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Abstract

:

The 1980s saw the development of ferroelectric chiral smectic C (SmC*) liquid crystals (FLCs) with a clear focus on their application in fast electro-optic devices. However, as the only known fluid ferroelectric materials, they also have potential in other applications, one of which is in heat-exchange devices based on the electrocaloric effect. In particular, ferroelectric liquid crystals can be both the electrocaloric material and the heat exchanging fluid in an electrocaloric device, significantly simplifying some of the design constraints associated with solid dielectrics. In this paper, we consider the electrocaloric potential of three SmC* ferroelectric liquid crystal systems, two of which are pure materials that exhibit ferroelectric, antiferroelectric, and intermediate phases and one that was developed as a room-temperature SmC* material for electro-optic applications. We report the field-induced temperature changes of these selected materials, measured indirectly using the Maxwell method. The maximum induced temperature change determined, 0.37 K, is currently record-breaking for an FLC and is sufficiently large to make these materials interesting candidates for the development for electrocaloric applications. Using the electrocaloric temperature change normalised as a function of electric field strength, as a function of merit, the performances of FLCs are compared with ferroelectric ceramics and polymers.
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1. Introduction


The electrocaloric (EC) effect, discovered in 1930, is the induction of a reversible temperature change in a material via the adiabatic application of an electric field [1]. The EC effect has long been regarded as having potential as a cooling technology for cryogenic [2,3] and, more recently, for room temperature applications [4]. Interest has also grown as it is considered to be an environmentally friendly alternative to the ubiquitous vapour compression devices. This is because the typically high efficiency of vapour compression materials is offset by their large global warming impact. The unavoidable leakage of refrigerant results in a large environmental impact over the lifetime of the device [5]. In comparison, electrocaloric materials have a negligible direct impact on global warming as they are not volatile gases. Additionally, with the continuing rise in computing power, there is a growing demand for efficient and compact refrigeration technology in microelectronics. Vapour compression devices that have been proposed [6,7] are cumbersome with significantly reduced efficiency. Thus, there is a need for alternative refrigeration technologies that are efficient on a range of length scales and do not rely on the use of greenhouse gases.



For many years, EC materials have offered only small induced temperature (T) changes (∆T ~ 2 K) in response to very large applied voltages (several hundred volts), so the phenomenon was considered to be far from practical applications. However, in 2006 [8], Mischenko et al. reported ∆T ~ 12 K in the ferroelectric ceramic lead zirconate titanate (PZT) for fields of 48 V µm−1 at a temperature of 220 °C, closely followed by a similarly large EC temperature change in ferroelectric polymers near room temperature [9]. Significant research into solid inorganic ceramics and fluorinated polymers as potential EC materials followed, but there has been only one report of a ferroelectric liquid crystal considered [10], despite some exciting potential advantages, discussed further below [4,11,12,13]. This paper examines three carefully selected FLCs for their electrocaloric potential, demonstrating both the current state-of-the-art research and offering insight into how to develop this exciting application area.



An EC material works as follows: the entropy of a dielectric material can be considered as being the sum of two contributions, one due to thermal vibrations and phonons and the second from the ordering of dipoles in the material. Upon adiabatic application of an electric field, the dipoles in the dielectric material align with the field, causing a decrease in the dipole entropy. The total entropy of the system is constant in an adiabatic process; therefore, the entropy due to molecular vibrations, and subsequently the temperature, increases. The converse occurs when the field is removed adiabatically, resulting in a temperature decrease. Clearly, for this to work in a device, heat exchange must also occur, and a common method of heat transfer is to pump a heat-exchanging liquid over the EC material and into a heat-exchange unit [14,15,16,17,18]. A major challenge with all electrocaloric device designs is the transfer of heat away from the refrigerated area. There are significant efficiency losses due to imperfect heat transfer between the heat exchange liquid and EC material. Alternative methods for heat exchange that do not use a liquid have been proposed, but there are still engineering challenges [19,20,21,22]. Therefore, the potential of using a dielectric liquid, rather than a solid, as the EC material is exciting as it could be pumped away from the refrigerated area. Liquid crystals (LCs) are obvious candidates worthy of serious consideration as novel EC materials; this paper specifically considers the potential of ferroelectric smectic liquid crystals as electrocaloric materials. In particular, we aim to: (i) deduce the electrocaloric performance of known ferroelectric, smectic, liquid crystals; (ii) elucidate the design rules for optimising the electrocaloric performance of new liquid crystal materials; and (iii) consider how their performance compares to solid-state ferroelectric electrocaloric materials (ceramics and polymers).



Most of the (rather few) measurements of the electrocaloric effect in LCs have explored commercially available materials and considered the phenomenon near the isotropic–nematic transition, with some promising results. Direct measurements of the EC effect in 5CB [23] showed an induced temperature change of ∆T = 0.36 K for an applied field of 19 V µm−1, while indirect measurements [24] suggest a peak change of ∆T = 5.26 K for a field of 90 V µm−1. A temperature change of ∆T ~ 1.4 K has also been directly measured in 8CB [25] using a 6 V µm−1 field. The temperature change induced at the isotropic to SmA transition has been studied using 12CB, with a significant temperature change, ∆T ~ 6.5 K, measured near the transition using an 8 V µm−1 field [25,26]. The results for 12CB suggest that the greatest EC effect is around a phase transition where the applied field can induce a comparatively large change in the order parameter. However, a disadvantage of measurements at an isotropic–LC phase transition is the very narrow temperature range over which the phenomenon can be exploited—typically a few tenths of a degree at most.



It seems an obvious step to consider the potential of ferroelectric liquid crystals as EC materials, given that the largest EC effect measured to date has been in solid ferroelectrics [12,13]. However, we are aware of only one report of the EC effect in ferroelectric liquid crystals, in which two commercial ferroelectric liquid crystal mixtures designed for electro-optic displays were investigated [10], with a peak temperature change ∆T = 0.16 K. We selected three materials as follows: one is a well-known commercial material, SCE13, which is rather similar to the materials already studied, allowing us to perform a direct comparison with published data. As is explained in Section 2, a larger electrocaloric effect occurs for materials that exhibit a larger spontaneous polarisation, so we have also selected two pure, smectic, ferroelectric LCs (LC 1 and LC 2) with large values of PS, each with different phase sequences. In all cases, we measured the EC effect indirectly using the Maxwell approach [27]. We also normalised the maximum EC absolute temperature change with respect to the applied field as     Δ T   Δ E    , offering a “figure of merit” for the electrocaloric effect, which allows a meaningful comparison of the effect across LCs, polymers, and ferroelectric ceramics. We demonstrate that simple material selection criteria that include the consideration of the PS and the phase behaviour allowed us to record the largest EC temperature change to date for a ferroelectric LC, both in terms of absolute temperature change and normalised with respect to the applied field.



As already stated, in this paper, the electrocaloric temperature change is measured indirectly using the Maxwell approach [27]. An expression for the isothermal entropy change per unit volume,     Δ S  V   , as a function of electric field can be derived using the Maxwell relation between the electric field and temperature,


    Δ S    m 3    =  ∫   E 1     E 2       (    ∂  P S    ∂ T    )   E  d E  



(1)




where    E 1    and    E 2    are the initial and final field strengths and      (    ∂  P S    ∂ T    )   E    is the rate of change of spontaneous polarisation with respect to temperature at a constant field strength. Assuming that the initial temperature and the volumetric heat capacity do not vary with the applied field, an estimate of the induced temperature change,   Δ T  , is


  Δ T ≅ −    T 1     C E   (  0 ,  T 1   )     ∫   E 1     E 2       (    ∂  P S    ∂ T    )   E  d E ,  



(2)




where    T 1    (K) is the temperature at which the field is applied and    C E   (  0 ,  T 1   )    (J K−1 m−3) is the volumetric heat capacity at zero field, measured at    T 1   . Equation (2) offers a basis for indirectly measuring the temperature change of an FLC in response to an applied field, provided that both      (    ∂  P S    ∂ T    )   E    and    C E   (  0 ,  T 1   )    are known.




2. Materials and Methodology


The FLC materials chosen for this study were selected to (i) allow us to evaluate the influence of the magnitude of the PS and (ii) examine the influence of the phase behaviour at the transition to the FLC phase. SCE13 is a ferroelectric mixture supplied by Merck, with the phase sequence shown in Figure 1. As this mixture was designed for use in electro-optic devices, the phase sequence includes a chiral nematic phase with very large pitch at the chiral nematic (N*)–smectic A (SmA) phase transition, and the material has a modest spontaneous polarization (   P S  ≈ 25      nC   cm    − 2    ) at room temperature. Liquid crystals 1 (LC 1) and 2 (LC 2) are shown in Figure 1, together with their phase sequences; they were originally designed as novel antiferroelectric materials and have a larger spontaneous polarization (   P S  ≈ 70      nC   cm    − 2    ). Full details of their properties are reported elsewhere [28,29]. Both LC 1 and LC 2 exhibit a narrow (~1 °C) smectic C alpha (SmC*α) phase directly above the SmC* phase. LC 1 also exhibits a twist-grain boundary A (TGBA) phase extending for ~5 °C above the SmC* phase, before the material becomes isotropic. LC 2 has a relatively wide (~17 °C) SmA phase directly above the SmC*α phase. The nature of the SmC*α to SmC* phase transition has been discussed in detail elsewhere [30] and can be first or second order, a factor that will influence the field and temperature dependence of the spontaneous polarization. The subphases exhibited by LC 1 and LC 2 are all several degrees below ferroelectric to paraelectric (SmC*α to TGBA or SmA phase) and do not contribute to the measurements reported in this paper.



The heat capacity, CE(0,T), is measured via differential scanning calorimetry using a TA Instruments Q2000 Different Scanning Calorimeter. All heat capacity measurements were made at zero field (the option of applying a field during the calorimetry was not available) and taken on cooling at 10 Kmin−1. The data are quoted with respect to a critical temperature, TO, defined as the temperature where the ferroelectric phase was first observed. To determine the volumetric heat capacity of a sample, the specific heat capacity is multiplied by the density of the sample. For this work, the density of the materials was estimated from literature values for calamitic LCs in the SmC [31,32,33] or SmA phase [34] at the phase transition. The range of values reported for density span 0.96 to 1.02 g cm−3, with an average density of (0.97 ± 0.02) g cm−3. We employed the average value to indirectly determine the electrocaloric temperature change and estimate that this contributes to ~2% uncertainty in our final measurement of ∆T.



The spontaneous polarisation is measured using the current reversal technique with an accuracy of ±1 nC cm−2 [35]. All measurements were taken in cells approximately 1.8 µm thick treated for planar alignment, purchased from AWAT (Poland). An electric field with a triangular wave was applied to the cell, and the current associated with the change in sign of the Ps of the ferroelectric LC, IP, was passed in series to a current-to-voltage amplifier. The resulting signal was then recorded on a Tektronix 2024C oscilloscope. PS is determined by analysing the current peak using Equation (3),


   P S  =  1  2 A · R   ∫  I P  d t  



(3)




where A is the surface area of the electrodes, R is the resistance of the current to voltage amplifier, and t is time.



Temperature control is achieved using a Linkam TMS 94 with an LTS 350 hot plate. The spontaneous polarisation is determined as a function of applied field at temperature intervals of 0.2 K spanning temperatures from 2 K above to 10 K below the SmA–SmC* transition for SCE13, TGBA–SmC*α for LC 1 and SmA–SmC*α transition for LC 2. Results are plotted on a reduced temperature scale with the critical temperature, TO, defined as the temperature where the ferroelectric phase was first observed using polarised microscopy.



The temperature change,   Δ T  , that occurs in the FLC as a consequence of applying a field is determined using the volumetric heat capacity and spontaneous polarisation data as outlined in the Introduction. For each material, Ps measurements were taken at 0.2 K temperature intervals across the phase transition while varying the electric field strength from 3–19 V µm−1 for SCE13 and LC 1 and from 5–19 V µm−1 for LC 2 in steps of ~3 V µm−1. The maximum electric field strengths applied to the samples are sufficient to fully saturate the Ps measurements whilst not inducing a chevron to bookshelf transition [36,37].



In order to determine      (    ∂  P S    ∂ T    )   E    and substitute into Equations (1) and (2), a numerical fit was applied to the experimental data to allow extrapolation between the data points as follows. The Ps measurements determined for SCE13 and Material 2 for each (constant) field strength were fit to a Curie–Weiss law (   P S  =  P 0     (  T −  T C   )   γ  )   at temperatures up to the sample’s respective critical temperature, TC. The Ps results for LC 1 were fit to a third-order polynomial because LC 1 shows a more discontinuous transition into the SmC*α phase. PS values determined above the critical temperature for all materials were fit to an exponential decay curve.



The gradient of each of the numerical fits with respect to temperature    (    ∂  P S    ∂ T    )    in Equations (1) and (2) was thus found for each field strength, and this was then plotted as a function of temperature. Taking a vertical slice through the graph of     ∂  P S    ∂ T     as a function of temperature represents     ∂  P S    ∂ T     as a function of electric field strength at a constant temperature,      (    ∂  P S    ∂ T    )   E   . Finally, a numerical fit can be made of     ∂  P S    ∂ T     as a function of electric field strength; integrating under the fitting curve results in the indirect measurement for isothermal entropy change per unit volume, as described by Equation (2). The electrocaloric temperature change was indirectly determined by multiplying the isothermal entropy change per unit volume at a given temperature, T1, by the temperature in Kelvin, and dividing by the volumetric heat capacity at T1.




3. Results


3.1. Heat Capacity


Figure 2 presents the volumetric heat capacity of SCE13, LC 1, and LC 2 around the transition into the ferroelectric phase of each material. The magnitude of the heat capacity is different for each of these materials, a factor that is important in their use as electrocaloric materials (Equation (2)). A peak is seen in the volumetric heat capacity around the ferroelectric to non-ferroelectric phase transitions for each of the materials. The relative magnitude of the peak is quite different for the three samples: LC 1 is the largest, 19% higher than the value 1 K above the transition; SCE13 shows less than a 1% increase, while LC 2 shows a 6% increase over the baseline value. The relative magnitude of the peaks is representative of the discontinuity at the phase transition. As will be explained further in Section 4, this subsequently affects the magnitude and applicable temperature range of the electrocaloric effect. The SmC*α–SmC transition is seen in the DSC traces for LC 1 and LC 2; however, the transition is convoluted with the TGBA–SmC*α transition in LC 1 and the SmA–SmC*α transition in LC 2. The convolution broadens the peak; therefore, the heat capacity, CE, around the transition stays larger over a wider temperature range. Subsequently, from Equation (2), the electrocaloric temperature change at all temperatures is deduced. For these measurements, the critical temperature for each sample is defined as the peak in the heat capacity.




3.2. Spontaneous Polarisation


The spontaneous polarization determined using Equation (3) as a function of reduced temperature is shown in Figure 3 over the temperature range around the transition. SCE13 has the smallest absolute spontaneous polarization, taking a value of ~14 nC cm−2 at 10 K below the transition. The field-induced PS above TC is very small, below the sensitivity of our experiment, as would be expected from the very small electroclinic effect [38] known for SCE13. Both LC 1 and LC 2 show evidence of a significant field-induced PS above the phase transition, an extremely desirable phenomenon for electrocaloric applications, because this can extend the applicable temperature range. Both materials have a PS of approximately 71 nC cm−2 10 K below the transition, but as the rate of change is greater near the phase change for LC 1, a larger EC effect is expected.




3.3. Field-Induced Isothermal Entropy Change per Unit Volume


Figure 4 shows the peak isothermal entropy change per unit volume, V,     Δ S  V   , of the materials, determined using Equation (2), demonstrating the significantly better performance of LC 1 over that of the other systems considered. The maximum isothermal entropy change per unit volume of SCE13 is   0.4      kJ   K    − 1        m    − 3    , less than 20% that of LC 1, which has a maximum of   2.3      kJ   K    − 1        m    − 3    .



Although LC 1 and LC 2 have approximately the same value of PS, LC 1 performs ~25% better than LC 2. This is attributed to the more discontinuous TGBA–SmC*α transition in LC 1, which results in a larger     ∂  P S    ∂ T     at each field strength. The peak isothermal entropy changes of LC 1 and LC 2 occur at ~1 K and ~2 K, respectively, below the transition temperature. The temperature at which the maximum value occurs corresponds to the region where the gradient of the spontaneous polarisation, with respect to temperature, reaches a maximum for every electric field strength measured. These observations confirm the importance of the value of the parameter      (    ∂  P S    ∂ T    )   E    when considering which ferroelectric LCs will show the largest EC effect; although a large magnitude of PS is important, having a large gradient is vital. It is also important to consider the range over which a useful EC effect is available; real systems would typically need to operate over ~10 K. LC 1 maintains at least 90% of the value of its maximum entropy change over a 0.9 K range, while the useful range of LC 2 extends over 1.4 K, a noticeably wider temperature range.




3.4. Electrocaloric Temperature Change


An indirect measurement of the EC temperature change,   Δ T  , was obtained by multiplying the isothermal entropy change per unit volume by the scaling factor      T 1     C E   (  0 ,  T 1   )      (Equation (2), Figure 5). The importance of a low volumetric heat capacity can be seen in the relative differences in the maximum values for isothermal entropy,   Δ S   (Figure 4), and the EC temperature change   Δ T   (Figure 5). The lower heat capacity of SCE13 means that the electrocaloric temperature change is comparatively larger than the isothermal entropy change per unit volume alone would suggest. It is nonetheless still much smaller   Δ  T  m a x     ~   0.1    K    than the temperature change in LC 1 or LC 2 (  Δ  T  m a x     ~   0.37    K    and   Δ  T  m a x     ~   0.22    K   , respectively). The lower heat capacity of LC 1 serves to enhance the induced temperature change compared to LC 2.





4. Discussion


Table 1 summarises the maximum values of the physical parameters relevant to the EC effect in the ferroelectric liquid crystals that are the subject of this paper and the few others reported elsewhere [10]. For comparison, the table also includes EC values for 12CB at the SmA–I transition [25] and for a solid-state ferroelectric ceramic device, which is currently considered state-of-the-art [39]. A figure of merit can be defined [40],        Δ T    m a x     Δ E    , where   Δ E   is the field required to induce the maximum temperature change,   Δ  T  m a x    , which offers a measure of the efficiency of the EC effect in different materials.



LC 1 shows the largest EC temperature change reported to date for a ferroelectric liquid crystal,   Δ  T  m a x     ~   0.37    K   , compared to   Δ  T  m a x     ~   0.17    K   , which was the maximum reported by Bsaibess et al. for the ferroelectric liquid crystal OB4HOB [10]. It can be seen that the main reason for the significant improvement seen for LC 1 over OB4HOB is the much higher heat capacity (7.1 MJ K−1m−3) and slightly smaller spontaneous polarization (~60 nC cm−2) of the latter material. Interestingly, the peak isothermal entropy change of OB4HOB can be estimated from data reported by Bsaibess et al. to be 3.1 kJ K−1 m−3, which is ~ 50% larger than that of LC 1. An additional important factor in the EC response is the gradient,      (    ∂  P S    ∂ T    )   E   , which is considerably larger for OB4HOB due to its first-order isotropic to SmC* phase transition (the Ps saturates 4 K below the transition temperature). LC 1 has a much smaller gradient, and subsequently, the induced entropy change over the same temperature range is smaller.



As mentioned, the heat capacity is an important factor. Indeed, the heat capacity of OB4HOB is over three-times larger than that of LC 1 at the temperature where the EC peak occurs, which results in a lower induced temperature change,   Δ T  , for a given isothermal entropy change Equation (2). Clearly, the heat capacity, saturated PS value, and the gradient of PS with respect to temperature must be compared in ferroelectric LCs to determine the overall suitability of materials with respect to their electrocaloric effect. It is also important that the indirect methodology employed here uses the heat capacity measured at zero field. As discussed in a recent review [12], not considering the field or temperature dependence results in the heat capacity being smeared and overestimated. Therefore, the indirectly measured temperature change reported in Figure 5 is an underestimate of the expected temperature change.



Both of the ferroelectric liquid crystal mixtures designed for display devices, SCE13 and FELIX-017/000, behave unsurprisingly modestly in terms of their EC potential. As materials that were designed for a completely different application, namely electro-optic devices, it was desirable to have a relatively low Ps, and the phase sequences were designed to allow good alignment to be obtained. The optical properties of such commercial mixtures were also important, with the ideal tilt angle of 22.5° being carefully engineered in them. Their figures of merit are very poor, a consequence of the low values of Ps.



Although having a large gradient,      (    ∂  P S    ∂ T    )   E   , is clearly important in maximising   Δ T  , there are drawbacks to materials that reach maximum Ps over a shorter temperature range. Specifically, this will mean that the temperature span over which the electrocaloric effect decays is also smaller, giving such materials a poor useful range. Table 1 summarises this issue by considering the temperature range over which the electrocaloric temperature change remains greater than 90% of the peak temperature change,     Δ T   Δ  T  m a x     > 0.9  . As is shown in Figure 6, while the figure of merit,     Δ T   Δ E     of OB4HOB is comparable to that of LC 1,     Δ T   Δ  T  m a x     > 0.9   for OB4HOB is a factor of 9 smaller than LC 1. The rate of decay of the electrocaloric effect as a function of temperature is an important quantity to consider for engineering purposes, as any electrocaloric refrigeration device must be able to operate over a broad temperature span. For comparison, lead scandium tantalate, PST, a ferroelectric ceramic, arranged in a multilayer capacitor, is also shown in Figure 6. This ceramic demonstrates an electrocaloric temperature change of 3 K over one of the broadest temperature ranges reported, 73 K [39]. Although the figures of merit for ferroelectric liquid crystals are only around an order of magnitude lower than the very best ceramic EC devices, their useful temperature range is not yet comparable.



It is appropriate to discuss briefly the liquid crystal system that performs best in terms of   Δ  T  m a x    , 12CB. This system was mentioned in the Introduction, and it can be seen that the field-induced isotropic to SmA phase change offers an enormous figure of merit,     Δ T   Δ E     = 0.8     K m MV   − 1    , and a giant maximum induced temperature change,   Δ  T  m a x   = 6.5    K   . Unfortunately, this exceptional EC performance is unsuitable for applications because of the very narrow useful temperature range, less than 0.1 K. Both the relatively large   Δ  T  m a x     and narrow temperature range are due the physical phenomena behind the EC effect in this material, i.e., factors that electrically drive the isotropic to smectic transition. The absorption of latent heat as the LC transitions dominates the electrocaloric effect when inducing a liquid crystal phase [25]. Consequently, the effect is only significant across the isotropic–SmA coexistence region, which is extremely narrow in a pure material, with the effect reducing significantly on cooling further into the phase. Extending the very limited usable temperature range in this system to ~ 2 K has been achieved by extending the coexistence region by mixing nanoparticles into the LC [26].



One final, but important point for consideration in applications is the actual temperature at which the maximum electrocaloric effect occurs. Figure 6 shows   Δ T / Δ E   for the materials considered in this paper together with selected ferroelectric ceramics and polymers [12,39], the ferroelectric LCs previously reported [10,39], and the cyanobiphenyl nematic liquid crystals 8CB and 12CB (where the entropy changes at the isotropic to liquid crystal transitions were considered) [25]. The temperature on the ordinate axis is that where   Δ  T  m a x     was recorded. The specific application will determine whether or not a particular   Δ  T  m a x     and temperature range of the EC effect is suitable, but it is noteworthy that engineering phase transition temperatures and physical properties across wide temperature ranges is well known in liquid crystals. For example, SCE13 was designed to have a ferroelectric phase from ~−20–60 °C to make it suitable for display applications, a relatively low Ps to optimise switching speed, and a tilt angle of 22.5° over a wide temperature range to optimise the optical contrast of electro-optic devices. Thus, provided FLCs are considered promising for EC applications and the design rules are known, one might expect them to be serious contenders in the future. In this case, despite the fact that LC 1 shows the largest normalized EC temperature change of any ferroelectric LC to date, it is evident that these materials are currently an order of magnitude less efficient, in terms of     Δ T   Δ E    , than solid EC materials. Although a disappointing outcome, it is not a surprising one as the PS of FLCs is two or three orders of magnitude lower than that of solid ferroelectrics.




5. Conclusions


This work showed that for the development of ferroelectric LCs for the EC effect, both the isothermal entropy change and volumetric heat capacity must be considered. A large Ps and small heat capacity are clearly important, but the maximum EC temperature change coincides with the maximum gradient in spontaneous polarisation with respect to temperature,      (    ∂  P S    ∂ T    )   E   , bringing a new design rule to ferroelectric liquid crystals for this application. Furthermore, the variation in the gradient is the most significant factor affecting how the EC temperature change varies with temperature. Therefore, the development of new materials should focus on both maximising spontaneous polarisation and optimising the PS gradient to occur over the broadest temperature range without significantly reducing the EC temperature change. These are very different design considerations than were relevant to the development of FLC electro-optic devices with microsecond response times. We suggest that materials with a large PS designed for electroclinic devices would be interesting candidates for electrocaloric applications, but other systems have also been proposed, e.g., antiferroelectric bent-core liquid crystals [41]. However, it is clearly also important that the heat capacity of the LC material be considered; this changes by a factor of 3 even in the few liquid crystals we considered here. Finally, it is worth noting that although these current systems perform relatively poorly with respect to solid-state systems, the fact that we are considering fluids offers several significant advantages in electrocaloric applications. This is an exciting application area, especially in these times where sustainability and the efficiency of energy use are critical, and we demonstrated some important design considerations for developing liquid crystals for electrocaloric applications.
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Figure 1. The phase transitions (measured on cooling) for all three materials studied, together with the chemical structure of LC 1 and LC 2. The notation of the phases is as defined in the text, with the following: Cr is crystal; SmC*Fi1 is the 3-layer intermediate phase; SmC*Fi2 is the 4-layer intermediate phase; SmC*A is the antiferroelectric phase. 
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Figure 2. Volumetric heat capacity (   C E   (  0 ,  T 1   )   ) (MJ K−1 m−3) measured from 2 K above to 10 K below the transition into the ferroelectric phase for each material. The critical temperature was defined as the peak in the heat capacity for each material. For SCE13 (black circles, the peak occurs across the SmA–SmC* transition. For LC 1 (red triangles), the peak occurs across the TGBA–SmCα* transition, and for LC 2 (blue squares), the peak is across the SmA–SmCα* transition. In LC 1 and LC 2, the SmCα*–SmC* transition is marked using dotted and dashed lines (LC 1 and LC 2, respectively). 
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Figure 3. Maximum spontaneous polarisation (PS) measured as a function of reduced temperature relative to the SmA–SmC* transition for SCE13 (black circles), TGBA–SmCα* for LC 1 (red triangles), and SmA–SmCα* for LC 2 (blue squares). The uncertainty in PS = ±1 nC cm−2. LC 1 shows a discontinuous transition, while LC 2 and SCE13 show a continuous transition. 
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Figure 4. Isothermal entropy change per unit volume as a function of reduced temperature determined using Equation (1). The results for SCE13 and LC 1 are for an effective field of 16 V µm−1, and an effective field of 14 V µm−1 for LC 2. The peak position of SCE13 (black circles) is ~−0.3 K; for LC 1 (red triangles), the peak position is ~−1 K; for LC 2 (blue squares), the peak position is ~ −2 K. 
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Figure 5. Indirect measurement of the electrocaloric temperature change as a function of reduced temperature for a field strength of 16 V µm−1 SCE13 (black circles) and LC 1 (red triangles) and 14 V µm−1 for LC 2 (blue squares). The peak position occurs at reduced temperatures of ~−0.3 K (SCE13), ~−1 K (LC 1), and ~−2 K (LC 2). 
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Figure 6. The EC figure of merit,   Δ T / Δ E  , plotted as a function of the temperature at which the maximum EC effect was recorded. Results for LCs (triangles and labelled) and a sample of solid EC materials, including polymers (circles) and ceramics [12,39] (squares), are shown. Data for 8CB and 12CB [25] and previously reported ferroelectric LCs [10] are also shown for comparison. The inset graph is an expansion of the dotted rectangle between 330 K and 375 K that expands the region containing ferroelectric LCs. 






Figure 6. The EC figure of merit,   Δ T / Δ E  , plotted as a function of the temperature at which the maximum EC effect was recorded. Results for LCs (triangles and labelled) and a sample of solid EC materials, including polymers (circles) and ceramics [12,39] (squares), are shown. Data for 8CB and 12CB [25] and previously reported ferroelectric LCs [10] are also shown for comparison. The inset graph is an expansion of the dotted rectangle between 330 K and 375 K that expands the region containing ferroelectric LCs.



[image: Crystals 12 00809 g006]







[image: Table] 





Table 1. The maximum spontaneous polarisation (PS), volumetric heat capacity (CE), maximum EC temperature change (Tmax), figure of merit, and temperature range over which the electrocaloric temperature change remains greater than 90% of the peak temperature change, for the materials studied in this paper and other systems chosen for comparison. The ferroelectric materials FELIX-017/000 and OB4HOB [10] were studied by Bsaibess et al., while Klemenčič et al. induced a temperature change at the isotropic to SmA phase transition in 12CB [25]. The ferroelectric ceramic, lead scandium tantalate, PST, [39] arranged in a multilayer capacitor MLC is also included. The temperature changes for 12CB and PST are direct measurements, and all other measurements are indirect.
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	Material
	PS

(nC cm−2)
	CE

(MJ K−1 m−3)
	ΔTmax

(K)
	ΔTmax/ΔE

(K m MV−1)
	Range Where

ΔTEC/ΔTECmax > 0.9 (K)





	SCE13
	26
	1.6
	0.09
	0.006
	0.2



	LC 1
	71
	2.3
	0.37
	0.022
	0.9



	LC 2
	71
	2.6
	0.22
	0.016
	1.4



	FELIX-017/000
	25
	3.5
	0.023
	0.003
	1.0



	OB4HOB
	60
	7.1
	0.17
	0.021
	0.1



	12CB: I-SmA
	-
	-
	6.5
	0.8
	<0.1



	PST MLC

(Ferroelectric ceramic)
	30,000
	2.7
	3.3
	0.19
	73
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