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A B S T R A C T   

We report here the magnetic interactions, magnetocaloric effect and thermodynamic parameters of an efficient 
magnetic refrigerant material, Gd2GeO5, through magnetization and heat capacity measurements, as well as a 
mean-field and scaling analysis approach. An isotropic antiferromagnetic exchange coupling with energy scale 
εex = JexS2 ≈ 2.6 K is estimated from analysing the magnetization dependences, in agreement with the couplings 
derived from the density functional theory (DFT). The Gd2GeO5 shows an exceptionally large isothermal mag-
netic entropy change of 0.36 J K− 1 cm− 3 (50.3 J K− 1 kg− 1) and relative cooling power of 4.34 J cm− 3 (611.3 J 
kg− 1) for a field change of 8.9 T, with the highest adiabatic temperature change being 22.2 K, which is quite 
impressive for use in helium-free magnetic cryocoolers.   

1. Introduction 

In recent years, the cooling requirements for T < 20 K temperatures 
are growing terrifically, such as in space detectors, scanners, and spin-
tronic devices, as well as in creating cryogenic environments for quan-
tum computing and liquifying helium and hydrogen [1–4]. The 
adiabatic demagnetization refrigeration (ADR) technique that exploits 
the magnetocaloric effect is thus becoming increasingly popular, which 
describes the changes of adiabatic temperature and magnetic entropy 
following changes of magnetic fields [1,5–8]. Magnetic refrigeration can 
offer an energy savings of up to 30% compared to traditional gas com-
pressors by developing proper refrigeration procedures, and possesses 
characterizations of high efficiency and reliability, low microphonics 
and thermophonics [9]. Besides, the thermodynamic responses are 
highly reversible, thus suitable for a diverse array of large-scale 
utilization. 

The research of magnetic refrigeration is an ongoing endeavour, 
which consists of designing prototypes of refrigerators, as well as 
searching for suitable refrigerants. The applicable magnetocaloric 

materials should be of good chemical stability, easy fabrication, high 
resistance to mechanical corrosion, high thermal conductivity, as well as 
good durability without fracturing or degradation in the thermal, pres-
sure and magnetic cycles [7,8]. More specifically, the desirable char-
acteristics of magnetocaloric materials should include low magnetic 
ordering temperature (typically 1–2 K below the lowest limit of the 
desired operating temperature window), large magnetic ions densities 
with weak crystal-field effect, as well as low electronic and lattice spe-
cific heat so that the internal heat load is minimized during the magnetic 
cycle [1]. In addition, the large magnetic entropy change shall be readily 
acquired within the lowest possible field changes, which can lower the 
economic cost significantly. 

According to the above-mentioned criteria, the gadolinium com-
pounds shall be prominent alternatives under consideration in the sense 
of magnetic entropy retaining [1,10,11]. The spin-orbit coupling in 
Gd3+ ions vanish up to the first order, and thus the splitting of the (2S +
1)-degenerate spin multiplets due to crystal-field interactions is rela-
tively insignificant [12,13]. Consequently, the magnetic ordering tran-
sition is generally suppressed to a very low temperature, and the full 
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reservation of magnetic entropy Rln8 per ion is available for tempera-
tures of 2–20 K. 

As a valid instance, the gadolinium gallium garnet Gd3Ga5O12 (GGG) 
has long been the benchmark material for cryogenic magnetic refrig-
erant materials, which shows a high magnetic density and broad mag-
netic transition due to frustrated spin arrangements. The maximum 
isothermal magnetic entropy change for GGG is 0.30 J K− 1 cm− 3 (42.4 J 
K− 1 kg− 1) under an applied field change of 9 T [1,14–16]. However, the 
magnetocaloric effect of GGG is far from satisfactory in terms of utili-
zation efficiency of Gd3+ spin entropy. Further investigation of materials 
that shows a more pronounced magnetocaloric effect is appealing. A 
compromise is necessary to control the magnetic density and suppress 
the magnetic ordering simultaneously [17,18]. Therefore, we focus on 
the gadolinium oxyorthogermanate Gd2GeO5 with compacted spin 
centres and limited magnetic-passive elements Ge, which is clearly ad-
vantageous in regard to magnetic density. 

Below, we investigate the magnetic and thermodynamic parameters 
of Gd2GeO5 through bulk magnetization and heat capacity measure-
ments. Analysis of the magnetization isotherms reveals moderate anti-
ferromagnetic interactions between isotropic Gd3+ spins, which endows 
the system with remarkably high magnetocaloric effects. The lack of 
magnetic ordering down to T < 2 K, and the sufficient low phonon 
contributions of heat capacity suggest that the Gd2GeO5 may be quite 
impressive for use in helium-free magnetic cryocoolers. 

2. Experimental 

2.1. Materials and methods 

The polycrystalline powders were obtained using a traditional solid- 
state reaction process. Stoichiometric amounts of the Gd2O3 (5 N, 
Adamas, pre-dried at 1173 K for 24 h) and GeO2 (4 N, Energy chemical) 
were thoroughly grinded in an agate mortar. The mixtures were then 
pressed into a tablet of φ-1.8 cm under 2 tons of pressure, put in muffle 
furnace and heated to 1373 K at a rate of 5 K/h for 24 h. A second 
heating to 1673 K for 20 h durations was conducted to obtain the phase 
pure samples. 

2.2. Characterizations 

Powder X-ray diffraction data were collected at room temperature on 
a Huber diffraction and positioning equipment with Cu-Kα radiation. 
The GSAS package of EXPGUI interface was used for the Rietveld anal-
ysis. The background and peak shapes were modelled by the first kind 
Chebyshev polynomial and a pseudo-Voigt function [19,20]. 

The commercial physical property measurement system (PPMS-9, 
Quantum Design) was used to collect the heat capacity data by thermal- 
relaxation method with Apiezon N-grease, at T = 1.9–40 K, the external 
fields are set to be 0, 2, and 8.9 T. Magnetic susceptibility data was 
collected using the liquid-helium free PPMS (PPMS®DynaCool™, 
Quantum Design) under a dc field of B = 10 mT in the 2–300 K tem-
perature range. The magnetization isotherms are collected at a tem-
perature range of 2–12 K with a 1-K step after cooling in zero fields at 
each temperature interval, the highest field values are set to be B = 9 T. 

2.3. Computational details 

For the isotropic Gd3+ oxides, the Heisenberg Hamiltonian is 

H = − JexSiSj (1)  

the J value is proportional to the energy between the ferromagnetic state 
(high-spin, hs) and the low spin solution (ls) with antiferromagnetic 
coupling. By a non-projected approach, the J value can thus be calcu-
lated in the following expression 

Jex =
Els − Ehs

2SiSj
(2)  

in which the Si, Sj are the local spin values [21]. 
The first principles calculations were performed with the Vienna Ab 

initio Simulation Package (VASP) [22,23]. We employed the 
generalized-gradient functional proposed by Perdew, Burke, and 
Erzernhof (PBE) [24]. A kinetic energy cutoff of 500 eV and a k-point 
sampling (6 × 7 × 8) were used for Brillouin-Zone integration. The 
Hellman-Feynman forces on each atom were less than 0.02 eV/Å, and 
the energy was converged to 1 × 10− 5 eV. Spin polarization was allowed 
to explore the long-range magnetic orderings in the calculations, with a 
Hubbard U = 5 eV and Hund J = 0.7 eV for the Gd f orbitals, respectively 
[25]. 

Fig. 1. (a) The X-ray powder diffraction pattern and Rietveld refinement for 
Gd2GeO5 measured at room temperature. (b–c) Schematic crystal structures 
viewed along the b-axis (b) and a-axis (c), showing the stacking of Gd3+ layers 
in the AABAA pattern. 

Table 1 
Fractional coordinates with standard deviations and isotropic thermal parame-
ters for Gd2GeO5 determined from the Rietveld analysis.  

Atom Wyck. x y z U [Å2] 

Gd(1) 4e 0.37004(20) 0.1331(5) 0.55168(28) 0.0078(8) 
Gd(2) 4e 0.02311(24) 0.1313(6) 0.72761(35) 0.0148(9) 
Ge(1) 4e 0.2988(5) 0.5951(7) 0.5242(6) 0.0177(16) 
O(1) 4e 0.2905(19) 0.0909(23) 0.8416(33) 0.0078(28) 
O(2) 4e 0.3698(20) 0.4392(23) 0.7102(33) 0.0078(28) 
O(3) 4e 0.4011(19) 0.7900(22) 0.5063(27) 0.0078(28) 
O(4) 4e 0.1467(18) 0.641(4) 0.5265(20) 0.0078(28) 
O(5) 4e 0.1053(17) 0.131(4) 0.4196(24) 0.0078(28) 

Unit-cell volume = 436.75(9) Å3, density ρ = 7.1 g cm3. General positions 4e: x, 

y, z; x, y+
1
2
, z +

1
2
; x, y, z; x, y +

1
2
, z+

1
2
.  
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3. Results and discussion 

3.1. Crystallography 

Fig. 1 depicts the powder X-ray diffraction pattern collected at room 
temperature, which confirms the monoclinic lattice with a = 9.3259(6) 
Å, b = 7.0975(5) Å, c = 6.8440(5) Å and β = 105.3983(11) ◦. The sys-
tematic reflection positions are consistent with space group P21/c 
(no.14) with all atoms in general positions 4e, as determined by the 
Rietveld refinements converged at a final Rp = 0.0167, Rwp = 0.0238 and 
goodness of fit of 5.0, respectively. The final atomic coordinates, 
Wyckoff positions, and isotropic thermal parameters are presented in 
Table 1, which are in accordance with the previously reported values 
[26]. 

There are two inequivalent Gd3+ sites in the cation sublattice, 
denoted as 8-coordinated [Gd1O8], 7-coordinated [Gd2O7], and a 
unique 4-coordinated [GeO4] tetrahedra together with five oxygen an-
ions in the asymmetric unit. The [Gd1O8] polyhedron can be viewed as a 
square antiprism configuration and forms a binary layer (A-type) of 
edge-shared ribbons along the c axis with alternated [GeO4] tetrahedra 
of a corner and edge-shared manner. The Gd2 site is bonded in a 7-coor-
dinated geometry of distorted hexagonal pyramids, forming an infinite 
two-dimensional layer in b-c planes of edge-sharing [Gd2O7] poly-
hedral, denoted as B-type. The overall lattice is constructed from an 
infinite three-dimensional network organized in a layered AABAA stack, 
as was depicted in Fig. 1b and c. 

The interatomic distances of the nearest-neighbour (dnn) for the 
magnetic Gd3+ ions locate in the A-type layers, to be of 3.295(3) Å, while 
the distances of the next-nearest (dnnn) and the third-next-nearest (dtnn) 
neighbour are 3.557(4) Å and 3.598(5) Å, respectively. An interlayer 
distance (d12) of 3.740(3) Å between Gd1 and Gd2 sites is observed, 
which is of the same magnitude as the distances lying along the layers, 
indicating possible three-dimensional magnetic interactions. 

3.2. Susceptibility and magnetization 

The temperature-dependent magnetic susceptibility χ(T) and its in-
verse χ− 1(T) under an external field B = 10 mT are depicted in Fig. 2a, 
which shows paramagnetic behaviour with no signs of phase transition. 
The Curie-Weiss (C.W.) fit from temperatures T = 2–300 K yields an 
effective magnetic moment μeff = 7.75 μB, and a negative Weiss tem-
perature of Θ = − 7.7 K, typically indicating antiferromagnetic in-
teractions between the Gd3+ ions [27]. Fig. 2b depicts the experimental 
magnetization curves M(B) collected under isothermal conditions, as 
well as their derivatives dM/dB (Fig. 2c) and the standard Arrott iso-
therms (Fig. 2d). No magnetic phase transition is detected according to 
the Banerjee criterion, which agrees with the susceptibility measure-
ment [28,29]. The M(B) curves exhibit monotonic, and continuous 
behaviour without saturation until the highest external field B = 7 T, 
with the largest magnetic moment amounting to μ = 6.2 μB/Gd3+

measured at T = 2 K, which is ca. 89% of that of the maximum values for 
free Heisenberg spins, μ = gJ = 7 μB/Gd3+ for a g factor of 2 and J = 7/2. 

The M(B) isotherms follow a linear upturn till approximately B = 2 T, 
a broad maximum is discernible in the derivative dM/dB around B = 5 T 
and vanishes at T > 2 K, which may arise from a field-induced spin 
rotation. In Fig. 2b, the Brillouin function for uncoupled Heisenberg 
spins (J = S = 7/2), BJ(x) at T = 2 K is also plotted, which differs 
significantly from the experimental dependences M(B) with a more 
rapidly saturation behaviour. Below the saturation field, such a devia-
tion typically reveals prominent antiferromagnetic interactions of 
dipolar or exchange nature [13]. 

To elucidate the possible super-exchange couplings between Gd3+

ions, we apply a mean-field approach by incorporating an exchange field 
to characterize the M(B) isotherms [12,30]. As was justified in the 
Curie-Weiss analysis, the system experiences a paramagnetic behaviour 
in the temperature range of T > 2 K, which means that the quantum 
fluctuations are nearly unimportant. The total effective field experi-
enced by a spin site in the Brillouin function then reads as Btot = Bext +

Bex + BD, where Bext, Bex and BD represent the external, exchange and 
dipolar portions, respectively. The effective field arises from the average 
polarization moments of the isotropic spins in an applied field, which 
scales with the bulk magnetization. Thus, the field dependence of the 
bulk magnetization under a given field Bext and temperature T can be 
analysed by finding the roots of the transcendental function, 

f (M)=M − gSBJ(|Btot(M)|,T) (3)  

where the M is the average magnetization in units of the Bohr magneton, 
and Btot is the effective total field [12]. The exchange Hamiltonian Hex 
for spin site j reads as 

Hex = Jex

∑Z

i=1
SiSj = − Bexμj (4)  

here, the Z represents the number of the nearest neighbours for each spin 
site [12]. The average exchange values then read as 

< Bex >=
Jex

g2μ2
B

∑Z

i=1
< μi > =

ZJex

g2μ2
B

M (5) 

The dipole-dipole interaction between isotropic spins can be esti-
mated by Dnn = μ0μeff/4πRnnkB, where kB is the Boltzmann constant, μeff 
is the inferred moment, and Rnn represents the average nearest 

Fig. 2. Magnetic characterizations of Gd2GeO5. (a) The dc magnetic suscepti-
bility measured in a B = 0.01 T. Inset: Fitting of the inverse magnetic suscep-
tibility, χm

− 1, via Curie–Weiss law. (b) Isothermal magnetization measurements 
at constant temperatures. The dashed lines correspond to theoretical de-
scriptions of the Brillouin function for uncoupled two-ions spin-only systems 
with J = S = 7/2 (blue), and the mean-field analysis based on Eqs. (3)–(5). (c) 
The derivative, dM/dB, of the magnetization dependences at 2, 4, and 8 K. (d) 
Standard Arrott isotherms for temperatures of 2–11 K. 
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neighbour distances, respectively [13]. A dipolar interaction of Dnn/S 
(S+1) = 0.05 K is yielded by taking 6 nearest spin sites with the average 
distance Rnn = 3.585 Å. By applying this model, the overall fitting of the 
experimental M(B) datasets is conducted by finding the roots iteratively 
with a nonlinear least-squares method. A scaled parameter, gS/Mexp(7 T, 
4 K), was taken as the initial value of the magnetization, where Mexp(7 T, 
4 K) is the experimental moment per Gd3+ measured at B = 7 T and the 
given temperature T = 4 K. 

Fig. 2b shows the mean-field fitting of the M(B) dependences with an 
optimized exchange parameter, Jex = 0.21 K, which is in a broad 
agreement with the experimental isotherms, particularly at temperature 
T > 4 K. The slight deviation from the overserved curves at 2–4 K, 
especially at field of B > 3 T, may arise from the field-induced spin ro-
tations, as was seen in the derivatives dM/dB (Fig. 2c). Notably, the 
Curie-Weiss super-exchange estimate, by JC.W. = 3|Θ|/ZS(S+1), gives a 
similar magnitude of the exchange constant of 0.24 K, by taking Z = 6 

nearest spin sites, further supporting the validity of the mean-field 
description [13]. 

The exchange interactions are then confirmed through density 
functional theories (DFT) calculations, in which a non-projected 
approach is used to calculate the Jex values (Eq. (2)) [21,31–34]. A 
localized f-orbital moment is derived in the framework of PBE + U + J 
calculations, giving an antiferromagnetic magnetic ground state of 
Gd2GeO5, in accordance with the magnetic susceptibility measurements 
(Fig. 3). The relative total energies are then used to identify the magnetic 
correlations in terms of the different exchange processes [35]. Utilizing 
the optimized geometry of Fig. 3c, the high spin state energy Ehs is then 
obtained via self-consistent field calculations. An exchange coupling of 
Jex = 0.30 K is obtained, in good agreement with the aforementioned 
mean-field analysed exchange parameter Jex = 0.21 K. 

3.3. Heat capacity and magnetocaloric effect 

Fig. 4a depicts the heat capacity, Cp, plotted in a semi-log scale for 
better clarity at constant magnetic fields of B = 0, 2, and 8.9 T. No spin 
ordering or freezing is detected down to T = 2.0 K, in accordance with 
the susceptibility measurement. To determine the lattice heat capacity, a 
polynomial expression of CL = αRT3 + BT5 + CT7 is adopted assuming 
that the lattice entropy originates from phonon contributions only, 
where R is the gas constant [13,36]. Fitting of the zero-field heat ca-
pacity Cp curve gives a lattice specific heat capacity constant α = 6.2 ×
10− 5 K− 3, which is comparable to the value extrapolated for the com-
mercial cryo-coolant Gd3Ga5O12 (GGG, α = (3 ± 0.3) × 10− 5 K− 3)[1]. 
The ideal refrigeration materials should have a relatively small lattice 
heat capacity, as higher phonon contributions may lower the 

Fig. 3. Computational unit cells showing Gd3+ atoms and O2− atoms, spin 
alignments are depicted in arrows. The Ge4+ atoms are omitted for clarity: (a) 
ferromagnetic ordering; (b–c) antiferromagnetic ordering with the two lowest 
total energies. 

Fig. 4. (a) Temperature dependent heat capacity Cp measured at constant fields of B = 0, 2, and 8.9 T. The dashed line represents lattice contributions estimated by 
the Debye model. (b) The calculated total entropy normalized to the gas constant, ST/R, derived by the integration of the heat capacity data. The dashed line 
represents the mean-field approximation. The arrows denote the estimation of the magnetocaloric parameters, where the magnetic entropy change, − ΔSM (B, T), is 
calculated by SB – S0, and the adiabatic temperature change, Tad, is estimated by Tini − Tfin. (c) Temperature dependence of − ΔSM (B, T), as obtained from 
magnetization dependences (open marks) and results from the integration of the heat capacity (close marks) under applied field changes of 2, 5, and 8.9 T. (d) The 
field and temperature dependent contour plots of − ΔSM (B, T) for Gd2GeO5, the magnetic entropy changes of GGG under an applied field change of B = 5 and 9 T are 
depicted in dashed lines. (e) The temperature dependent adiabatic temperature changes, Tad, under applied field changes of B = 2 and 8.9 T. Insert: Variance of Tfin vs 
Tini as obtained from Tad for the indicated B. 
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temperature span in the adiabatic demagnetization process, especially in 
the high-temperature region. 

The total entropy ST is calculated by integration of the Cp/T vs T from 
T → 0, from which the detailed T and B dependent magnetic entropy 
SM(B, T) can be quantitatively considered by subtracting the lattice 
entropy via SM(B, T) = S – 1/3αRT3 – 1/5BT5 – 1/7CT7. However, the 
calculation is feasible only for a field B = 8.9 T in the present case, where 
proper extrapolation to T → 0 of the experimental Cp datasets is avail-
able. As the antiferromagnetic ordering is not reached till T = 2 K, 
directly integrating the Cp/T data for fields B = 0 or 2 T will lose the 
information of a huge magnetic entropy content. Thus, we adopt here a 
crude molecular model for the data consolidation process by assuming 
that in the temperature range of T/TN > 3, the almost perfect para-
magnetic state appears, where a theoretical magnetic entropy of Rln(2S 
+ 1) = Rln8 is expected for the Gd3+ ion [37,38]. Partial differentiation 
of the Helmholtz free energy with respect to the T gives the entropy of 
the system and relates to the partition function Z by 

S= −
∂F
∂T

=
∂(kBT ln Z)

∂T
(6) 

Rearrangement of Eq. (6) by magnetization M written in terms of the 
Brillouin function BJ(x) gives the magnetic entropy SM(B, T) as a func-
tion of the field strength B and the temperature T, 

SM(B,T) = R
[

ln
sinh[(2s + 1)x/2s ]

sinh(x/2s)
− xBJ(x)

]

(7)  

where x = gSBμB/kBT [13]. For temperature of T/TN > 3, and x « 1, the 
terms Eq. (7) can be approximated calculated by 

SM(B,T)=R

[

ln(2S+ 1) −
CB2

2R(T + TM.F.)
2

]

(8)  

where C represents the Curie constant from the Curie-Weiss fitting of the 
experimental mole susceptibility χm(T), and TM.F. denotes the mean-field 
parameter [37]. Various values of TM.F. is adjusted, of which the TM.F. =

0.9 K is found to be the best choice, giving a high-temperature fit of the 
experimental determined magnetic entropy. Then the discrepancy be-
tween the calculated and the blindly extrapolated Cp/T data for fields of 
B = 0 and 2 T are used to modify the experimental ST-T curves, as was 
depicted in Fig. 4b. The procedure is not precise but can bring the 
estimated results into a closer agreement with the measured heat ca-
pacity, during which the lattice entropy SL is treated as SL = 1/3αRT3 +

1/5BT5 + 1/7CT7. 
The so-modified ST-T diagram for field B = 0 is further examined by 

the relation, 

SM

R
= ln(2J + 1) −

(
TN

T

)2

(9)  

which gives a nice description with the only free parameter TN to be of 
1.7 K, in accordance with the tendency of the susceptibility data [1,39]. 

The magnetic entropy changes − ΔSM (B, T) for different external 
fields B are shown in Fig. 4c, of which the characteristic magnetocaloric 
quantities are deduced from ΔSM (B, T) = S(B, T) – S(0, T) for a given 
field change B. The same set of data can also be derived from the inte-
gration of the magnetization isotherms by the Maxwell relation, 
(

∂S
∂B

)

T
=

(
∂M
∂T

)

B
⇒

ΔSM(B, T) =
∫ B

0

(
∂M
∂T

)

B
dB

(10)  

of which the calculation is numerically approximated in an isobaric 
process, by 

ΔSM(B,T) =
∑N− 1

i=1

(
Mj+1 − Mj

)

B

Tj+1 − Tj
(Bi+1 − Bi) (11)  

where Mj+1 and Mj denote the magnetization quantities for applied fields 
of Bi+1 and Bi at temperatures Tj+1 and Tj, and N represents the total 
number of the incremental fields, respectively [40]. 

The − ΔSM (B, T) derived from the specific heat agrees well with the 
corresponding results from the magnetization isotherms, which show a 
remarkably high magnetocaloric effect of 50.3 J K− 1 kg− 1 at T = 2.9 K 
for a field change B = 8.9 T. Notably that this is even higher than the 
gadolinium gallium garnet Gd3Ga5O12 (GGG), which is the reference 
adiabatic demagnetization refrigeration (ADR) material for the 1 K < T 
< 5 K range, as was depicted in Fig. 4d [1,15,16]. Fig. 4e shows the 
adiabatic temperature changes results, Tad, associated with changes of 
applied magnetic field B = 8.9 and 2 T, as illustrated in Fig. 4b, where 
point (SB, Tini) to point (S0’, Tfin) denotes as adiabatic demagnetization, 
and point (S0, Tini) to point (SB, Tini) represents isothermal magnetization 
process. For instance, starting from T = 22.2 K and B = 8.9 T, and 
reducing the field to B = 0 T results in the temperature falling to T = 6.4 
K, provided that no heat is added or expelled from the system, as was 
depicted in Fig. 4e insert. 

Note that the magnetic entropy change of Gd2GeO5 is still large in the 
volumetric unit, to be of 0.36 J K− 1 cm− 3 at T = 2.9 K for a magnetic field 
change of B = 8.9 T, which is quite impressive compared to the most of 
the representative materials from the recent literature, as was depicted 
in the bubble chart of Fig. 5, and Table S1 (ESI) [41]. The low-field 
performance, denoted as the interesting operation point (IOP) at the 
liquid helium temperature, shows a magnetic entropy change − ΔSM (3 
T, 4 K) = 0.10 J K− 1 cm− 3, suggesting its possible applications in the 
ADR cryostat stages [42]. The other important metric, the relative 
cooling power (RCP) that is approximately calculated by the product of 
the maximum magnetic entropy change − ΔSmax and its corresponding 
full width at half maximum (FWHM) of the curve, is estimated to be 
4.34 J cm− 3 (611.3 J kg− 1) for a field change of B = 8.9 T [5]. The large 
density of isotropic spins, moderate magnetic exchange couplings, and 
the weak magnetic anisotropy, as well as the low phonon contributions 
to the specific heat are responsible for the large magnetocaloric effect in 
Gd2GeO5. 

3.4. Scaling analysis 

The description of the magnetic phase transitions can be done by 
expressing the corresponding magnitudes as a power law, giving critical 
exponents characterizing the phase transition order [43]. In the mag-
netocaloric responses, the peak value of magnetic entropy change, 

Fig. 5. Bubble chart for some representative magnetocaloric materials in the 
cryogenic temperature range at a field change B ≥ 7 T, the area of each bubble 
represents − ΔSM in gravimetric units. The dotted line corresponds to the − ΔSM 
value of GGG at 9 T. Detailed information and more examples are listed in 
Table S1 (ESI). 
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− ΔSmax, and the relative cooling power RCP are field dependent, with 
relations of − ΔSmax ∝ Bn, and RCP ∝ B1+1/δ, respectively. An n = 1.3, and 
δ = 2.3 is extracted, which deviate slightly from the mean-field pre-
diction (δ = 3) for second-order magnetic transition, as was shown in 
Fig. 6a [40,44,45]. 

A single master curve behaviour is observed by assessing the uni-
versality of the − ΔSM (B, T) datasets, which is phenomenologically 
constructed by normalizing the − ΔSM (B, T) curves with respect to the 
corresponding maximum by ΔSM (B, T)/ΔSmax, and rescaling the tem-
perature axis as 

θ=
(
T − Tpk

)/(
Tref − Tpk

)
(12)  

where Tpk is the temperature of − ΔSmax, and Tref represents the reference 
temperature. Here the Tref are defined by the temperature corresponding 
to the half maximum of the peak values of the magnetic entropy change 
curves, ΔSM(H, Tref) = 1/2ΔSmax, collected under different applied fields 
B [44,45]. The so-processed 60 − ΔSM(B, T) curves collapsed obviously 
onto a single master curve but with an altered tail, as was depicted in 
Fig. 6b. 

The further exponent n(B, T) that is temperature and field-dependent 
in general, can be locally calculated as 

n(B, T)=
d ln|ΔSM(B,T)|

d ln B
(13)  

as was shown in Fig. 6c [46,47]. A scaling nature with the trend of 1→n 

(B, T)→2 is identified, which is distinctive for the second-order ther-
momagnetic phase transitions, in accordance with the universal analysis 
and the susceptibility measurements. 

4. Summary 

To conclude, we have experimentally determined the magneto-
caloric effect and thermodynamic parameters of a solid refrigerant 
material, gadolinium oxyorthogermanate Gd2GeO5, through magneti-
zation and heat capacity measurements. An isotropic antiferromagnetic 
exchange coupling with energy scale εex = JexS2 ≈ 2.6 K is estimated 
from analysing the magnetization isotherms, in agreement with the DFT 
calculations. A remarkably large − ΔSM (B, T) of 0.36 J K− 1 cm− 3, and an 
RCP of 4.34 J cm− 3 are detected under an applied field change B = 8.9 T, 
with the largest Tad estimated to be 22.2 K at 6.4 K. The magnetocaloric 
performance is superior to most of the reported conventional magne-
tocaloric materials, making Gd2GeO5 an excellent alternative to the 
existing commercial magnetic refrigerant solids for liquid-helium tem-
peratures, such as the benchmark GGG. 
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