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Abstract 

Electrocaloric effect of Pb(Mg1/3�b2/3)O3 ferroelectric ceramics were measured near room 
temperature, and the origins of the electrocaloric effects of these ceramics were discussed. It was 
found that these ceramics possess large electrocaloric effect with ∆T being, more than 1 K under an 
electric field of 1.5 kV mm-1 in a wide temperature range (more than 10 K) near room temperature, 
and this effect is due to both of the electrocaloric effect resulting from the electric field induced first-
order phase transition and the linear electrocaloric effect. It is expected that these ceramics could be 
used for multi-stage cascade ferroelectric refrigeration near room temperature. 
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1. Introduction 

 

Solid-state refrigeration is attractive because it avoids the use of refrigerants with large global 

warming potential and enables the development of compact devices for efficient thermal managements 

of buildings, vehicles, and electronic devices. At present freon is widely used in refrigeratory devices 

and air conditioners. It is well known that freon is the major cause of the detritions of ozonosphere and 

deterioration of Greenhouse effect.  

Peltier cooling is a de facto standard for solid state refrigeration, but it has found limited usage 

so far due in part to the lack of thermoelectric materials with sufficiently high figure of merit near 

room temperature and in part to significant negative impact of parasitic interface resistances.  
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New refrigeration techniques are mainly based on two principles, that is, the adiabatic 

demagnetization cooling and adiabatic depolarization cooling, the latter is called ferroelectric 

refrigeration, which employs the electrocaloric effect, which refers to a charge in the temperature of a 

certain class of polarizable dielectric materials when an external electric field is applied to or removed 

from the material. Previous studies on the electrocaloric effect of various materials, which were 

reviewed in (Radebaugh, Lawless, Siegwarth, & Morrow, 1979), showed that these materials were not 

practically useful because the electrocaloric effect was too small, and the temperature range in which 

the materials possess measurable electrocaloric effect was too low (below 15 K) as well. In fact, the 

practical use of electrocaloric refrigeration is dependent on eventual success of the development of 

suitable materials and elements characterized by electrocaloric temperature variation ∆T not lower 

than 1 K in a relatively wide temperature range near room temperature (Radebaugh, Lawless, 

Siegwarth, & Morrow, 1980).  

Early studies it was reported that the ferroelectric ceramic Pb(Sc1/2Ta1/2)O3 (abbreviated as 

PST) or ferroelectric ceramic solid solution (1-x)Pb(Sc1/2Ta1/2)O3-xPb(Sc1/2Nb1/2)O3 (abbreviated as 

(1-x)PST-xPSN) doped with certain ions possess high electrocaloric effect in the vicinity of room 

temperature (210 - 310 K) (L. Shebanov & Borman, 1992; L. A. Shebanov, Birks, & Borman, 1989; 

L. A. Shebanov, Birks, Borman, & Sternberg, 1989). It was shown that the large electrocaloric effect 

∆T = 1.0 - 1.8 K is mainly due to the contribution of the electric field induced first-order phase 

transition at the Curie temperature. A prototype micro-cryogenic device by using the electrocaloric 

effect of these materials was made (Sinyavsky, Pashkov, Gorovoy, & Lugansky, 1989). However, the 

Sc element in PST ceramics is rare and expensive, and the sintering temperature of PST ceramics is so 

high (up to 1550-1600ºC) that PST ceramics cannot be cost-effectively used. Recent papers 

theoretically analyzed the performance of new electrocaloric refrigerator concepts, but their physical 

implementation and experimental characterization have not been reported (Epstein & Malloy, 2009; 

Ju, 2010; Kar-Narayan & Mathur, 2009; Mischenko, Zhang, Scott, Whatmore, & Mathur, 2006). 

The complex perovskite Pb(Mg1/3Nb2/3)O3 [abbreviated as PMN] exhibits typical relaxor-type 

ferroelectric properties which have been intensively studied for both fundamental and practical reasons 

(Cross, 1987; Cross, Jang, Newnham, Nomura, & Uchino, 1980; Ye, 1998). The relaxor state is 

characterized by the frustration of local polarizations which prevents long-range ferroelectric order 

from developing completely. Although the local symmetry of the polar domains is rhombohedral, the 

macroscopic symmetry of PMN remains cubic below the temperature of maximum permittivity. A 

ferroelectric phase can be induced either by application of an electric field. Furthermore, the ceramics 

of PMN can be sintered at a relatively low temperature. Therefore, PMN ceramic were chosen to be 

the candidate material for ferroelectric refrigeration in the present work. 

 

2. Preparation of PM� ceramic 

Magnesium oxide (MgO) and niobium oxalate (NH4H2NbOC2O4.3H2O) were selected as starting 

materials and the molar ratio of these materials was calculated to obtain a final MgNb2O6 (MN) phase. 

Initially, the magnesium oxide and niobium oxalate were mixed in 20 mL of an aqueous solution with 

10% of HNO3, under moderated heating at 40
o
C for 30 minutes until the complete dissolution. Next, 

citric acid (C2H8O7.H2O) and ethylene glycol (C2H2O2) were added to this solution in the proportion 

of 50/50 in weight and heated up to 90°C for 30 minutes. In this stage occurs the chelate formation 

between metallic cations and the hydroxycarboxylic acid (citric acid) followed by a polymerization 

reaction with ethylene glycol. Thus, a polymeric resin was obtained with all metallic ions distributed 

throughout the polymer. This resin was heating at 400
o
C for 12 hours, water and organics are 

removed. Heating the resulting material at 900
o
C for 3 hours a fine MN powder was finally obtained. 
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The obtained MN powders were used as precursors to produce the Pb(Mg1/3Nb2/3)O3 phase, 

obtained by the solid-state reaction 33/23/162 )(33 O�bMgPbOMg�bPbO →+ . Initially, an amount of 

the MN sample was mixed and homogenized with lead oxide, including 10 mol% of PbO in excess to 

compensate the volatilization during synthesis. Next, this mixture was calcined in an electric furnace 

at 700
o
C for 3 hours to obtain a final PMN powder. PMN powder was reground with the addition of a 

few drops of polyvinyl alcohol (PVA) and pressed into a disk of about 3 mm thick and 20 mm in 

diameter and finally sintering at 1250
o
C for 4 hours in a sealed aluminum crucible with PbO enriched 

atmosphere. 

The structure characterization of the samples was investigated at room temperature using X-ray 

diffraction (XRD) technique. The Rietveld refinements were performed considering the presence of 

the Pb(Mg1/3Nb2/3)O6 phase (cubic group space Pm3m) coexisting with the Pb1.86(Mg0.24Nb1.76)O6.5 

and PbO phases. Figure 1 shows the observed and simulated XRD patterns for PMN sintering ceramic. 

Note that a small PbO amount is present in this ceramic, around 2.2 mol%.  

The microstructure of the PMN ceramic was observed for fractured sample. The right hand inset 

to Figure 1 show Scanning Electron Microscopy (SEM) micrograph of the ceramic prepared. From 

Figure 1 one can see that the ceramics are very dense, almost no pore exists in the pellets, and the 

grains with average grain size of 11 µm are well developed. 

 

3. Set up of measurement apparatus  

From crystal physics (Mason, 1966; Xiao, Wang, Zheng, & Lu, 1989) for a dielectric, the effect of 

adiabatic polarization heating is similar to that of adiabatic depolarization cooling (i.e., the 

electrocaloric effect), and the coefficients of the two effects are equal in value. Therefore, we obtained 

the electrocaloric coefficients by adiabatic polarization heating during measurement. The sintered 

samples 17 mm in diameter were polished to a thickness of 0.55 mm. After that, they were heat-

treated at 600 ºC for 30 minutes to release stress introduced during polishment. Gold electrodes were 

deposited on both sides of the discs using DC sputtering. The set up of the electrocaloric measurement 

apparatus is shown in Figure 2. The specimen and the clamp are soaked in the silicon oil bath on a 

controlled temperature system. The ambient temperature and the temperature change ∆T of the 

specimen under a DC electric field are measured by two chromel–alumel thermocouple by one digital 

thermometer. A chromel–alumel thermocouple was attached on the sample surface with silver 

adhesive. Before electrocaloric measurement, the specimens were not previously poled. During the 

measurement, a DC electric field of 1.5 kV mm
-1

 was applied (using high voltage supplier Trek, model 

610E) on a specimen for 5 s to measure its temperature increase (∆T). 

 

4. Results 

The measured electrocaloric properties of PMN ceramic are shown in Figure 3, where the x axis 

expresses the environmental temperature of the specimen, and the y axis, the temperature change ∆T 

due to the electrocaloric effect of the specimen under a DC electric field of 1.5 kVmm
-1

. In Figure 3, 

the dashed lines are obtained by computer simulation according to a minimum-mean-square-root-error 

principle. 

From Figure 3, one can see that the ferroelectric ceramic possess large electrocaloric effect in 

the vicinity of room temperature. The temperature change (∆T = 1 K and more) under a DC electric 

field of 1.5 kV mm
-1

 for PMN is almost comparative with that of (1-x)PST-xPSN solid solution (L. 

Shebanov & Borman, 1992; L. A. Shebanov, Birks, & Borman, 1989; L. A. Shebanov, Birks, Borman 

et al., 1989). 
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5. Discussion  

The heat exchange between the specimen and the ambient substance (i.e., the silicon oil in the present 

study) can be neglected in the 5 s duration of applying external field, therefore, the measurement 

condition can be regarded as thermodynamically adiabatic one. The fact that the ambient temperatures 

measured before and after applying DC electric field are equal, further supports the opinion. 

Therefore, one can understand from the description mentioned in Section 3 and the above discussion 

that the measured temperature increase (∆T) of the specimen is due to the electrocaloric effect of the 

ceramics under an external DC field. 

 The electrocaloric effect is the temperature change of a crystal which results from an adiabatic 

application of an electric field. The electrocaloric compliances are simply related to the pyroelectric 

effect is can be described from thermodynamic relations as follows (L. Shebanov & Borman, 1992; L. 

A. Shebanov, Birks, Borman et al., 1989; Xiao et al., 1998) (for constant stress our strain) 

 

SE

C P
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where C
E
 is the specific heat capacity, ∆PS, the spontaneous polarization change at phase transition 

temperature point T=TC, E, the external electric field, and the derivative dE/dT describes the shift of 

phase transition point due to electric field. Outside the field-induced phase transition region, the 

change of temperature ∆T due to electrocaloric effect is determined by: 
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in the approximation of P=χE, where χ is the electric susceptibility, and A0, the coefficient of linear 

term in thermodynamic potential expansion in power series of polarization. 

 Electrocaloric measurements are usually difficult because of the small temperature changes 

produced by the largest electric fields which can be applied without introducing large no-linearities. 

The coefficients are usually calculated from measurements of the pyroelectric effect and the specific 

heat, or from the differences between the isothermal and adiabatic dielectric constants. The small 

amount of experimental work on direct measurement of the electrocaloric compliances has been 

restricted to temperatures very close to ferroelectric phase transition where the effect is largest, and 

only on highly insulating material where Joule heating can be negligible. 

PMN crystal is a typical ferroelectric relaxor, there are many micro-domains in the crystal 

above its Curie temperature, and the crystal undergoes an electric field-induced first-order phase 

transition from mean cubic phase to a macroscopically ferroelectric R3m phase at its Curie 

temperature with a threshold field strength E
th

 = 1.75 kV cm
-1

 (Ye, 1996; Ye et al., 2003). In present 

experiments, the electric field applied to the specimens is 1.5 kV mm
-1

, which is much higher than E
th

 

for PMN. 

 We can believe that the ferroelectric ceramics of PMN undergoes a field-induced first-order 

phase transition at their Curie temperature. It follows from the discussion mentioned above that the 

measured temperature change ∆T, as shown in Figure 3, is mainly due to the contribution of the 
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electric field-induced first-order phase transition and the linear electrocaloric effect. Just like in vapor 

compression devises, different thermodynamic cycles can be used to conduct cooling electrocaloric. 

One promising cycle is an electrocaloric Brayton cycle (Jia & Sungtaek, 2012), which consists of two 

adiabatic stages and two isofield stages, as shows in Figure 4. In Figure 4, the cycle is shows with its 

various stages, where EH and EL are the maximum and minimum applied electric fields, respectively. 

The first stage, polarization stage, from state A to state B, the PMN experiences electrocaloric heating 

as the electric field is raised adiabatically; second stage, heat rejection stage,  the material 

subsequently rejects the thermal energy under a constant electric field EH to reach state C; 

depolarization stage, from state C to state D, the sample experiences electrocaloric cooling as the 

electric field is reduced adiabatically to its minimum value EL; lastly, heat absorption stage where the 

“cold” material makes thermal contact with a heat source under the constant electric field EL and 

returns to state A.  

 Figure 3 also shows that a large electrocaloric effect exists in a relatively wider temperature 

range (more than 10 K) for a ceramic with a given composition, and the temperature ranges in which a 

large electrocaloric effect exists for ceramic of PMN. It follows that multi-stage cascade ferroelectric 

refrigeration near room temperature could be realized by using PMN ceramics under a medium 

electric field. 

 

6. Conclusions 

The electrocaloric effects of PMN ferroelectric ceramic was measured near room temperature. These 

ceramics possess large electrocaloric effects under an electric field of 1.5 kV mm
-1

 in a relatively wide 

temperature range. It is considered that the electrocaloric effects of the ceramics measured are due 

mainly to the electric field induced first-order phase transition and linear electrocaloric effects. It is 

expected that these ceramic could be used for multi-stage cascade ferroelectric refrigeration near room 

temperature under a medium electric field. Further studies on the electrocaloric effect of (1-x)PMN-

xPT solid solution, such as the optimum of the ceramic composition and processing conditions, and 

the design of prototype refrigeration cycles, are in process.  
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Figure 1. XRD patterns for PMN ceramic. Insets to the figure show SEM micrographs (right hand) for 

PMN. 
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Figure 2. The set up of the measurement apparatus for electrocaloric effect. 

 

 

 

295 300 305 310 315
0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

∆
T

 (
K

)

Oil bath Temperature (K)  
 

Figure 3. The electrocaloric properties of PMN ceramic under an electric field of 1.5 kV mm
-1

. 
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Figure 4. The entropy-temperature schematic diagram of a electrocaloric Brayton refrigeration cycle.  

 


