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The critical need in novel or alternative approaches to energy production, conversion and har-
vesting, combined with the ongoing pursuit of device miniaturization, have revived interest in the
long-known but “doomed” impractical caloric effects in solids. Contrary to the old belief that such
effects, while common, are miniscule, a large variety of giant caloric effects has been recently dis-
covered in some ferroic materials' !°. These discoveries have opened the door to the use of these
giant effects in an efficient and environmentally friendly solid-state refrigeration technology. Here
we report first-principles simulations of multiple caloric effects in a typical ferroelastic ferroelectric
PbTiOs which offer a first insight into a multicaloric nature of this material. We predict the ex-
istence of unusual multicaloric effect in such electrically driven ferroelastic (extrinsic multiferroic)
which far exceeds either electrocaloric or elastocaloric effect alone. Moreover, given a relative abun-
dance of extrinsic multiferroics among ferroics with multiple order parameters, such prediction may
open an unusual route to solid state refrigeration advancement.

PACS numbers: 77.70.+a,77.80.-e,77.22.Ej,65.40.G-

Recent discoveries of giant caloric effects in some ferroic materials! ' have opened the door to the use of solid-
state materials as an alternative to gases for conventional and cryogenic refrigeration''. The wide class of ferroics
includes such diverse materials as ferromagnets and magnetic materials, ferroelectrics, ferroelastics and multiferroics.
As a result, a variety of giant caloric effects has been reported recently with the most notable ones being the giant
magnetocalorich??, electrocaloric®*%10  barocaloric™® and elastocaloric® effects. In addition, the decrease in size of
the high quality samples brings the opportunity to further enhance caloric effects through an application of larger
fields. As the potential of ferroics to exhibit giant caloric effects emerges as a universal feature of this important class
of materials, the fundamental question about the possibility to combine multiple caloric effects in one ferroic material
becomes crucial.

Caloric effect are associated with a reversible change in the temperature under adiabatic application of external
fields'? '#. Alternatively, they can be described as an isothermal change in entropy achieved by the application of the
fields. While many naturally occurring materials may exhibit caloric effects, for most of them the effect is extremely
small, if measurable. As a result, it was long believed that the effect is miniscule by its very nature'® and very little ef-
fort was directed towards its understanding, or a search of materials with large caloric effects. There has been a drastic
change in the situation, however, in the recent years, thanks to the discoveries of giant magnetocaloric effect’9, giant
electectrocaloric effect®%%10  followed by the reports of giant elastocaloric and barocaloric effects®”%16. However,
except for the Refs.7,8,10,16, the giant caloric effects were found in very “dissimilar” materials, that are unlikely to
“pair” to produce a multiple, or multi-, caloric effect. An alternative strategy in the search for multicaloric materials
could be to look for large caloric effects in those ferroics which intrinsically combine more than one ferroic property.
Such materials are known as multiferroics. Many of them have been widely known for decades!”, while some of them
have been discovered only recently'®'?. In this Article we predict the existence of an unusual giant multicaloric effect
in a well known (multi)ferroic.

Here we simulate from first-principles multiple caloric effects in a typical ferroelastic ferroelectric (multiferroic)
PbTiO3. PbTiO3 is a classic ferroelectric that undergoes reversible structural phase transition at 750 K associated
with the onset of spontaneous electric polarization. The spontaneous polarization couples strongly to the strain giving
rise to a simultaneous onset of spontaneous strain. As a result, the ferroelastic transition in PbTiOj3 is driven by the
ferroelectric one, and, therefore, of extrinsic nature. We simulate a bulk sample of PbTiO3 which is subject to slowly
varying electric and/or stress fields. Note that such simulations imply that the sample evolves through a succession
of nearly equilibrium states. Calculations were done using the direct approach!'®'® which allows to compute caloric
change in temperature AT directly and without restoring to the use of Maxwell relations. This technique also mimics
closely the experimental approach to the direct measurements of caloric effects?’. To explore the multicaloric nature
of PbTiO3 we conducted three sets of simulations. In the first set an electric field, F, ranging in magnitude from 0 up
to 1000 kV/cm was slowly applied and subsequently removed from the simulated sample under adiabatic conditions.
The temperature was computed for each field. The resulting dependence of the temperature on the applied field
quantifies the electrocaloric effect in this material. Identical temperature curves were obtained from computations
associated with both application (increase) and removal (decrease) of electric field indicating that the process is fully
reversible. Note, that this check of reversibility is critical when the direct approach to caloric effect investigation is
used. To cross check our results we have also calculated a few temperature curves using the indirect approach which



is based on the Maxwell relations?. Both approaches yielded very similar data.

The second set of simulations was carried out to investigate the piezocaloric effect in this material. Note that this
effect is also termed elastocaloric effect®. A normal tensile stress field, o, acting on the plane perpendicular to the
[001] direction (polarization direction in ferroelectric phase) and ranging from 0 up to 2 GPa was applied to and
subsequently removed from the simulated sample using the direct approach as outlined in Ref.16. The associated
change in temperature AT, due to variation of the stress field quantifies the piezocaloric effect in PbTiOg. In the third
set of simulations both the electric and stress fields were applied to (and subsequently removed from) the simulated
sample simultaneously. The resulting change in temperature due to the fields variation was found to be completely
reversible and attributed to the multicaloric effect. This multicaloric effect in PbTiO3 derives its origin from the
coexistence of electrocaloric and piezocaloric effects in this material.

The bulk sample of PbTiO3 was simulated by a 16x16x16 (20,480 atoms) supercell with periodic boundary condi-
tions applied along all three directions. The total energy of this supercell is given by the effective Hamiltonian?':22
with the parameters derived from first-principles?®. This Hamiltonian correctly predicts a variety of structural and
thermodynamical properties of PbTiO3 which include the polarization, Curie point, teragonality, and some others.
The total energy given by the Hamiltonian was used in the framework of the isoenthalpic Monte Carlo simulations as
proposed in Refs.10,16 and which extends classical Monte Carlo technique to the simulations of adiabatic conditions.
Technically, the electric field was applied at an extremely slow rate of 0.1 kV/m per one Monte Carlo sweep to ensure
reversibility. Similarly, the elastic field was applied at a slow rate of 1 kPa per Monte Carlo sweep. The temperature
was averaged over 10,000 Monte Carlo sweeps. These settings were found to provide fully convergent results.

Fig.1(a) shows the electrocaloric temperature change ATg as a function of the initial temperature 7. Different
curves represent simulation data for different electric fields, AE. This figure demonstrates that even for the smallest
field shown (45 kV/cm) the electrocaloric change in temperature near the Curie point already reaches a large value of
6 K in agreement with experimental findings of Ref.3. Further increase in AFE leads to a significant increase in AT
which, however, shows a tendency for saturation for the highest fields. We observe that for all fields investigated,
ATpg peaks near the zero-field Curie point of PbTiO3. Note that the first-principles Hamiltonian predicts the zero-
field Curie point at 630 K. Our computational data for electrocaloric effect are in excellent agreement with a recent
experimental study where a thermodynamical approach was used to estimate the electrocaloric effect in PbTiO32%.
For example, the largest ATy reported in Ref.24 for E =1.5 kV/cm is 1.9 K which is in quantitative agreement with
our computed value of 1.3 K obtained for the same field.

Fig.1(b) gives the piezocaloric temperature change as a function of the initial temperature for different stress fields,
Ao, applied. It reveals that, in addition to giant electrocaloric effect, the material also exhibits a giant piezocaloric
effect. Indeed, even for the smallest stress shown (0.2 GPa) AT, is about 6 K which is very similar to the electrocaloric
ATg for the lowest fields. Furthermore, for the range of electric and stress fields investigated the piezocaloric and
electrocaloric AT exhibit rather comparable values in a very large temperature range. There exists, however, one
unusual feature, which critically differentiates the piezocaloric effect in PbTiO3 from the electrocaloric one. We find
that for the temperatures of 890 K and above the piezocaloric effect in PbTiO3 nearly vanishes. This is in contrast
to electrocaloric effect, which persists for all temperatures investigated.

These first-principles results could be explained by a simple thermodynamic argument. According to the Maxwell
relation the piezocaloric change in temperature is given by AT, = — [ Cla (g—;)gda. Here ¢ is the strain, while
C, is the heat capacity under constant stress. The equation suggests that an appreciable piezocaloric effect can
be observed in materials for which the strain depends strongly on the temperature. This is typically the case in
ferroelastics. However, PbTiOg3 is an extrinsic ferroelastic in which ferroelastic behavior only occurs in ferroelectric
phase. Consequently, the piezocaloric effect will be appreciable in the ferroelectric phase of the material as well?”.
To confirm that we traced the dependence of the temperature, polarization, and relative strain on the stress field
applied. Fig.2 shows our data obtained for an initial temperature of 700 K. This figure clearly demonstrates that
the large piezocaloric effect occurs in ferroelectric phase associated with nonzero spontaneous polarization and strain.
In the paraelectric phase the piezocaloric effect is extremely small. Above 890 K the simulated sample remains in
paraelectric phase for all stress fields considered, which explains why we do not observe appreciable piezocaloric effect
in this temperature range.

While we are not aware of any experimental studies of piezocaloric effect in PbTiOg3, our computational findings can
be qualitatively compared to the experimental data on barocaloric effect in the same material. For example, a recent
study?? reports a barocaloric change in the temperature of -0.8 K under the application of 0.01 GPa pressure which
compares well with our computed value of 0.4 K under stress with the same magnitude. Note that the difference in
sign of AT, is due to the fact that we simulate tensile stress, while the hydrostatic pressure applied in Ref.24 produces
compressive stress.

Fig.1(c) shows the computational data for multicaloric temperature change ATg , which were obtained in simula-
tions with stress and electric fields applied simultaneously. This figure demonstrates the existence of giant multicaloric
effect in this multiferroic material. Moreover, the numerical value of multicaloric ATf , far exceeds the values asso-



ciated with either piezocaloric or electrocaloric effects in the same material. To gain further insight we compare data
obtained for the same fields in Figs.1(d)-(f). From this comparison it becomes obvious that the multicaloric ATg
significantly exceeds both ATy and AT, in the whole temperature range considered. The observed enhancement
leads to a considerable broadening of the ATy , as compared to either ATg or AT,. Such broad response curves
are extremely desirable for practical applications of caloric effects in solid state refrigeration. In fact, the inability
of many solid state refrigerants to produce relatively broad response curves is among the most critical obstacles for
the advancement of solid-state refrigeration technology. The multicaloric effect is very robust and can even lead to a
significant enhancement of ATg , in the region where the piezocaloric effect is negligible (for example, for the temper-
atures above 800 K in Fig.1(f)). To explain such an unusual finding we recall that the region where the piezocaloric
effect dies off is associated with a nonpolar state of the material. Application of the electric field, however, polarizes
the material and shifts the Curie temperature up. Once polarized, the material develops a relatively large strain,
thanks to the strong piezoelectric coupling, which gives rise to an appreciable piezocaloric effect.

We believe that our findings could potentially open ways for practical advances in solid state refrigeration. For
example, we found that all three caloric effects (electrocaloric, piezocaloric, and multicaloric) are maximized near the
Curie point. Given that for some ferroelectrics ((Bag 7551r0.25)TiO3 being one good example) the Curie point is near
the room temperature these findings become attractive for near room temperature refrigeration. Moreover, our finding
of strong enhancement of multicaloric effect in paraelectric phase is potentially promising as many ferroelectrics have
Curie point below the room temperature. In addition, the predicted broadening of ATg ,(T') with respect to the
electrocaloric and piezocaloric AT may even make high T ferroelectrics, such as PbTiOg, attractive for practical
applications. The best promise of PbTiO3 as potential solid state refrigerant is, however, in the area of high
temperatures refrigeration.

In summary, our first-principles computations predict the existence of an unusual multicaloric effect in extrinsic
ferroelastic ferroelectric PbTiO3. This effect was found to far exceed either piezocaloric or electrocaloric effect in the
same material. Moreover, the strong coupling between the two ferroic order parameters, which is typical for many
extrinsic (multi)ferroics, appears to play a critical role in the dramatic enhancement of the caloric effect when multiple
fields are applied. We believe that our results unravel one more exotic feature of the multiferroics, as well as ferroics
in general, and provide an unusual approach to caloric effects engineering. We hope that they will stimulate further
work on the fundamental understanding of the ferroics and their exotic properties as well as future advances in the
solid-state refrigeration.

Acknowledgments: The present work is supported by the U.S. Department of Energy, Office of Basic Energy
Sciences, Division of Materials Sciences and Engineering under award DE-SC0005245. This research used resources
of the National Energy Research Scientific Computing Center, which is supported by the Office of Science of the
U.S. Department of Energy under Contract No. DE-AC02-05CH11231. The use of services provided by Research
Computing, USF is gratefully acknowledged. We would like to thank A. Tagantsev for useful discussions.



N O O R W N =¥

10
11

12
13
14
15
16
17
18
19

20
21
22
23
24

25
26

27

Electronic address: slisenk@usf.edu

V. K. Pecharsky and K. A. Gschneidner, Jr., Phys. Rev. Lett. 78, 4494 (1997).

O. Tegus, E. Bruck, K. H. J. Buschow, and F. R. de Boer, Nature 415, 150 (2002).

A. S. Mischenko, Q. Zhang, J. F. Scott, R. W. Whatmore, and N. D. Mathur, Science 311, 1270 (2006).

G. Akcay, S. P. Alpay, J. V. Mantese, and G. A. Rossetti, Jr, Appl. Phys. Lett. 90, 252909 (2007).

E. Bonnot, R. Romero, L. Mafiosa, E. Vives, and A. Planes, Phys. Rev. Lett. 100, 125901 (2008).

B. Neese, B. Chu, S.-G. Lu, Y. Wang, E. Furman, and Q. Zhang, Science 321, 821 (2008).

L. Manosa, D. Gonzalez-Alonso, A. Planes, E. Bonnot, M. Barrio, J.-L.. Tamarit, S. Aksoy, and M. Acet, Nature Mater. 9,
478 (2010).

L. Manosa, D. Gonzalez-Alonso, A. Planes, M. Barrio, J.-L. Tamarit, I. S. Titov, M. Acet, A. Bhattacharyya, and S. Ma-
jumdar, Nature Commun. 2, 595 (2011).

J. Liu, T. Gottschall, K. P. Skokov, J. D. Moore, and O. Gutfleisch, Nature Mater. 11, 620 (2012).

I. Ponomareva and S. Lisenkov, Phys. Rev. Lett. 108, 167604 (2012).

S. Fahler, U. K. Robler, O. Kastner, J. Eckert, G. Eggeler, H. Emmerich, P. Entel, S. Muller, E. Quandt, and K. Albe, Adv.
Eng. Mater. 14, 10 (2012), ISSN 1527-2648.

K. A. GschneidnerJr, V. K. Pecharsky, and A. O. Tsokol, Rep. Progr. Phys. 68, 1479 (2005).

J. F. Scott, Ann. Rev. Mat. Sci. 41, 229 (2011).

S.-G. Lu and Q. Zhang, Advanced Materials 21, 1983 (2009).

M. Lines and A. Glass, Principles and Applications of ferroelectrics and related materials (Clarendon Press-Oxford, 1977).
S. Lisenkov and I. Ponomareva, Phys. Rev. B 86, 104103 (2012).

N. A. Spaldin and M. Fiebig, Science 309, 391 (2005).

N. Hur, S. Park, P. A. Sharma, J. S. Ahn, G. S., and C. S-W., Nature 429, 392 (2004).

P. Lunkenheimer, J. Mller, S. Krohns, F. Schrettle, A. Loidl, B. Hartmann, R. Rommel, M. de Souza, C. Hotta, J. A.
Schlueter, et al., Nature Mat. 11, 755 (2012).

B. Rozi¢, B. Mali¢, H. Ursi¢, J. Hole, M. Kosec, B. Neese, Q. M. Zhang, and Z. Kutnjak, Ferroelectrics 405, 26 (2010).
W. Zhong, D. Vanderbilt, and K. M. Rabe, Phys. Rev. Lett. 73, 1861 (1994).

W. Zhong, D. Vanderbilt, and K. Rabe, Phys. Rev. B 52, 6301 (1995).

B. Mani, C.-M. Chang, and I. Ponomareva, to be published elsewhere.

E. Mikhaleva, I. Flerov, M. Gorev, M. Molokeev, A. Cherepakhin, A. Kartashev, N. Mikhashenok, and K. Sablina, Physics
of the Solid State 54, 1832 (2012), ISSN 1063-7834.

X. Xianran, D. Jinxia, C. Jun, and L. Guirong, Rare Metals 22, 1 (2003).

in Ternary Compounds, Organic Semiconductors, edited by M. O., R. U, and M. Schulz (Springer Berlin Heidelberg, 2000),
vol. 41E of Landolt-Bornstein - Group III Condensed Matter, p. 1, ISBN 978-3-540-66781-0.

Note, that in our model the contribution of thermal expansion to AT, is not included. Such contribution can be estimated
from the Maxwell relation as AT? = — f c—j; Bodo, where B, is the thermal expansion coefficient. We have calculated AT?

using the experimental values for Sr—0%® and Cy—02° and found that for all conditions studied AT, % is at least order of
magnitude smaller than AT,
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FIG. 1: The temperature change as a function of the initial temperature obtained from the electrocaloric (panel (a)), piezocaloric
(panel (b)), and multicaloric (panel (c)) effect simulations. Different curves correspond to different fields applied. The strength
of the electric (stress) field increases in the direction of the arrow from 45 to 1000 kV/cm (0 to 2 GPa). Panels (d)-(f) give the
comparison between AT associated with electrocaloric (ATE), piezocaloric (AT, ), and multicaloric (ATEg,) effects. The data
in panel (d) correspond to the fields AE =195 kV /cm and Ao =0.4 GPa, while panel (e) presents the data for AE =395 kV /cm

and Ao =0.8 GPa. Panel (f) gives the data for the fields AE =695 kV/cm and Ao =1.4 GPa.
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FIG. 2: The dependence of the temperature (a); polarization (b); and relative strain (c) on the applied stress. The circles
indicate data from simulations, while the solid lines are guides to the eye. Vertical dashed line indicate the point of stress-induced

ferroelectric structural phase transition.



