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Influence of epitaxial strain on elastocaloric effect in ferroelectric thin films
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We report the influence of epitaxial strain u,, on the elastocaloric properties of BaTiO; thin films.
Using thermodynamic calculations, we show that there exists a critical compressive stress g3, at
which the elastocaloric effect is maximized for any compressive misfit strain we investigate.
Moreover, it is found that |o3.| decreases significantly with decreasing |u,,|, which is accompanied
by a reduction of the elastocaloric response. Interestingly, a several fold enhancement in the
electrocaloric effect can be achieved for stress in proximity of o3.. The elastocaloric effect
predicted here may find potential cooling applications by combining the stress-mediated electro-
caloric effect or designing hybrid elastocaloric/electrocaloric devices in the future. © 2015

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4906198]

The elastocaloric effect in solids, originally termed as
piezocaloric effect,' refers to the temperature (entropy)
change in response to a uniaxial stress under adiabatic (iso-
thermal) conditions.”” Research on this topic has aroused
growing interest especially since the discovery of the giant
elastocaloric effect in ferroelastic martensites.* On one hand,
ferroelastic shape memory alloys are most intensively stud-
ied and promising elastocaloric materials due to their excel-
lent superelasticity and broad operational temperature
window.>™ On the other hand, ferroelastic ferroelectric bulk
and thin films are predicted to have remarkable elastocaloric
properties comparable with ferroelastic martensites,'®'?
which further expands the elastocaloric family.

Indeed, issues of latent heat, size effect, and fatigue in
ferroelastic elastocalorics have attracted more attention."?
For instance, it was reported that the hysteresis loss can be
lowered in Fe-Pd single crystal exhibiting a second-order
like martensitic transition.® In addition, as the size of current
shape-memory alloys shrinks towards the nano-scale, numer-
ous problems and instabilities arise, including fatigue,
micro-cracking, and oxidation.'* In this regard, ferroelectric
thin films may have potential advantages.'” Interestingly, it
was demonstrated very recently that a giant elastocaloric
effect can be achieved in ferroelectric ultrathin films.'?
Moreover, changing the mechanical boundary conditions by
varying the epitaxial misfit strain can remarkably affect the
phase transition, which may be helpful to tune the elasto-
caloric properties of ferroelectric thin films.'®™"® This is of
great interest and importance to design the elastocaloric
cooling devices in the future and therefore motivates us to
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study the elastocaloric effect in ferroelectric thin films under
the influence of epitaxial strain.

In this letter, we consider (001) BaTiO5 (BTO) films epi-
taxially grown on several compressive substrates, namely,
GdScO; (GSO), DyScO; (DSO), SrTiO3 (STO), and NdGaO;
(NGO), having various in-plane misfit strains u,, ranging from
—1% for GSO"" to —3.2% for NGO owing to mismatch in
lattice parameters between the films and the underlying sub-
strates. We restrict ourselves to the case of a uniform local
loading g5 applied along the z direction (perpendicular to the
film surface). We neglect the shear stresses o, and g5 and the
flexoelectric effect caused by strain gradients”' > to ensure
that the effect of epitaxial strain on elastocaloric properties is
clearly observable from the calculations.'>** Compressive
substrates are chosen, since we only consider the polarization
and strain change along the direction z (out-of plane) conju-
gate to the direction of the external stress according to the
“misfit strain-stress” phase diagrams.** Therefore, the transi-
tion from the paraelectric phase (P,=P,=P.=0) to ferro-
electric tetragonal phase (P, =P,=0, P =P, # 0) is favored
to occur near room temperature. “ Note that the maximum o5
we used is well below the local stress threshold (~20 GPa) for
irreversible plastic damage of the BTO surface.”” Taking into
account the mechanical boundary conditions, the free energy
can be expressed as**
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are the renormalized Landau coefficients. o, are the dielectric
stiffness coefficients at constant stress, and only o, is tempera-
ture dependent through the Curie-Weiss law oy = (T — T)/eo C,
To and C being the Curie-Weiss temperature and constant,
respectively. S, and Q,,, are the elastic compliances and the
electrostrictive coefficients of the films, respectively. E is the
external electric field which is applied along the polar axis.

The equilibrium strain u; and polarization P, can be
derived from the condition of thermodynamic equilibrium:
OF /063 =—u3, OF/OP = 0. As a result, we have

252 2812
us = | S — 12 )a + Uy,
’ < T AT

2S12Q12) )
(o, — 221K )\ p2. 4
<Q11 S +sn) b0 “4)

It can be seen clearly that only the last term depending on P}
in Eq. (4) contributes to the elastocaloric effect due to its
temperature dependence (since it is straightforward to prove
that Py depends on o).

The elastocaloric change in temperature AT,, upon
application of a stress field in adiabatic conditions can be

determined by™'?
T 8u3
AT, = —J —(—) das, (5)
” 0 Co, \OT ) o, i
where the Maxwell relation (68753) = (%i;) is used. Co,
ET 03,

is the heat capacity under constant stress 3. Note that in
order to ensure that the effect of misfit strain on the elasto-
caloric response is clearly seen from our thermodynamical
calculations, we simplify by neglecting the depolarizing field
and the substrate deformations.'?

0.10 1~
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From the viewpoint of practical applications, it is of in-
terest to set the initial temperature 7 at room temperature
(300K). All the parameters we used are the same as those in
Ref. 26. Figs. 1(a)—1(d) summarize the stress-dependent
equilibrium polarization P, strain u3, and adiabatic tempera-
ture change AT,,, respectively. It is shown in Fig. 1(a) that
there exists a critical stress field a3, at which P continuously
disappears, which is essentially attributed to the second-
order phase transition («}; > 0) modified by the mechanical
boundary conditions.”* As the misfit-strain |u,,| increases,
|osc| increases remarkably from 2.97GPa for GSO to
8.30 GPa for NGO, which indicates that polarization in BTO
thin films grown on NGO substrate is more difficult to sup-
press by a uniaxial stress than the other substrates. And the
total polarization change induced by different g3, increases
considerably as |u,,| increases.

Fig. 1(b) shows that a large strain change can be
achieved, which is in line with our previous result.'?> For
instance, for the film on GSO substrate, the strain change is
about 1.6% under a compressive stress of —3 GPa, which is
approximately two times as large as those reported in supere-
lastic BTO single crystal either (0.75%) induced by a low
electric field of 2kV/cm (Ref. 27) or (0.85%) by a modest
stress field of 15 MPa (Ref. 28).

As expected, the noticeable elastocaloric effect is
depicted in Figs. 1(c) and 1(d). It appears that the elastocaloric
response of BTO thin films is maximized when the stress
reaches ¢s.. After that, no additional change in AT,, is
observed due to the disappearance of the polarization (see Fig.
1(a), Egqs. (4) and (5)). |AT,,| increases as |u,,| increases and
reaches its largest value of 6.9K at 8.30 GPa (on NGO sub-
strate). Note that 6.9K is indeed in the range of temperature
changes for other elastocaloric systems reported in the litera-
ture.”!' Moreover, due to the second-order nature of the
phase transition, it is expected that the hysteresis loss and irre-
versibilities associated with latent heat vanish, which is of im-
portance to enhance refrigerant efficiency.>'*'* In addition,
the system can operate in a wide temperature window for all
compressive substrates we investigated (see, e.g., the 60K

0.08/
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0.04]
o«
1 S 0.024
0.00/
0,024/
0.04k

FIG. 1. The dependence of (a) polar-
ization Py, (b) strain uz, (c) sample
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temperature 7, and (d) adiabatic tem-
perature change AT,, on stress g3 in
epitaxial BTO thin films grown on dif-

ferent compressive substrates at room
temperature. The dashed line in (c)
indicates the initial temperature which
is set as room temperature (300 K).
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window considered in Figs. 2(a)—2(d)), which is very desired
for cooling applications. Therefore, here we demonstrate that
ferroelectric thin films may be good candidates for elasto-
caloric cooling, which also can potentially expand the elasto-
caloric family from macroscopic scale to nanoscale.'?

The foregoing findings are summarized in Fig. 3. It is
shown that the critical driving stress |o3.| decreases signifi-
cantly from 8.30 GPa for NGO to 2.97 GPa for GSO as misfit-
strain |u,,| decreases, which can provide an effective approach
to lower the driving stress. However, the elastocaloric peak
AT,,(max) also experiences a considerable decrease from
6.9K to 4.6K during that change in |u,,|. Note that the rele-
vant figure of merit for real devices depends on the external
force rather than the applied stress. Though a much higher
driving stress is required here, which is orders-of-magnitude
larger than those reported in other typical elastocaloric materi-
als,*'! only an extremely small force is needed for ferroelec-
tric thin films. Fig. 3 clearly shows that the elastocaloric
response of ferroelectric thin films can be remarkably tuned

-2 T T T T T T T T T T -4

-3
-4
-5

64

3

o, (GPa)

ATo max) (K)

74

-84

_9 T T T T T T T T T T
-0.035 -0.030 -0.025 -0.020 -0.015 -0.010
Misfit Strain u_

-7

FIG. 3. The critical driving stress 3. and corresponding maximum elasto-
caloric response ATy, (max) in epitaxial BTO thin films grown on different
compressive substrates at room temperature.

by changing the substrates. Interestingly, if the substrate could
be electrically active, designing hybrid elastocaloric/electro-
caloric devices controlled by an electric field rather than a me-
chanical stress can be considered in the future.

Note that we assume that thermal expansion coefficients
(TECs) in the paraelectric phase play a negligible contribu-
tion to the corresponding entropy change. Indeed, this nomi-
nal TEC behavior is directly supported by recent theoretical
and experimental results in various materials. For instance, a
direct approach based on first-principles calculations does
show that the elastocaloric response in PbTiO; above the
phase transition temperature is nearly zero, while it only
emerges through by the appearance of the polarization
induced by a large enough tensile stress (see Fig. 2 in Ref.
11 for more details). Immediately, one can see that the TECs
are negligible in the paraelectric phase according to Egs. (4)
and (5). This behavior is also confirmed by a recent thermo-
dynamic model showing that both the conventional elasto-
caloric response®’ and inverse barocaloric effect’® in BTO
single crystals disappear in the paraelectric phase. On the
other hand, it was reported in both ferroelectric PbTiO5>!
and ferromagnetic La-Fe-Co-Si*” that the appreciable baro-
caloric effect can be only experimentally observed in vicinity
of the phase transition temperature. Indeed, both the elasto-
caloric and barocaloric response strongly depend on the rela-
tionship of TEC versus temperature. Since the TEC peaks at
the phase transition and the TEC versus temperature curves
are almost flat in the paraelectric phase, the corresponding
intrinsic entropy change in paraelectric phase cannot be com-
parable with that near the phase transition.>'? Therefore, it
is rational to ignore the contribution from that above the
phase transition. In this regard, the corresponding TEC can
therefore be set to be extremely small or zero in the paraelec-
tric phase. Most importantly, we found that the TECs experi-
enced a dramatic change by one order of magnitude for a
stress reaching the critical stress,'> which strongly supports
that our foregoing treatment is reasonable.
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FIG. 4. Electrocaloric effect in epitaxial BTO thin films under different compressive loadings (solid line): (a) on a NGO substrate (o3 = — 8.5 GPa), (b) on a
STO substrate (03 = —6.5 GPa), (c) on a DGO substrate (63 = —5 GPa) and on a GSO substrate (63 = —3 GPa), respectively. The dashed line refers to the elec-

trocaloric effect in the unloaded state.

The TECs we calculated here may be called as anoma-
lous ones while the normal contributions are presumably set
to be negligible (i.e., zero in our case) compared to anoma-
lous parts. The normal TEC can be added by introducing the
thermo-electric and the thermo-elastic couplings into the free
energy. It was reported that such modification allows to
describe the evolution of polarization with temperature in
the different polar phases in a slightly more accurate man-
ner.>® This treatment may also result in non-zero TEC (nor-
mal TEC) in both ferroelectric and paraelectric phases.
However, it is expected that the TECs in the paraelectric
phase resulting from this modification should be almost flat
or only weakly dependent on temperature, as evidenced by
existing experiments.”' > Obviously, the corresponding con-
tribution to the entropy change induced by a stress field or a
hydrostatic pressure in the paraelectric phase is still signifi-
cantly smaller than that at the phase transition. Note that the
anomalous part we concentrated on is much larger than the
ordinary linear thermal expansion above the phase transition
temperature as demonstrated recently by experiments in
(CH;NHCH,COOH);CaCl, (TSCC).** More importantly, it
was shown by Lashley er al that the thermal expansion
behavior does not satisfy Landau theory. Instead, it satisfies
the defect-driven theory of Levanyuk and Sigov.”
Therefore, it is trivial to introduce such a risky term into free
energy, not to mention that our results are already well sup-
ported by recent experimental and theoretical works.

Let us consider now the electrocaloric response which
can be added to the elastocaloric one. Electrocaloric effect
refers to the reversible temperature change ATg upon adia-
batic application or removal of an electric field.**>° In par-
ticular, the electrocaloric properties of BTO thin films have

been intensively investigated.'>'®192040=47 nterestingly, it
was reported that applying a uniaxial compressive stress
could enhance and widen the electrocaloric response consid-
erably in ultrathin BTO films due to tuning of the depolariza-
tion field.”® It is also reported that the electrocaloric peak
under tensile stresses moves towards higher temperatures
with its magnitude slightly enhanced in BTO single crys-
tals.?’ For the case under hydrostatic pressure, a slight reduc-
tion of the electrocaloric peak with increasing pressure is
found in BTO single crystals.>® AT, can be determined as

ET <8P0)
ATy = —J — = dE,
£ 0 CE 8T E,O‘}

where Cp is the heat capacity under constant electric field.
For the unloaded case, it can be seen that as |u,| decreases,
the electrocaloric response increases considerably, which
agrees well with the previous study.'® Because the ferroelec-
tricity in BTO thin films grown on NGO substrate is already
larger than those grown on other substrates,? in this case, it
is more difficult to achieve a larger polarization change
under the same electric field. Indeed, mechanical stress may
find use in tuning the electrocaloric effect. Stress may mod-
ify the height, the width, and the position of the peak in ATg
in ferroelectric thin films, according to our recent study.26
Here, we may consider the critical case as follows and we
find that stress can act as a way to significantly enhance the
electrocaloric effect, which is shown in Figs. 4(a)-4(d). For
instance, it is shown in Fig. 4(a) that ATy in the compressive
loaded state (g3 < as.) is about 423K (E=1000kV/cm) at
300K which is over 6 times larger than that (0.55K) in the
unloaded case at 300K under the same E (NGO substrate).

(6)
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Note that the polarization is close to zero when the stress is in
proximity of o3.. Therefore, even a modest electric field can
readily polarize the film and produce a remarkably enhanced
electrocaloric response. As a result, it can be seen from Figs.
4(a)-4(d) that a several fold enhancement in the electrocaloric
effect can be achieved. This behavior is observed within the
temperature range of interest and for all substrates we consid-
ered (see Figs. 4(a)—4(d)). Therefore, our findings in this work
may also open a route for cooling applications by combining
the enhanced electrocaloric effect mediated by mechanical
stress and elastocaloric effect in a single material.'*® Note that
a very recent study reported that secondary contribution from
the piezoelectric strain and associated elastocaloric effect in
PbZr;_,Ti O3 thin films may reduce the overall electrocaloric
entropy change.*® This secondary effect is expected to play a
negligible role in our case since fully strained BTO thin films
considered here show extremely small piezoelectric response.*”
In summary, using a thermodynamic model we have
studied the elastocaloric effect and stress-mediated electro-
caloric effect in BTO thin films grown on different compres-
sive substrates. Our results reveal that epitaxial strain can
significantly tune the elastocaloric peak and the critical driv-
ing stress. It is shown that a several fold enhancement of the
electrocaloric effect can be achieved for stress approaching
to the critical value. Our preliminary findings suggest a
potential route to design hybrid elastocaloric/electrocaloric
devices controlled by a modest electric field and combine the
elastocaloric effect and stress-mediated-and-enhanced elec-
trocaloric effect in the same material.
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