
Paramagnetic fluorides:  
a green alternative
The temperature change observed on Cs2NaAl1-xCrxF6 gives a new perspective to research into 
efficient magnetic refrigeration materials that work at low temperatures

The quest for new refrigeration technologies 
aiming to replace non-environmentally 
friendly substances such as CFC, which 
may cause damage to the ozone layer, has 

fascinated many researchers in recent years.1,2 
Among several options, magnetic refrigeration is 
seen as environmentally friendly and efficient. 
Magnetic refrigeration uses thermomagnetic 
cycles based on the magnetocaloric effect (MCE), 
which is basically the heating or cooling of 
magnetic materials when submitted to a magnetic 
field variation.3 Two important thermodynamic 
quantities characterize the MCE: the temperature 

Figure 1: Schematic of the Brayton 
cycle used for magnetic 
refrigeration
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change in an adiabatic process (6Tad) and the 
entropy change in an isothermal process (6ST) 
upon magnetic field variation. 

One of the most used cycles in magnetic 
refrigeration is the Brayton cycle, which consists of 
two adiabatic (constant entropy) and two isofield 
(constant magnetic field) processes.1,2 A schematic 
view of this cycle applied to magnetic refrigeration 
is depicted in Figure 1. Starting from a zero-field 
state, point 1, the material is submitted to a 
magnetic field and reaches point 2 with the same 
total entropy (adiabatic state). Afterward, due to 
the adiabatic process characteristic of the MCE, 
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the temperature of the material increases. At this 
point, the heat is expelled to the thermal bath and 
the temperature is lowered, leading the material to 
point 3 (isofield process). At point 3, the applied 
magnetic field is removed and the temperature of 
the material decreases to the lowest value, 
reaching point 4 with the same entropy state. 
From this point, the heat is loaded from the 
desired cooled environment (a fridge, for example), 
taking the system back to point 1. The process is 
then repeated in a continuous cycle.

However there are great challenges in the 
development of magnetic refrigeration 
technologies. They arise because of the need  
to find low-cost materials with good thermal 
conduction that can operate in a wide temperature 
range.1 The rare earth metal gadolinium is an 
excellent example. At ambient temperature it 
shows large MCE, a temperature variation of 
around 5K in an adiabatic process under a 
magnetic field change (6H) of about 20kOe. 
Therefore, it is considered the reference for 
seeking new materials.

For cryorefrigeration some progress has been 
made, with compounds based on paramagnetic 
salts used to break the 1K barrier. However, 
despite their many applications in recent years,  
the low thermal conductivity of these salts is still 
detrimental in adiabatic demagnetization 
applications, leading to a search for new materials 
with MCEs at lower temperatures. Other good 
alternatives are gadolinium gallium garnet, 
perovskite-type oxides, metal-organic frameworks 
containing gadolinium, molecular nanomagnets 
and magnetic nanocomposites based on iron-
substituted gadolinium gallium garnets.2 In fact 
some of these compounds have 6Tad values 
comparable to gadolinium, of about 3.4J/kg·K for 
a magnetic field variation of 10kOe close to room 
temperature. Another striking example is 

Gd3Ga5-xFexO12, which shows much larger entropy 
change, with 6ST around 30J/kg·K under a 
magnetic variation of 50kOe, but at 4K, i.e. around 
liquid He temperature. 

Based on such demand, we have recently 
demonstrated that the magnetocaloric potentials 
6Tad and 6ST of the single crystal fluoride 
compound Cs2NaAl1-xCrxF6 are comparable to 
those of some well-known garnet and perovskite 
compounds, opening new doors for their 
application in cryorefrigeration.4 Based on 
magnetization measurements as a function of the 
magnetic field for several distinct temperatures, 
together with specific heat (Cp) data collected as a 
function of temperature (with and without an 
applied magnetic field) we calculated 6ST and 6Tad 
using the well-known Maxwell relationship due to 
6H.1 Observing the Cp data for samples with Cr3+ 
doping of x = 0.01 and 0.62 as a function of 
temperature (shown in Figure 2 in a logarithmic 
scale for better visualization), one clearly sees 
differences as a function of applied magnetic field. 
It is worth noting that at lower temperatures, the 
specific heat increases when a magnetic field is 
applied. In addition this increase depends on the 
value of the magnetic field. This is called the 
Schottky effect.

In order to analyze and to separate the magnetic 
and lattice contributions to the specific heat, the 
Cp zero-field curve was fitted considering a 
combination of the Debye and Einstein specific 
heat formulation theories. The resulting analysis is 
represented by the black line in Figures 2 (a) and 
(b). The Schottky contribution to the specific heat, 
which is related to the splitting of the energy levels 
of the transition metal inserted in the lattice due to 
the crystal field, was obtained by subtracting the 
fitting curve from specific heat data obtained at 
non-zero fields. As shown in the inset of Figure 2, 
the temperature where the maximum is observed 

Figure 2: Specific heat and 
estimated magnetic (Schottky) 
contribution to specific heat 
(inset) as a function of 
temperature and magnetic field of 
the system Cs2NaAl1-xCrxF6 doped 
with (a) x = 0.01 and (b) x = 0.62 
of Cr3+. Adapted from Reference 4
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increases with the applied magnetic field and 
doping concentration. Together with this 
interesting anomaly, the MCE is clearly observed  
in Cs2NaAl1-xCrxF6. 

Using the magnetization data as a function of 
the magnetic field isothermal curves data (M vs H), 
the curves shown in Figure 3 were obtained. For 
both samples the shape of the 6ST curves is very 
similar, with the higher magnetic field curves 
always having higher values. Additionally, as the 
temperature decreases, 6ST increases. Table 1 
compares the values of 6ST and 6Tad obtained for 
Cs2NaAl1-xCrxF6 with the ones obtained for other 
well-known alternative materials considered for 
magnetic refrigeration technologies. Another 
important physical quantity, called refrigerant 
capacity (RC), which is related to efficiency of the 
thermomagnetic cycle, was obtained by 
numerically integrating the area under the 6ST vs T 
curves.1 The RC values are also shown in Table 1.

The impressive values of 6Tad found for 
Cs2NaAl1-xCrxF6, and the comparable values of 6ST 

and RC, makes Cs2NaAl1-xCrxF6 a promising new 
eco-friendly alternative for future applications in 
magnetic refrigerator devices at low temperatures. n
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Figure 3: Magnetocaloric 
potentials 6ST (a) and 6Tad (b) of 
the system Cs2NaAl1-xCrxF6 doped 
with x = 0.01 (black and red 
circles) and x = 0.62 (green and 
blue squares) due to variation of 
the magnetic field (6H = 50kOe 
and 100kOe). For better 
visualization, 6ST for the x = 0.01 
sample was multiplied by 10. 
Adapted from Reference 4

Table 1: Magnetocaloric potentials ∆ST and ∆Tad for some magnetic systems

Sample 6H (kOe) 6ST (J/kg.K) 6Tad (K) RC (J/kg)

Cs2NaAl0.99Cr0.01F6  
(at 3 K) [4]

50 
100

0.5 
0.7

4.2 
5.5

4 
(3�A�35K) 7 (3�A 
35K)

Cs2NaAl0.38Cr0.62F6 
(at 3 K) [4]

50 
100

10.0 
16.6

8.2 
11.7

55 
(3 A 35K) 144 (3�
A 35K)

Cd0.9Gd0.1F2.1 
(at 5 K) [5]

50 7.2 - 65 
(5�A 40K)

H48C44N6O12F-
45Cr2Gd3 
(at 1.2 K)[6]

50 22 - 31 (
0.5�A 20K)

GdPd2Si  
(at 17 K) [7]

50 15 8.5 183 
(3�A�40K)
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