. [44].

Another typical example is the mixed rare-earth fluoride
LiGd0.1Yb0.9F4, which forms a heterogeneous magnetic net-
work through occupational disorder of Yb3+ and Gd3+ ions,
suppressing the magnetic ordering temperature to ∼ 85 mK.
LiGd0.1Yb0.9F4 exhibits a maximum isothermal magnetic en-
tropy change of ∼ 136 mJ·cm−3·K−1 at 0.68 K under 2 T,
approximately three times that of classical CPA.[45]

From an ADR perspective, carefully designed disorder
brings key advantages: (i) lowered magnetic ordering temper-

ature enabling large entropy capacity at 0.05–1 K; (ii) con-
tinuous, reversible magnetization process without sharp phase
transitions or hysteresis; (iii) broadened magnetocaloric re-
sponse enabling stable multi-stage operation across extended
field and temperature ranges. Disorder creates an “entropy
reservoir” in the sub-Kelvin regime by reducing the ordering
energy scales and broadening low-energy density of states.
External fields progressively rearrange the near-degenerate
configurations, thus yielding smooth isentropes with large
slopes. Beyond their magnetic advantages, disordered ceram-
ics offer significant practical benefits, the structural strength
without crystallization water enables direct machining into
complete cooler components without hygroscopic risks.

However, disorder also brings some trade-offs. First, in-
ternal random fields and dipolar interactions create an ultralow
temperature plateau, limiting the minimum achievable temper-
ature. Second, excessive disorder may cause slow spin dynam-
ics that compromise reversibility (i.e., randomness and frus-
tration lead to non-ergodic behavior below a freezing tem-
perature). Third, enhanced phonon scattering lowers ther-
mal conductivity compared to ordered crystals. Fortunately,
these effects can be reduced through geometric optimization,
improved thermal interface, or partial substitution with non-
magnetic ions.

3.4. Quantum many-body effects enhanced cooling

Traditional paramagnetic refrigerants achieve low or-
dering temperatures through minimal magnetic interactions,
which inevitably limits their magnetic moment density and
entropy capacity. Quantum many-body effects offer a way
to overcome this fundamental trade-off. Quantum fluctua-
tions and entanglement redistribute entropy into a dense set
of low-energy collective excitations, allowing a large fraction
of the total spin entropy to remain accessible in the sub-Kelvin
range. This enables modern ADR materials to simultaneously
achieve disorder at ultra-low temperatures and enhanced cool-
ing capacity. The key is to engineering specific magnetic inter-
action geometries that strengthen quantum fluctuations while
maintaining thermodynamic reversibility.

3.4.1. Geometrically frustrated antiferromagnets

In geometrically frustrated spin systems, such as the
2D triangular and kagome lattices, 3D pyrochlore, garnet
and trillium lattices, or confined cluster structures, compet-
ing exchange pathways prevent the system from forming a
unique long-range order. Instead, the system produces numer-
ous degenerate or near-degenerate low-energy spin configura-
tions. In such a manifold of (quasi-)degenerate low-lying spin
states, a large fraction of the spin entropy remains accessible
over an extended low-temperature range. Applied magnetic
fields can reshuffle the populations of these nearly degener-
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ate states, significantly redistributing entropy among the low-
lying levels.[46,47] According to the thermodynamic relation(

∂T
∂B

)
S
=−T

(∂S/∂B)T

C
, (7)

if a material has large specific heat C at low temperatures and
(∂S/∂B)T is abnormally sensitive to magnetic field changes,
then the absolute value of (∂T/∂B)S becomes large, produc-
ing strong cooling effects. Importantly, the cooling mecha-
nism in frustrated systems is continuous and reversible, mak-
ing it suitable for repeated ADR cycling. Moreover, many
frustrated compounds are themselves dense solids with high
magnetic moment density and good mechanical and chemical
stability.

A promising example is the recently reported Eu(II) trian-
gular network coordination polymer Eu0.9Ba0.1I2(pyrazine)3,
which demonstrates excellent sub-Kelvin cooling perfor-
mance. Eu2+ has large S = 7/2 magnetic moments and forms
a two-dimensional triangular layered structure, with isother-
mal entropy change as high as 24 J·kg−1·K−1 at 1.4 K and

∆B = 7 T, achieving a significant adiabatic temperature drop
in the sub-Kelvin range. Direct demagnetization curves show
a plateau near 0.17 K, with the minimum temperature limited
by internal dipolar field effects.[48]

Finite-dimensional frustrated Gd3+ clusters offer a
molecular-scale realization of this cooling mechanism.
The compound [Gd7(OH)6(thmeH2)5(thmeH)(tpa)6(MeCN)2]
(NO3)2 (denoted as Gd7) consists of planar hexagonal clus-
ters composed of seven Gd3+ ions.[49] These clusters show
clear steps in the magnetization curve due to internal geomet-
ric frustration. In quasi-adiabatic measurements, demagneti-
zation from an initial temperature of 1 K can reach ∼ 0.2 K,
corresponding to a pronounced valley in the T –B isentropes
at the magnetization plateau (Fig. 4). These discrete clus-
ters directly verify the core principle of frustrated cooling,
that highly degenerate ground states combined with magnetic-
field-driven reconstruction of the energy spectrum. They also
reveal that at ultra-low temperatures, magnetic dipolar inter-
actions introduce internal effective fields that set the base tem-
perature limit.

(a) (b) (c)

Fig. 4. Crystal structure of frustrated Gd7 complex (a) and its core mapped onto a triangular spin topology (b). (c) The experimental quasi-
adiabatic temperature evolution of Gd7 complex, with a minimal temperature below 200 mK. Reproduced with permission from Ref. [49].

(a)

(b)

Fig. 5. (a) Crystal structures and lattice geometries of KBaR(BO3)2, R = rare
earths. (b) Quasi-adiabatic demagnetization of triangular KBaGd(BO3)2
powders. Reproduced with permission from Refs. [16,52].

Extending to three-dimensional coordination frame-

works, the trillium molecular compound Na[Mn(HCOO)3]
demonstrates how geometric frustration in the classical
spin-liquid regime can be exploited for magnetocaloric
applications.[50] Here, frustration suppresses long-range or-
der and enhances fluctuations, enabling switching between or-
dered and disordered states under low applied fields. This re-
sults in a pronounced magnetic entropy change at field-driven
transitions. Specifically, the transformation from a spin-liquid
state to an up-up-down ordered phase yields a peak ∆S compa-
rable to that of commercial magnetocaloric materials, demon-
strating that frustrated magnets can achieve competitive cool-
ing power even in finite-field regimes.

A particularly successful materials platform emerges
when geometric frustration is coupled with controlled struc-
tural disorder, as exemplified by the layered rare-earth borates
KBaR(BO3)2 (R = rare earths). In KBaYb(BO3)2, the trian-
gular layer geometry induces geometric frustration, while ran-
dom cation occupations further suppress magnetic ordering far
below the Curie–Weiss temperature.[51] Adiabatic demagneti-
zation from an initial temperature of 2 K under a several-Tesla
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field can reach temperatures in the tens of mK range, achiev-
ing < 20 mK under optimized conditions, a performance com-
parable to that of classical paramagnetic salts. The isostruc-
tural KBaGd(BO3)2, despite undergoing a weak ordering tran-
sition near 0.25 K, can still be demagnetized to ∼ 0.12 K
and maintains relatively long hold times at low temperatures
(Fig. 5).[52] The robust cooling performance across this fam-
ily, even in the presence of phase transitions, highlights the
practical advantages of frustrated magnetic refrigerants.

3.4.2. Heavy fermion metals and quantum critical
magnets

Beyond classical frustrated magnets, heavy fermion sys-
tems provide another platform for enhanced adiabatic de-
magnetization refrigeration through quantum criticality.[53] In
these materials, localized f-electron moments hybridize with
conduction electrons via Kondo coupling, while Ruderman–
Kittel–Kasuya–Yosida (RKKY) exchange mediates indirect
magnetic interactions between local moments. The compe-
tition between these mechanisms determines the ground-state
properties and can be tuned via magnetic field, chemical sub-
stitution, or pressure toward a quantum critical point (QCP).
Approaching the QCP, both the Cel/T (electronic specific heat,
Cel) and the magnetic Grüneisen parameter ΓB = (∂T/∂B)S/T
exhibit power-law or logarithmic divergences, signaling criti-
cal enhancement of entropy and field-response.

This thermodynamic amplification near criticality has di-
rect consequences for magnetic cooling. Entropy accumulates
and redistributes such that isentropes compress sharply around
the critical field Bc, enabling substantial temperature changes
under modest field variations. The resulting scenario provides
all essential ingredients for effective ADR: (i) large, field-
tunable magnetic entropy persisting below 1 K; (ii) smooth,
reversible thermodynamic trajectories in the absence of first-
order transitions and hysteresis; and (iii) metallic thermal con-
ductivity ensuring rapid thermal equilibration with the load.

An ADR unit employing the heavy fermion compound
YbCu4Ni achieves demagnetization cooling from 1.8 K to ap-
proximately 0.20 K with continuous temperature control.[54]

YbNi1.6Sn shows unusually small Kondo and RKKY interac-
tions, which allows the materials to retain high entropy into
the 100 mK regime, enabling a base temperature of 116 mK
under a 0.4 µW load (Fig. 6).[55] The super-heavy electron al-
loy Yb0.81Sc0.19Co2Zn20, positioned near a QCP with Cel/T ≈
8.5 J·mol−1·K−2, cools from 1 K to about 40 mK, with ther-
mal modeling predicting further gains under optimized ther-
mal isolation and magnetic shielding.[56]

Importantly, quantum criticality-enhanced ADR is not
limited to metallic compounds. Insulating quantum mag-
nets near field-induced QCP also exhibit this behavior. For
instance, the S = 1/2 Heisenberg antiferromagnetic chain

compounds, Cu-based coordination polymer [Cu(µ-C2O4) (4
aminopyridine)2(H2O)]n), show critical enhancement of the
magnetocaloric effect, and enable efficient cooling to approx-
imately 132 mK.[57]

Taken together, these advances demonstrate that quan-
tum criticality extends the operational reach of ADR into the
0.1–0.3 K regime and below, complementing traditional para-
magnetic salt stages. It is worth noting that while the di-
vergence of the Grüneisen parameter ΓB near the QCP im-
plies a massive differential temperature change, this enhance-
ment is typically confined to a narrow magnetic field range
around Bc. Practical ADR applications require high integral
cooling capacity (

∫
T dS) over the full demagnetization cycle

(e.g., 4 T→ 0 T). Therefore, quantum critical materials are best
suited for specific temperature control stages requiring high
sensitivity, rather than as broad-range bulk heat sinks.

(a)

(b)

Fig. 6. Demagnetization cooling performance of YbNi1.6Sn, with tra-
jectories of temperature vs. field (a) and warming time (b) under varied
heat loads. Reproduced with permission from Ref. [55].

4. Conclusion and perspectives
The evolution of ADR refrigerant materials reveals a clear

paradigm shift: from classical weakly interacting paramag-
netic salts exploiting single-ion entropy toward modern quan-
tum many-body systems harnessing collective phenomena-
geometric frustration, quantum criticality, heavy-fermion
physics, and correlated disorder to achieve cooling perfor-
mance beyond the practical limitations of nearly ideal para-
magnets. This progression has systematically pushed opera-
tional capabilities from the Kelvin regime into the deep sub-
Kelvin and milli-Kelvin range, dramatically expanding the
reach and efficiency of ADR.
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We summarize here the key characteristics of the dis-
cussed refrigerant families in Table 1. It is important to
emphasize that this classification is somewhat heuristic, as
the boundaries between categories are often blurred in mod-
ern quantum materials. For instance, a heavy-fermion metal
may simultaneously exhibit geometric frustration, and a struc-
turally disordered ceramic can be viewed as a distinct class of
frustrated system.

However, from an engineering perspective, these group-
ings reflect the dominant limiting factors and operational

niches: hydrated salts define the traditional limit of base tem-
perature and low thermal conductivity; dense compounds rep-
resent the benchmark for volumetric capacity in the interme-
diate stage; disordered and frustrated systems offer specific
solutions to suppress ordering for sub-Kelvin stability; quan-
tum critical metals address the conductivity bottleneck at the
cost of introducing possible parasitic eddy currents. By map-
ping these families against their typical ordering temperatures
and entropy densities, Table 1 serves as a quick-reference land-
scape for selecting materials tailored to specific cooling stages.

Table 1. Classification of magnetic refrigerant families based on their dominant physical mechanisms and engineering characteristics. The
values for ordering temperature and operational windows are indicative and may vary for specific compounds. This mapping highlights the
trade-offs between entropy capacity, thermal transport, and implementation complexity across different temperature regimes.

Material family Magnetic ordering
temperature
(coarse classification)

Volumetric entropy
density

Thermal conductivity Key strengths Main limitations

Hydrated paramagnetic
salts
(e.g. MAS, FAA, CPA,
CMN)

∼ 10–100 mK Low
(water molecules &
loose packing)

Very low
(need metal mesh/
wires)

Very high single-ion entropy;
record low base temperatures;
cheap; easy synthesis.

Chemical instability (dehydra-
tion); corrosive, fragile, hygro-
scopic crystals;
poor thermal contact; low volu-
metric cooling power.

Dense rare-earth
compounds
(e.g. GGG series, GdF3,
GdLiF4)

0.2–1.5 K High (compared to
paramagnetic salts)

High to low (single
crystals; powder forms,
need shaping)

High moment density (Gd3+); large
∆S per volume; chemically stable,
mechanically robust single crys-
tals; good for 4 K→0.4 K stage;
huge cooling capacity; good ther-
mal transport.

Limited base temperature (of-
ten > 0.3 K) due to long/short
range magnetic ordering; hys-
teresis near ordering;
requires high fields (> 4 T) and
loses effectiveness < 0.8 K.

Structurally
disordered ceramics
(e.g. Gd9.33[SiO4]6O2,
Yb-doped GdLiF4)

< 1 K
(no sharp transition)

High
(broadly distributed)

Moderate to low
(glass-like phonon
transport)

Tunable disorder, suppressed order-
ing to 50 mK; broad Schottky-like
heat capacity over 0.1–1 K yields
wide operating range; no latent heat
losses (continuous magnetization);
mechanically hard.

Risk of spin-glass dynamics
(slow relaxation); lower thermal
conductivity than ordered crys-
tals; internal random fields set a
low base-T floor.

Frustrated quantum
magnets
(e.g. Gd7 clusters,
Yb3+/Gd3+-borates)

< 1 K
(order strongly sup-
pressed)

Medium/high
(comparable to dense
magnets)

Moderate to low
(single crystals;
powder forms,
need shaping)

Reversible cooling with steep isen-
tropes near saturation; large entropy
at ultra-low T via degeneracy; field-
enhanced cooling (Grüneisen).

Complex synthesis; often pow-
ders (high contact resistance),
require careful thermal design;
dipolar limits at milli-Kelvin
regime.

Heavy fermions/
Quantum critical
systems
(e.g. YbCu4Ni,
YbCo2Zn20)

< 0.5 K to ∼ 10 mK
(tunable to ∼ 0 K)

Medium
(typically J = 1/2
Yb3+/Ce3+,
electronic + spin)

High to low
(metallic thermal trans-
port; cracked metal
pieces, powder forms)

High ∂T/∂B near QCP; achieved
cooling from ∼ 2 K to < 50 mK;
good for rapid cycling and high
cooling power; good thermal con-
ductivity.

Eddy current heating; reduced
magnetic entropy (Kondo
screening); need to avoid com-
pounds with field-induced phase
transitions; expensive materials.

Despite impressive laboratory demonstrations, the tran-
sition from fundamental research to widespread deployment
faces intrinsic material challenges. Materials synthesis and
long-term operational stability represent a primary concern:
many quantum-functional refrigerants require precise control
of composition, defect structure, and processing conditions to
achieve the target disordered or critical states. For instance, the
highly frustrated quantum spin liquids and quantum-critical
heavy-fermion alloys, while scientifically compelling, often
demand stringent synthesis conditions, yield limited sample
volumes, and show batch-to-batch variability that complicates
scale-up and standardization. Such materials may show struc-
tural evolution and performance drift after repeated thermal
cycling, requiring robust protocols to ensure reliable operation
over hundreds of ADR cycles.

A second fundamental bottleneck arises from the ther-
mal transport dilemma. For the emerging ceramic or poly-
crystalline quantum materials, the limiting factor is often not
the intrinsic thermal conductivity κ , but the inter-granular and

refrigerant-to-bus thermal contact resistance (Kapitza resis-
tance). Unlike hydrated salts which can be re-crystallized onto
metal wires, chemically stable ceramics are hard to integrate.
One promising avenue involves composite architectures that
embed metallic thermal-conduction networks within porous
magnetic frameworks, though such designs require complex
nanofabrication and interfacial engineering with no mature so-
lutions currently available.

Nevertheless, materials innovation remains the key driver
of ADR performance advancement. Looking forward, contin-
ued discoveries in low-temperature magnetism will produce
stronger, broader-range, and more reversible magnetocaloric
effects across the entire sub-4 K regime. A key design prin-
ciple is temperature-stratified customization: matching each
refrigerant’s magnetic entropy profile (magnitude and tem-
perature distribution), thermal conductivity, and mechanical
strength to the functional demands of specific ADR stages.

1–4 K precooling stage Engineering materials with mul-
tiple magnetic sublattices showing anisotropic ferro- or ferri-
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magnetic interactions can generate abrupt entropy changes un-
der modest field variations slightly above the ordering temper-
ature. Such compounds, exemplified by rare-earth transition-
metal intermetallics and complex oxides, deliver large ∆S un-
der relatively low applied fields (approximately 2–4 T), en-
hancing primary-stage cooling power and reducing cycle du-
rations.

0.1–1 K main cooling stage Precise control of crystal-
field splitting, magnetic exchange topology, and geometric
frustration through chemical substitution and structural mod-
ulation enables fine-tuning of refrigerant properties. The ob-
jective is to further suppress magnetic ordering temperatures
while preserving high magnetic moment density and broad
C/T plateaus spanning approximately 0.05–1 K. Promising
candidates are frustrated or structurally disordered rare-earth
compounds. Exploiting exotic collective states, such as quan-
tum spin liquids, engineered spin-glass phases, and disorder-
stabilized paramagnetic regimes, offers pathways to refriger-
ants combining large entropy capacity with tunable thermal
conductivity.

< 0.1 K electronic cooling stage Fully leveraging
quantum-critical materials, such as heavy-fermion metals near
magnetic QCPs and insulating frustrated magnets at field-
induced criticality, exploiting divergent Grüneisen parameters
for quantum-enhanced refrigeration. These mechanisms have
demonstrated experimental viability in achieving base temper-
atures well below 100 mK with reasonable field magnitudes
(4–9 T), offering practical alternatives to conventional 3He-
based dilution refrigeration in resource-constrained environ-
ments.

For temperatures significantly below 1 mK, nuclear adia-
batic demagnetization (NDR) using materials like Cu or PrNi5
remains the irreplaceable standard due to their ultra-small nu-
clear magnetic moments. However, in the intermediate 1–
100 mK regime, the quantum electronic refrigerants reviewed
here offer a compact, high-cooling-power alternative to com-
plex nuclear stages.

As novel quantum magnetic states continue to be discov-
ered and translated into functional refrigerants, ADR technol-
ogy will provide increasingly powerful cryogenic infrastruc-
ture for exploring matter and the universe under extreme con-
ditions. The ongoing evolution from weakly interacting para-
magnets to quantum-enhanced many-body systems represents
not merely incremental performance gains but a fundamental
shift in ultra-low temperature refrigeration. This transforma-
tion leverages the richness of condensed-matter quantum phe-
nomena, e.g. frustration, criticality, and correlated disorder, to
overcome limitations inherent to classical single-ion refriger-
ants. The trajectory of ADR development thus mirrors broader
trends in quantum materials science, from phenomenological
exploitation of simple quantum states toward the rational de-
sign of complex collective behaviors tailored for specific tech-
nological functions. This evolution will continue expanding

the frontiers of cryogenic science and engineering, enabling
transformative advances in quantum computing, astrophysical
instrumentation, and fundamental physics research that probe
the deepest mysteries of nature at the coldest accessible tem-
peratures.
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