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ABSTRACT

The perovskite oxides ReNiO3 (Re¼ rare-earth elements) are promising functional materials due to their strongly correlated electrons.
Except for the well-known intrinsic metal-insulating transition in these materials, recent progresses have proved that protonation of ReNiO3

can bring about interesting Mott transition in this series. To date, in these protonated species (H-ReNiO3), huge resistance switching, fast
ionic diffusion, and their applications as an iontronic transistor, memristor, and fuel cell are reported. In this work, the thermal conductivities
of H-ReNiO3 (Re¼ La, Nd, Sm, and Eu) epitaxial thin films are investigated. The protonation-induced Mott transition can effectively modu-
late the electronic thermal conductivity while the lattice thermal conductance is less affected. Hence, at room temperature, the metallic
LaNiO3 and NdNiO3 exhibit reversible wide thermal conductivity modulation, in ranges of 2.6–12.0 and 1.6–8.0Wm�1 K�1, respectively.
These values are much larger than other thermal regulation materials based on transition metal oxides. Thus, our work reveals the great
potential of ReNiO3 being applied as a thermal-regulating material. The fast ionic diffusion in H-ReNiO3 also guarantees that a fast response
and wide-range thermal transistor can be realized by H-LaNiO3 and H-NdNiO3 in the future.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0201268

Strongly correlated materials are known to exhibit characteristic
properties, such as high-temperature superconductivity, multiferroics,
etc., due to the strong interactions between different degrees of free-
dom.1 Among the strongly correlated oxides, transition metal perov-
skite ReNiO3 (Re¼ rare-earth elements) have been investigated for
decades as representative charge-transfer insulators with an intrinsic
metal–insulator transition (MIT).2 In particular, the induced near-
room temperature MIT (e.g., NdNiO3 �200K; SmNiO3 �400K) can
lead to potential applications such as Mott transistors, which may ben-
efit the realization of beyond CMOS devices.3 In recent years, another

type of metal–insulator transition has been observed in SmNiO3

(SNO) and NdNiO3 (NNO) after protonation. Unlike the conventional
mechanism, the proton injection-induced MIT is resulted from the B-
site reduction (Ni3þ to Ni2þ), which subsequently increases the
Coulomb repulsion between electrons in the eg orbital.

4

Recently, researchers have found that an external electric field
can simultaneously control the proton diffusion and induce the huge
resistance change in SmNiO3 up to 108.5 The high insulating property
and high proton diffusion speed allow the protonated ReNiO3

(H-ReNiO3) to be applied as an electrolyte in solid state fuel cells
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(SOFCs).6 More importantly, the diffusion of proton in H-ReNiO3 can
be controlled by an external electric field. This suggests protonated
ReNiO3 materials (H-ReNiO3) are promising candidates in future ion-
tronic devices and inspires various designs, such as proton memristors,
artificial synapses, and proton sensors.4,7,8 Although these achieve-
ments indicate the large potential of H-ReNiO3 being applied in vari-
ous circumstances, current research primarily focuses on tuning
electronic and ionic conductivities. Other controllable parameters,
such as thermal conductivity, is far less investigated. Hence, further
exploration of controllable and switchable properties (e.g., thermal
conductivity) in protonated ReNiO3 materials is highly in need.

In this work, we fabricated epitaxial thin films of ReNiO3

(Re¼ La, Nd, Sm, and Eu) on La0.18Sr0.82Al0.59Ta0.41O3 (LSAT). A
reversible thermal conductivity modulation controlled by protonation
and deprotonation is investigated. Among the four species, the LaNiO3

and NdNiO3 exhibit surprisingly wide-range thermal conductivity
modulations of 2.6–12.0Wm�1K�1 (H-LaNiO3 and LaNiO3) and
1.6–8.0Wm�1K�1 (H-NdNiO3 and NdNiO3), respectively. Especially
for the LaNiO3 case, the room temperature thermal regulation range is
much wider than previously reported thermal conductivity control in
transition metal oxides, such as SrCoO2.5, La0.5Sr0.5CoO3�d, and
WO3.

9–12 The thermal conductivity modulation is mainly a result of
greatly suppressed electronic thermal conductivity (jele) after proton-
ation, which is closely related to the proton-induced metal–insulator
transition in LaNiO3 and NdNiO3. For the insulating SmNiO3 and
EuNiO3, it is found that the lattice thermal conductivity is hardly
affected (jlat) after protonation, which might be attributed to the small
mass of proton and unchanged unit cell shape after protonation. Our
work reports not only the thermal conductivities of one series of func-
tional materials but also reveals the potential of these materials being
applied to thermal regulation applications.

The ReNiO3 (Re¼ La, Nd, Sm, and Eu) thin films were fabricated
on [100]-oriented single crystal La0.18Sr0.82Al0.59Ta0.41O3 (LSAT) sub-
strate (cubic, a¼ 3.868 Å) by pulsed laser deposition (PLD). The thin
films were synthesized with temperature ranging from 620 to 650 �C,
with oxygen pressure from 30 to 50Pa. The ArF excimer laser
(193nm) at 4Hz and 90 mJ were adopted. The crystal structure and
crystalline quality of the thin film were characterized by x-ray diffrac-
tion (XRD, SmartLab, Rigaku). For protonation, the electrochemical
protonation using ionic liquid gating was adopted,13 and the demon-
stration of the sample setup is shown in supplementary material Fig.
S1. The gating electrode was composed of a Pt coil. The bottom elec-
trode connecting the ground was made of conductive silver adhesive
(SPI, 04999-AB) painted around the sample surface. After electrode
preparation, the sample was soaked in an ionic liquid of N,N-Diethyl-
N-methyl-N-(2-methoxyethyl)ammonium bis(trifluoromethanesul-
fonyl)imide (DEME-TFSI). With a gating voltage ofþ3.5V for 60min
at room temperature, the ReNiO3 thin film was protonated, and the
estimated proton ratio was 1.0 per ReNiO3 formula unit cell. For
H-LaNiO3, H-SmNiO3, and H-NdNiO3, the proton ratio was deduced
from the relationship between resistance change and proton concen-
tration measured by nuclear reaction analysis.14 For H-EuNiO3, x-ray
photoelectron spectroscopy (XPS) of Ni 2p3/2 was adopted to estimate
the proton ratio indirectly (supplementary material Fig. S2). The con-
ductivities of thin films were measured by a physical property mea-
surement system (PPMS, Quantum design). The thermal conductivity
(j) of the ReNiO3 and HxReNiO3 films perpendicular to the substrate

surface was measured by TDTR (PicoTR, PicoTherm). With a picosec-
ond thermoreflectance analyzer, PicoTR, laser pulses (pump laser) of
0.5 ps pulse width are applied to the sample with a time period of
50ns. The temperature response is detected with the probe laser. The
top side of the Pt film was deposited as the transducer. The decay
curves of the TDTR phase signals were simulated to obtain j by inte-
grated software. In order to calculate the thermal conductivity of the
thin film, the lattice thermal conductivity from a blank LSAT substrate
was collected as well. The first-principle calculations are adopted to
obtain the crystal structures of H-ReNiO3, and the details are declared
in supplementary material.

Protonation of ReNiO3 is achieved by ionic liquid gating at room
temperature as shown in Fig. 1. The water molecules are decomposed
at the thin film surface and protons diffuse into ReNiO3 due to a
chemical potential difference.13 Deprotonation can be realized by two
approaches: (1) ionic liquid gating with reversed voltage and (2)
annealing the H-ReNiO3 in the air at 400 �C. Deprotonated samples
can be protonated again by ionic liquid gating, allowing reversible con-
trol between ReNiO3 and H-ReNiO3. Crystal structures before and
after protonation were measured by out-of-plane x-ray diffraction. As
shown in Figs. 2(a) and 2(d), the pseudo-cubic (00 l)pc peak of ReNiO3

can be identified, indicating that the ReNiO3 thin film is c-axis oriented
on the LSAT substrate. The out-of-plane pseudo-cubic lattice con-
stants of the as-grown ReNiO3 (Re¼ La, Nd, Sm, and Eu) thin films
are 3.814, 3.801, 3.814, and 3.818 Å, respectively, as summarized in
Fig. 2(e), in excellent agreements with previous reports.15–18

Protonation leads to a lattice expansion along the c-axis in all samples,
where the cpc of H-ReNiO3 (Re¼ La, Nd, Sm, and Eu) are 3.982,
4.145, 4.059, and 3.945 Å, respectively, consistent with previous
reports.4,7,19 A different observed expansion ratio might be related to
the different tilting angle of the NiO6 octahedron due to strain effects.
The residual peaks of the as-grown state contribute to the area beneath
the electrode, which would not influence the measurement of thermal
conductivity and resistivity (supplementary material Fig. S1). By heat-
ing the sample in the air as mentioned in Fig. 1, deprotonation is
achieved, and the lattice parameters cpc of the deprotonated samples
are slightly larger than the as-grown samples which might be related to
the creation of oxygen vacancy after heating.7 This allows repeatedly
controlling thermal conductivity, which will be discussed later, by
switching phases between ReNiO3 and H-ReNiO3.

Next, the room temperature thermal conductivity (j) of ReNiO3,
H-ReNiO3, and deprotonated ReNiO3 series are evaluated at room
temperature by time domain thermos reflectance (TDTR), which is
known as an effective approach to obtain the thermal conductivity of a
thin film.10,19–27 In order to extract the thermal conductivity, the densi-
ties of the ReNiO3 series are referred to as experimental values and
those of H-ReNiO3 are calculated from the crystal structure obtained
by calculations based on the density functional theory with the on-site
Coulomb interaction (DFTþU) (supplementary material Figs. S3 and
S4 and Ref. 28). As described in the inset of Fig. 3(a), based on the
parameters demonstrated in supplementary material Table S1, the
total thermal conductivity (j) of as-grown ReNiO3 (Re¼ La, Nd, Sm,
and Eu) thin films are estimated to be 11.6, 8.0, 1.8, and 2.5Wm�1K�1,
respectively, [Figs. 3(a) and 3(d)]. After performing protonation, the
measured curves of LaNiO3 and NdNiO3 exhibit a clear difference from
the as-grown state: the thermal conductivities are greatly suppressed to
2.6W m�1 K�1 for H-LaNiO3 and 1.6W m�1 K�1 for H-NdNiO3.
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However, for insulating SmNiO3 and EuNiO3, although the TDTR
curves confirm the reversibility, the protonation-induced thermal con-
ductivity change is much smaller than that in LaNiO3 and NdNiO3,
where j changes from 1.8 to 1.6Wm�1K�1 for SmNiO3 and from 2.5

to 3.0Wm�1K�1 for EuNiO3. Interestingly, the thermal conductivity
slight increases in EuNiO3 after protonation. In addition, the j of the
as-grown status is recovered after deprotonation [Fig. 3(e)]. This obser-
vation, together with the diffraction evidence showing the structural

FIG. 2. (a)–(d) Out-of-plane XRD of ReNiO3 (Re¼ La, Sm, Nd, and Eu) (001) pc peak before and after protonation. Since the top electrode is covering the part of the sample sur-
face, protonation is difficult to proceed in that area. Hence, a residual peak can be observed in the XRD of the protonated samples. The structural reproducibility is examined by
performing deprotonation annealing in the air. (e) Summarization of out-of-plane lattice expansion. The error of EuNiO3 could be large due to the weak intensity of the XRD peak.

FIG. 1. The protonation by ionic liquid
gating and two reversible approaches to
realize deprotonation.
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recovery in Fig. 2, suggests that the wide-range thermal regulation
in LaNiO3 and NdNiO3 is fully reversible by protonation and
deprotonation.

Figure 4(a) summarizes the relationship between thermal conduc-
tivity (j) and electrical conductivity of ReNiO3 and H-ReNiO3. In the
pristine states of LaNiO3 and NdNiO3, the total thermal conductivity

(j) could be mainly governed by electronic thermal conductivity (jele)
due to their metallic nature at room temperature. It is assumed that j of
LaNiO3 and NdNiO3 could be roughly estimated by the Wiedemann–
Franz law: j/r¼ LT, where r, T, and L are electronic conductivity, tem-
perature, and Lorenz number, respectively. As shown in Fig. 4(a), the
measured data have a good agreement with the model while the fitted

FIG. 3. (a)–(d) Original TDTR decay curves of as-grown, protonated, and deprotonated ReNiO3 (Re¼ La, Sm, Nd, and Eu) measured at room-temperature. The original data
of each material are demonstrated in (a)–(d). (e) is a summary of the thermal conductivity modulation of ReNiO3 before and after protonation and the reproducibility is verified.
Among all, LaNiO3 and NdNiO3 exhibit a wide-range modulation of thermal conductivity.

FIG. 4. (a) Thermal conductivity (j) vs electrical conductivity (r) of ReNiO3 and H-ReNiO3 series. The dotted line indicates the Wiedemann–Franz law with Lorentz number of
4.89� 10�8 WXK�2. (b) Thermal conductivity (j) vs Ni–O–Ni bond angle of H-ReNiO3. The bond angle is summarized from DFT calculated crystal structure as demonstrated
in supplementary material Fig S4. Aside from H-EuNiO3, the thermal conductivity increases along with the increasing Ni–O–Ni angle.
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Lorenz number (L) for LaNiO3 and NdNiO3 could be larger than the
classical value. It might be related to the strong correlation of the elec-
tron in these systems,29 and this would be investigated in our future
work. Oppositely, SmNiO3 and EuNiO3 are insulating at room-
temperature; we assume that in these two species, the lattice thermal
conductivity (jlat) is dominant. The small electrical conductivity of
�2.4� 102 S/cm (SmNiO3) and �1.0� 102 S/cm (EuNiO3) implies
that the jele in SmNiO3 and EuNiO3 could be negligible.

After protonation, Ni3þ is reduced to Ni2þ, and the electrons
become localized due to strong Coulomb repulsion between two eg elec-
trons in Ni2þ. Thus, the dominating jele in LaNiO3 and NdNiO3 are
greatly suppressed in H-LaNiO3 and H-NdNiO3, and the electrical con-
ductivity decreases by �3 orders of magnitude. Therefore, the intrinsic
jlat becomes dominant in the protonated samples instead, leading to a
wide-range modulation of thermal conductivity. We noted that chang-
ing oxygen content can also bring about a metal–insulator transition in
perovskite oxides, typically leading to an electrical conductivity modula-
tion of �105 (e.g., La0.5Sr0.5CoO2.5$ La0.5Sr0.5CoO3�d, and SrCoO2.5

$ SrCoO3). However the accompanied thermal conductivity modula-
tion between SrCoO2.5 and SrCoO3 is in the range of 1.70–4.33 and
0.85–4.6Wm�1K�1 for La0.5Sr0.5CoO3�d, all narrower than the pro-
tonation and deprotonation of LaNiO3 and NdNiO3. However, for
SmNiO3 and EuNiO3, where jlat is dominating in the pristine state, the
thermal conductivities are not tuned widely after protonation since elec-
trons are always localized due to strong correlation. Even though the
electrical conductivity similarly decreases by �3 orders of magnitude in
SmNiO3 and EuNiO3, protonation hardly changes thermal conductiv-
ity. This also implies that the protonation is unable to bring about as
much influence on jlat as jele in these compounds, which might be
related to the small mass of proton.

Additional insights can be obtained from crystal structural evolu-
tion. SmNiO3 and EuNiO3 remain orthorhombic during the proton-
ation process. For all the H-ReNiO3 materials, the thermal conductivity
is mainly governed by jlat; thus, the larger the distortion in the ABO3

lattice, the lower the thermal conductivity can be anticipated. In order
to evaluate the lattice distortion in the H-ReNiO3 series, the average Ni–
O–Ni bond angles based on our DFTþU calculations are summarized

(supplementary material Table S2, supplementary material Figs. S5 and
S6). Figure 4(b) shows that the thermal conductivity decreases along
with the decreasing Ni–O–Ni bond angle except for EuNiO3. This indi-
cates that an increment in distortion in the ABO3 unit cell results in
suppressed thermal conductivity as anticipated, where lattice thermal
conductivity is highly dependent on the crystal symmetry. H-EuNiO3

could be a special case, in which other parameters, such as magnetism
of Eu, might play a role.30 In EuNiO3, the Eu

3þ (J¼ 0) ion that should
not carry any magnetic moment is reported to be carrying 3.4 lB, which
is unexpected.31 Recently, researchers have also found that in the
reduced compound EuVO2H, the magnetic ordering between Eu2þ can
be established by interlayer charge transfer.32 These reports indicate Eu-
based perovskite oxides might be a complicated case and the magnetic
ordering of Eu cannot be ignored when analyzing jlat.

The above results suggest that the protonation suppresses the jele
greatly instead of jlat, which is accompanied by Mott transition. As
shown in Fig. 5(a), by comparing with other reported materials that
are potentially applicable in thermal control,9–11,33–36 LaNiO3 and
NdNiO3 exhibit a wide-range modulation among transition oxides
with high upper limits due to their intrinsic metallic nature and crystal
symmetry. For instance, metallic SrCoO3 possesses the same cubic
structure and close electrical conductivity as that of LaNiO3,; however,
the thermal conductivity of LaNiO3 is much higher. More importantly,
our result may also imply that the Mott transition in ReNiO3 governed
by protonation can be a powerful tool to realize effective thermal con-
trol in a material where jele can be fully suppressed, i.e., switching
between jele and jlat [Fig. 5(b)]. Meanwhile, it is worth noting that the
wide-range modulation in LaNiO3 could be also associated with struc-
tural switching to some extent, because the proton-induced octahe-
dron tilting in LaNiO3 drives a tetragonal-to-orthorhombic transition,
resulting in a more complicated phonon band and reduction of the lat-
tice thermal conductivity. These guarantee that the lower minimum of
thermal conductivities (OFF state) is also comparable with other mate-
rials, which eventually proves that these materials could be excellent
candidates as thermal transistors. Based on above results, we propose a
simple guideline, metallic materials with intrinsically high jele are suit-
able precursors to offer a higher upper limit. Then, once the Mott

FIG. 5. (a) Thermal conductivity modulation of reported oxide materials and the data are extracted from previous reported oxide materials: La0.5Sr0.5CoO3�d (LSCO, Ref. 12),
WO3 (WO, Ref. 13), SrCoO2.5 (SCO, Ref. 10, 11), HSrCoO2.5 (Ref. 10), LixCoO2 (LCO, Ref. 34), BiFeO3 (BFO, Ref. 35), PbTiO3 (PTO, Ref. 36), and PbZr0.3Ti0.7O3 (PZTO,
Ref. 37). (b) The proposed mechanism of a wide-range thermal modulation in LaNiO3 via protonation and deprotonation.
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transition can be achieved by protonation in the target material, a
wide-range thermal conductivity control could be anticipated. Since
the intrinsic jlat of a material determines the lower limit, a heavier
transition metal or rare-earth elements are preferred. Second, to fur-
ther expand the lower limit of the thermal conductivity, one may con-
sider using heavier elements, such as Liþ and Kþ, instead of protons,
since they can also be electrochemically injected into transition metal
oxides, such as Fe3O4 þ 2Liþ þ 2e� ! Li2(Fe3O4).

37 This may bring
about an additional suppression on jlat and eventually further enlarge
the range of thermal regulation.

In summary, the thermal conductivity of ReNiO3 (Re¼ La, Nd,
Sm, and Eu) thin films grown on LSAT(001) and the protonated phase
H-ReNiO3 have been investigated. It is found that the protonation-
induced Mott transition can greatly suppress the electronic thermal
conductivity and, hence, the metallic NdNiO3 and LaNiO3 exhibit a
wide-range thermal modulation range compared with previously
reported transition metal oxides. However, the protonation exhibits
weak influence on the insulating phases, such as SmNiO3 and EuNiO3,
and all H-ReNiO3 (Re¼ La, Nd, Sm, and Eu) are in the comparable
range (all about 2–3Wm�1K�1). Thus, we conclude that the effect of
protonation on thermal conductivity in transition metal oxides mainly
involves electron-contributed thermal conductivity, while the lattice
thermal conductivity is barely affected. Moreover, the deprotonation
can be also controlled by electrochemical gating (supplementary mate-
rial Fig. S7). This further verifies that NdNiO3 and LaNiO3 possess
great application potential when applied as thermal transistors or other
thermal management devices. Especially, since the fast proton diffu-
sion in ReNiO3 has been proven,6 wide-range thermal control and fast
response speed can be anticipated in NdNiO3- and LaNiO3-based ion-
tronic devices.

See the supplementary material for information about the ionic
liquid gating setup, XPS data of H-EuNiO3, TDTR fitting parameters,
DFT calculation methods, determination of the crystal structure of
H-ReNiO3, Ni–O–Ni bond angle, and reversible thermal modulation
via ionic liquid gating.
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