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The demand for thermal management of electronics is rapidly increasing due to the 
prosperity of information technology. However, the two major alternatives, convective 
cooling and vapor compression technologies, have limitations for the effective refrig-
eration of microchips, namely the low convective heat-transfer coefficient of gas, and 
the need of large compressors, not to mention the low efficiency of compressor cooling 
and its use of greenhouse refrigerant. Herein, we establish a full solid-state magnetic 
refrigeration device with scalability and simple structure based on hybrid regeneration 
utilizing solid heat transfer materials, aiming at offering active point-to-point thermal 
management through solid-to-solid contact to targets with different footprints. Even 
with the intrinsic experimental imperfections of a laboratory demonstrator, the device 
shows a high heat-transfer coefficient h of 336 W m−2 K−1 (typically forced air convection 
by electric fans have <100 W m−2 K−1), a high unit cascade heat-transfer coefficient h/n 
of 168 W m−2 K−1, and a large area cooling power W of 0.72 W cm−2 at the temperature 
difference between environment Te and hot object To of −20 K, which make our full 
solid-state design the best in the field of thermal management compared to reported 
full solid-state caloric devices. 

thermal management | full solid-state | magnetic refrigeration device | hybrid regeneration 

With the development of technology and growth of the population, refrigeration has 
become an indispensable part of modern society. However, the wide use of vapor com-
pression refrigeration places a heavy burden on environment: It utilizes chemical refrigerant 
which aggregates greenhouse effect, and wastes considerable energy due to the low effi-
ciency. Of particular interest is the thermal management of high-performance electronics, 
with increasing dissipated power but a smaller footprint of devices. The use of large 
compressors and the low convective heat-transfer coefficient of gas are hinders to fast 
remove heat from small-size electronics. Thus, a green, scalable, and effective refrigeration 
technology is urgently needed. Caloric effect produced upon application/removal of an 
external driving field is a tangible solution to these problems (1). Among different calorics, 
like electrocaloric (2–4) and mechanocaloric effects (5, 6), magnetocaloric (MC) refrig-
eration is closer to large-scale applications (7, 8). 

However, traditional passive/active magnetic regeneration (PMR/AMR) models cannot 
satisfy the demand of electronics thermal management. These systems usually rely on 
fluids as heat transfer material, which is not compatible with electric circuits (8, 9). Besides, 
though several full solid-state designs replacing the regenerating fluid by thermal diodes 
were put forward, it is difficult to practically implement these designs inasmuch as heat 
leakage of practical kH materials and commercial Peltier elements deviates themselves from 
ideal thermal diodes, which introduces large energy waste and significantly influences the 
cooling process (8–10). 

For practical purposes, utilizing high thermal conductivity materials (HTCMs) to 
implement regeneration is a promising alternative to attempts of pursuing an ideal thermal 
diode, while they still allow the removal of the fluid in the device. Herein, we report a full 
solid-state MC refrigeration device, based on hybrid regeneration with HTCMs as regen-
erator toward thermal management of electronics. 

Results and Discussions 

Fig. 1 presents the structure and working principle of the full solid-state MC refrigeration 
model utilizing HTCMs for regeneration. The core refrigeration unit is composed of two 
layers which reciprocate to realize refrigeration during the cooling cycle (Fig. 1A): a cooling 
layer (CL) made of magnetocaloric materials (MCMs) and a regeneration layer (RL) made 
of HTCMs (Fig. 1 B and C). Each layer of CL or RL contains multiple slices of MCMs 
or HTCMs, respectively, which are separated by adiabatic materials to block in-layer heat D
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transfer. Heat transfer only exists between the two layers when the 
MCM slices and HTCM slices become in contact (SI Appendix, 
section SI-1).          

During the refrigeration process, there are four states in total 
(Fig. 1A): two static states (I, III in Fig. 1A) and two moving states 
(II, IV in Fig. 1A). Following the order from I to IV, each MCM 
mth slice absorbs heat from the left HTCM (m-1)th slice at static 
state I and releases heat to the right HTCM mth slice at static state 
III (SI Appendix, section SI-1). Therefore, as the two static states 
alternate, heat is continuously pumped from the left to the right 
slice, achieving the aim of refrigeration. Meanwhile, the presented 
device applies recently reported Hybrid Magnetic Regeneration 
(HMR) (11) (SI Appendix, section SI-2), where a stable temper-
ature gradient forms in both the RL and CL (Fig. 1A), which can 
greatly reduce the heat loss caused by the unstable temperature 
gradient in the fluid-based AMR/PMR devices (11). Additionally, 
without fluid and the corresponding pump, such device can be 
scaled along the width and length, or stacked along the thickness 
one by one (SI Appendix, section SI-1), to offer refrigeration to 
various target applications with different footprints, ranging from 
microelectronics to buildings. 

The validation of working principle has been twofold. Initially, 
finite element simulation was carried out, considering the char-
acteristics of Gd as MCMs (adiabatic temperature change 
ΔTadiabatic    = 4 K) and Cu as HTCMs. Results show that the  ΔTspan     
linearly increases with the number of MCM slices (n), while the 
regeneration factor (  RF = ΔTspan∕ΔTadiabatic    ) nearly equals n 
(Fig. 2A and SI Appendix, section SI-3).    

Next, to experimentally prove the feasibility and practicality, a 
demonstration device was constructed. With the help of a 3D 
printer, the support of the CL and RL was made with PLA poly-
mer, which eliminates the heat transfer within each layer. Three 
Gd slices of 3*5*1 mm3   and two Cu slices of 3*5*0.5 mm3   (plus 
two additional ones behaving as cold and hot ends) were embed-
ded into the support (Fig. 1 B and C). PT-1000 temperature 
sensors (Right Inset of Fig. 1D) were glued to the back of the 
leftmost and rightmost Cu slices to monitor the temperature evo-
lution of the hot and cold ends. The CL and RL were connected 
to rack and pinion mechanisms that were driven by two Arduino 
controlled microservomotors with the size of 2*2*1 cm3   (Left Inset 

of Fig. 1D), providing the reciprocating movement between the 
two static states (Fig. 1 B and C). Devices with two and one Gd 
slices (and correspondingly one and zero Cu slices) were also 
tested. The experimentally measured  ΔTadiabatic    of a single Gd 
slice upon reciprocation was 3.6 K. For the complete device, in 
line with simulations, the temperature span increased with the 
number of Gd slices (  ΔT3,span > ΔT2,span > ΔT1,span    ) (Fig. 2B), 
but influenced by interface thermal resistance and friction due to 
imperfect surfaces, it was lower than the simulation limit. It is also 
validated that the cooling power increases with increasing fre-
quency, which reflects on an increasing temperature span. For 
three Gd slices, the largest temperature span was 3.9 K at ~0.35 Hz 
(Fig. 2B). Due to the limited power of the microservos, frequency 
could not be increased further. 

To preliminarily check the scalability of the device, we tested 
the performance of double length Gd slices (3*10*1 mm3). 
Similarly, the temperature span increased with slice number 
(ΔT2,span > ΔT1,span    ) and frequency (Fig. 2B). Only two slices of 
this size could fit the constrained field region of our magnet. Since 
the mass of Gd and thus the cooling power increased, the largest 
temperature span of 4.4 K was measured with two Gd slices at 
~0.35 Hz (Fig. 2 B and C). 

To quantify cooling performances, the hot-end Cu slice was 
replaced with a larger one of 3*50*1 mm3 to promote heat dissi-
pation, and the heat load at cold-end Cu slice was given by a 
PT-1000 resistor through adjusting current. The measured total 
input power of the two microservos is 0.2 W. For comparison, the 
cooling performance of a microfan AD0205LB-K50 (2.5*2.5*0.6 
cm3) of 0.22 W is measured (Inset of Fig. 2D and SI Appendix, 
section SI-4). According to 

   

 where P  is the cooling power (in W), h  is the heat-transfer coeffi-
cient (W m−2   K−1), A  is the area (m2), Te, To are the temperature 

[1] P = − h A (T e − T o), 
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C 

D 

Fig. 1. Structure and working principle of the reciprocating full solid-state 
refrigeration device utilizing HTCMs as regenerators. (A) Structure and 
operating steps of the refrigeration cycle, where I, III show the two static 
states and II, IV show the two moving states. (B and C) Photos of the CL and 
RL at the two static states, where the red arrows denote heat flux. (D) Photo 
of the device where Insets show the microservomotor of ~2*2*1 cm3 and 
PT-1000 sensor. 

A 

D E 

B C 

Fig. 2. Cooling performance of the full solid-state device. (A) Simulated 
temperature span and RF as a function of the number of MCM slices. (B) 
Experimental temperature span as a function of frequency for different 
devices where 5 and 10 mm denote the length and 1,2 and 3 denote the 
number of Gd slices. The dashed line denotes the ΔT 

adiabatic of Gd = 3.6 K. (C) 
Experimental time evolution of the temperature of the cold and hot ends 
with two Gd slices of 3*10*1 mm3 at ~0.35 Hz. (D) Experimental cold-end and 
hot-end temperatures of two Gd slices of 3*5*1 mm3 with different cooling 
power at ~0.35 Hz, where Insets show the measured heat-transfer coefficient 
h of the device and microfan with nearly the same input of ~0.2 W, the photo 
of the microfan and the schematic of microfan measurement. (E) Comparison 
of heat-transfer coefficient h and the ratio of area cooling power W@ Te–To = 
−20 K to cascade number n of our device with other reputed full solid-state 
devices (refs. 2, 3, 12, and 13) and the forced air convection by electric fans. 
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of environment and hot object respectively, our demonstrator, 
even with imperfect surface thermal contact and insufficient heat 
dissipation, realizes h ~ 336 W m−2   K−1  (area cooling power W ~ 
0.72 W cm−2   at T e –To = −20 K) (Inset of Fig. 2D), three times 
larger than forced air convection of 94.7 W m−2   K−1   (W ~ 0.19 
W cm−2) by electric fans with nearly the same input (typically 
<100 W m−2   K−1) (14, 15), exceeding all the full solid-state elec-
trocaloric devices (horizontal axis of Fig. 2E, detailed in 
SI Appendix, section SI-5). In other words, with our device replac-
ing electric fans to dissipate heat of electronics, the performance 
of microchips can be tripled, like laptops, portable medical equip-
ment, etc. Besides, due to the larger thermal conductivity of Gd 
(~10 W m−1   K−1) compared to PVDF-based polymer (~0.2 W 
m−1   K−1) and PbSc0.5Ta0.5O3   (~1.4 W m−1   K−1), it requires less 
cascade number n  to reach a considerable h  and area cooling power 
W. Therefore, the presented device exhibits an outstanding unit 
cascade area cooling power W/n  of 0.36 W cm−2   at T e -T o  = −20 K 
(h/n  = 168 W m−2   K−1), showing the large potential for improve-
ment for the presented device through cascading more slices 
( vertical axis of Fig. 2E).  

Conclusion 

A full solid-state MC refrigeration device is constructed by utiliz-
ing HTCMs as regenerator, where a recently reported hybrid 
regeneration mode is applied. Even with the experimental imper-
fections of a laboratory demonstrator, like friction, surface thermal 
resistance, and insufficient heat dissipation, a high heat-transfer 
coefficient of 336 W m−2 K−1 (h/n =168 W m−2 K−1), an outstand-
ing area cooling power W  of 0.72 W cm−2   (W/n  = 0.36 W cm−2) 
at Te–To = −20 K, an RF larger than 1, and a temperature span 
of 4.4 K can be easily realized. The absence of fluid and the related 

pump endows such device with simple structure and scalability 
to provide point-to-point active cooling for different-size targets. 
Our work proves the feasibility and practicality of the full solid-
state design and provides a possibility for thermal management. 
Future perspectives include improvement of the thermal contact 
between the layer, increased frequency of operation, cascading 
more slices, and exploration of MCMs with suitable working tem-
perature for thermal management at higher temperatures. 

Materials and Methods 

Finite element simulations were conducted by COMSOL Multiphysics 5.6 soft-
ware. 3D printing was accomplished by a 3D printer CREALITY K1 Max. MCM and 
HTCM slices were embedded into the PLA support by pressure. The microservo-
motor used is TIANKONGRC SG90 (~2*2*1 cm3). The current of PT-1000 sensor 
is provided by KEITHLEY 2611B SourceMeter, and the voltage is measured by 
KEITHLEY 2182A Nanovoltmeter. 

Data, Materials, and Software Availability. Study data are included in the 
article and/or supporting information. 

ACKNOWLEDGMENTS. This work was supported by the Science Center of NSF of 
China (52088101), the National Key R&D Program of China (2023YFA1406003, 
2021YFB3501202, and 2020YFA0711500), the National Natural Sciences 
Foundation of China (92263202, U23A20550, 12595332, 22361132534, and 
U25A6010), the Synergetic Extreme Condition User Facility, and the Strategic 
Priority Research Program (B) of the Chinese Academy of Sciences (XDB1270201). 
V.F. and J.Y.L. acknowledge the support of AEI/10.13039/501100011033 (grants 
PID2019-105720RB-I00 and PID2023-146047OB-I00), of the Chinese Academy 
of Sciences President’s International Fellowship Initiative for visiting scientists 
(Grant Nos. 2024VMA0021 and 2024VMC0006) and project PPIT2024-31833 
cofinanced by EU, Ministerio de Hacienda y Función Pública, FEDER and Junta 
de Andalucía. J.Y.L. acknowledges EMERGIA Fellowship from Junta de Andalucía 
(EMC21_00418). 

1. X. Moya, N. D. Mathur, Caloric materials for cooling and heating. Science 370, 797–803 (2020). 
2. R. Ma et al., Highly efficient electrocaloric cooling with electrostatic actuation. Science 357, 

1130–1134 (2017). 
3. D. Han et al., Self-oscillating polymeric refrigerator with high energy efficiency. Nature 629, 

1041–1046 (2024). 
4. J. Li et al., High cooling performance in a double-loop electrocaloric heat pump. Science 382, 

801–805 (2023). 
5. B. Li et al., Colossal barocaloric effects in plastic crystals. Nature 567, 506–510 (2019). 
6. S. Qian et al., High-performance multimode elastocaloric cooling system. Science 380, 722–727 

(2023). 
7. V. Franco et al., Magnetocaloric effect: From materials research to refrigeration devices. Prog. Mater. 

Sci. 93, 112–232 (2018). 
8. A. Greco, C. Aprea, A. Maiorino, C. Masselli, A review of the state of the art of solid-state caloric 

cooling processes at room-temperature before 2019. Int. J. Refrig. 106, 66–88 (2019). 

9. Y. Zhang, J. Wu, J. He, K. Wang, G.Yu, Solutions to obstacles in the commercialization of room-temperature 
magnetic refrigeration. Renew. Sust. Energ. Rev. 143, 110933 (2021). 

10. K. Klinar, J. Y. Law, V. Franco, X. Moya, A. Kitanovski, Perspectives and energy applications of 
magnetocaloric, pyromagnetic, electrocaloric, and pyroelectric materials. Adv. Energy Mater. 14, 
2401739 (2024). 

11. Y. Lin et al., A full solid-state conceptual magnetocaloric refrigerator based on hybrid regeneration. 
Innovation 5, 100645 (2024). 

12. Y. Wang et al., A high-performance solid-state electrocaloric cooling system. Science 370, 129–133 
(2020). 

13. H. Wu et al., A self-regenerative heat pump based on a dual-functional relaxor ferroelectric polymer. 
Science 386, 546–551 (2024). 

14. T. Yener, ŞÇ. Yener, R. Mutlu, Convection coefficient estimation of still air using an infrared thermometer 
and curve-fitting. J. Eng. Tech. Appl. Sci. 4, 95–103 (2019). 

15. J. H. Whitelaw, Convective heat transfer. Thermopedia, 10.1615/AtoZ.c.convective_heat_transfer (2011). 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 C
A

S 
IN

ST
IT

U
T

E
 O

F 
PH

Y
SI

C
S 

on
 A

pr
il 

20
, 2

02
6 

fr
om

 I
P 

ad
dr

es
s 

15
9.

22
6.

35
.1

7.

http://www.pnas.org/lookup/doi/10.1073/pnas.2534684123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2534684123#supplementary-materials
https://doi.org/10.1615/AtoZ.c.convective_heat_transfer

	Full solid-state magnetic refrigeration device toward thermal management 
	Results and Discussions 
	Conclusion 
	Materials and Methods 




