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Abstract

Layered perovskite nickelates have recently emerged as materials with colossal dielectric
permittivity. However, they exhibit relatively high values of loss tangent (tan J) owing to insufficient
electric insulation; thus, lowering of tan ¢ is crucial for their use in practical applications. Herein, we
demonstrate that fluorine doping is an effective way to improve the electrical insulation. Epitaxial
thin films of Las;,Sr;»NiO,F, were prepared via low-temperature topotactic fluorination of oxide
precursors. The fluorine content (y) was controllable over a wide range of 0.4-3. The film with y ~
0.4 exhibited 10* times lower leakage current than the precursor oxide film, leading to a low tan 6 of
0.02-0.03 at 1-10 kHz. First-principles calculations showed that high electric insulation is a
consequence of suppressed hopping of holes in the Ni 3d orbitals owing to random distortion of Ni—
O-Ni and Ni—F-Ni bonds. Fluorine doping can provide large and random bond distortions, unlike
conventional cation doping. In addition, the dielectric constant of the film with y ~ 0.4 was
maintained at a high value of 9.4 x 10? at 1 kHz, which can be rationalized by assuming that holes

were located at the Ni 3d orbital in less-tilted octahedrons.
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1. Introduction

Layered perovskite nickelates exhibit various attractive properties, such as metal-insulator
transition [1], stripe-type charge ordering [2], and high electrocatalytic oxygen evolution [3]. In
particular, since the detection of colossal dielectric constants exceeding 10* at room temperature in
La; 47S1933Ni104 [4], the dielectric properties of K,NiF,-type nickelates 4,NiO,4 (4 = rare earth or
alkaline earth elements), consisting of [ANiOs] perovskite blocks and [AO] rock-salt layers, have
been eagerly studied [5-11]. Although the origin of the colossal dielectric properties is still being
debated, it was stated that they were related to the formation of small polarons around Ni** ions in
the perovskite block layers [7-9]. For the application of dielectric materials, achieving low value of
loss tangent (tan 0) is crucial. However, high tan ¢ values (> 1) at 1-10 kHz and 300 K were reported
for bulk as well as thin film specimens of A,NiO4 [6—10], owing to the conduction of carriers
generated by A-site substitution.

A promising method to suppress the electrical conductivity of nickelates is the introduction of
distortion in the Ni—O-Ni bonds. It was reported that the electric conductivity of perovskite
nickelates decreased to a great extent with decreasing Ni—-O—Ni bond angle (6n; o ni) because of the
reduction in the Ni orbital overlap [12]. For example, the resistivity of GdANiO; with Oyi_ o ni = 150°
was 103 times higher than that of LaNiO; (6nioni = 165°) at 300 K [13,14]. However, it was
difficult to bend the Ni-O-Ni bonds in layered perovskite 4,NiO4 by A-site substitution; Oyi_o ni Was
always ~180° regardless of the size of the A-cation [15,16]. Recently, it was found that fluorine
doping could effectively cause large distortions in the Ni-X—Ni bonds (X = O or F) in nickelates [17—
19]. Some examples are layered perovskite La,NiOsF, with Ox; x ni = 167.3° [17] and LazNi,Os sF5 5
with Oy ni = 158.8-171.1° [18], although their dielectric properties have not yet been reported.

Layered perovskite nickel oxyfluorides were synthesized through a topotactic fluorination
technique, as illustrated by La,NiOsF, that is obtained by annealing La,NiO, with polyvinylidene

fluoride (PVDF) [17]. In this study, we prepared single-crystalline Las;,Sr;,NiO,F, films via
3
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topotactic fluorination and investigated the effect of fluorine doping on the dielectric properties. The
fluorine content y was systematically controlled from 0.4 to 3. The x + y value was approximately 4
at y < 1 and increased up to 5 at y > 1. The film with y ~ 0.4 exhibited a leakage current that was 10*
times lower than that for the film with y = 0, resulting in a low tan J of 0.02—0.03 at 1-10 kHz and
room temperature. The films with y > 1 exhibited a large leakage current due to the insertion of
anions into the rock-salt layer. Density functional theory (DFT) calculations showed that the high
insulation properties of the film with y ~ 0.4 were due to the suppressed hopping of holes in the Ni
3d orbitals owing to random distortion of the Ni-O—Ni and Ni—F—Ni bonds. Moreover, the holes in
the film with y ~ 0.4 were located at the Ni 3d orbital in less-tilted octahedrons, leading to a high

dielectric constant.

2. Experimental Methods

Layered perovskite Lasz;,Sr;,NiO,4 precursor films were fabricated on SrTiO5(100) (STO) and
conductive Nb-0.5wt%-doped STO (Nb:STO) substrates using pulsed laser deposition (PLD)
technique. It was reported that 4,;NiO, thin films grown on STO substrates have the n = 1
Ruddlesden-Popper-type structure [20]. The substrate temperature and oxygen partial pressure were
maintained at 900°C and 5 x 102 Torr, respectively, during the deposition process. The topotactic
fluorination of the precursor films was conducted using PVDF at temperatures ranging from 150 to
300°C under the flow of Ar gas. During fluorination, the films were covered with Al foil to prevent
direct contact with the PVDF. This method of topotactic fluorination using PVDF was conducted
earlier for perovskite nickel oxide films [21, 22] and layered perovskite films [23, 24]. The typical
thicknesses of the films were 50-60 nm. The lattice constants were analyzed using X-ray diffraction
(XRD) with Cu-Ka radiation. The chemical compositions were determined by energy-dispersive
X-ray spectrometry (EDS) installed on a scanning electron microscope. The electron accelerating

voltage was set at 2 keV to reduce the background signal from the substrate. The dielectric properties
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of the films were measured using a precision LCR meter. For the dielectric measurements, a Pt
electrode with a diameter of 200 um and Nb:STO substrate were used as the top and bottom
electrodes, respectively.

To investigate the electronic structure and stable fluorine positions of La; sSrysNiO;sF s,
DFT calculations were performed using the Vienna ab initio simulation package [25-28]. We
adopted a V2 x V2 x 1 supercell of the pseudo-tetragonal cell of La,; 5SrysNiO; sF( s and sampled all
the possible 18 types of anion orders. The generalized gradient approximation by Perdew, Burke, and
Ernzerhof [29] was used with a Hubbard +U term of +U (Ni 3d) = 6.0 eV. This +U value was
adopted from the theoretical reports on nickelates such as La,NiOs;F, and LaNiO;z [30,31]. The
valence states, including 5s25p%5d'6s? of La, 4524p%5s? of Sr, 3p°3d°4s' of Ni, 2s22p* of O and 2s22p°
of F, were described on a plane-wave basis with a cutoff energy of 650 eV. The other core electrons
were treated using the projector augmented-wave method [33,34]. The Brillouin zone integration was
performed using the Monkhorst-Pack scheme with a k-point mesh of 3 x 3 x 1 for structure
optimization and 7 x 7 x 3 for electronic structure calculations [35]. The convergence criterion for
the self-consistent iteration was 1x 107%eV. For the magnetic structures, we assumed G-type
antiferromagnetic spin arrangement because layered perovskite La,NiO, exhibits G-type
antiferromagnetism [32]. The ionic positions and lattice constants of La; sSrysNiO;sF,s were fully

optimized such that the residual force on an atom was smaller than 0.01 eV A1,

3. Results and discussion
3.1. Characterization of structure

Figure 1(a) shows the out-of-plane 26—-0 XRD patterns of the precursor Las;Sr;,NiO, film.
The 004, 006, 008, and 0012 diffraction peaks were clearly observed without impurity peaks,
indicating that c-axis-oriented film with a layered perovskite structure was successfully prepared. To

determine the lattice parameters, in-plane 26— XRD scan was conducted around the STO /70 and
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film 703 diffraction peaks (Fig. S1). The film had a tetragonal structure with ¢ = 3.89 A and ¢ =
12.62 A. The in-plane (out-of-plane) axis length was slightly longer (shorter) than that of the bulk
specimen La; sSrysNiO, (a = 3.819 A and ¢ = 12.73 A [36]), reflecting tensile strain from the STO

substrate (a = 3.905 A).
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Figure 1. (a) Out-of-plane 26—-6 XRD patterns and (b) EDS spectra measured by using an electron
accelerating voltage of 2 keV for the La; sSrysNiO,F, films. The asterisk marks in Fig. (a) indicate

the peaks of the substrate.

The obtained precursor films were further fluorinated using PVDF under various reaction
conditions. Figure 1(b) shows the EDS spectra of the precursor and fluorinated films, where each
spectrum was normalized by the intensity of the Ni La + La M peak. With the appearance of the F

Ko peak, the O Ko peak was suppressed. The O and F content (x and y, respectively) of the
6
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La,; 5Sry sNiO,F, films was approximately evaluated by comparing the areas of the O Ka and F Ko
peaks (So and Sg) with that of the O Ko peak of the La; sSrosNiO, precursor film (So(pre)). The
values of x and y were calculated from the relations, x = 4 x So/So(pre) and y = 4 x R x Sg/So(pre),
respectively, where the value of R was determined by Monte Carlo simulation of an electron
trajectory in solids [37]. The obtained x and y values are summarized in Table S1. The EDS
measurements included an experimental error of approximately 10%. The y values were varied from
0.4 to 3 by changing the conditions of fluorination.

The out-of-plane XRD patterns of the fluorinated La, sSrysNiO,F, films with y ~ 0.4, 1, 2,
and 3 are shown in Fig. 1(a). All the films exhibited 004, 006, 008, and 0012 diffraction peaks,
confirming that the layered perovskite structure was maintained even after fluorination. With
increasing y, the peaks shifted toward lower angles. Figure 2(a) shows c-axis length of the films as a
function of y; it increased monotonically with increasing y and at y ~ 3, it was 1.3% longer than that
of the precursor film. On the other hand, the a-axis lengths of the precursor film and film with y ~ 3
were almost the same (3.88 and 3.89 A, respectively: Fig. S2) due to lattice locking to the substrate.
Figure 2(b) shows the plots of the x and y values of the La, sSro sNiO,F), films obtained from the EDS
measurements. There was a tendency for the value of x to decrease monotonically with increasing y.
When y was smaller than 1, the total anion content (x + y) was approximately 4. Aty > 1, x + y was
an increasing function of y and approached 5. In contrast to the bulk specimen, the value of y of the
film was finely controllable in a wide range of 0.4-3 by adjusting the reaction time and temperature.
This can be rationalized by assuming that the reaction kinetics at the surface dominate the topotactic

fluorination of (La,Sr),NiOy thin films [38].
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Figure 2. (a) Length of c-axis and (b) values of x of the La, sSr; sNiO,F), films as a function of y.

It is known that the total anion content in bulk nickel oxyfluorides with a K,NiF,-type
structure, such as Sr,NiOsF and La,NiOsF,, varies in the range of 4-5 [17,39,40], where the latter
has one additional anion in the rock-salt layer. SroNiOsF consists of [ANi(O,F);] perovskite and
[A(O,F);] block layers whereas La,NiOsF, is a stacking of [ANi(O,F);] perovskite and [A(O,F),]
rock-salt layers. In the case of La,NiOsF,, the length of the c-axis is 1.3 % longer than that of
La,NiOy [17]. Considering that the film with y ~ 3 had a total anion content of 5 and a longer length
of the c-axis than the precursor film, it is natural to infer that the film with y ~ 3 has an anion

arrangement similar to that of La,NiO;F,.

3.2. Characterization of electric insulation properties
Figure 3 shows the leakage current density (/) of the La; sSry sNiO,F, films as a function of

the electric field (E£) at room temperature. The figure also includes the result for the La,NiOy4 film,
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for comparison. The film with y ~ 0.4 exhibited the lowest value of 7 of 3 x 1073 A/cm? at E = +100
kV/cm, which was 10* times lower than that of the precursor film (20 A/cm?) and 10 times lower
than that of the La,NiOy film (3 x 1073 A/cm?), demonstrating that a small amount of fluorine doping
is effective in enhancing the electric insulation. On the other hand, at y > 1, the leakage current
density / increased. This is probably due to the insertion of anions in the [40] rock-salt layers that
increased the overlap between the A cation and anion orbitals and thus enhanced the electric

conductivity of the rock-salt layers.

Leakage / (A/cmz)

-200 0 200
E (kV/cm)

Figure 3. Leakage current densities (/) of the La; sSrosNiO,F, and La,NiO, films as a function of

electric field (£) at room temperature.

To elucidate the reason that the film with y ~ 0.4 had high electrical insulation properties, we
performed DFT calculations using a V2 x V2 x 1 supercell of La; 5SrysNiO; sFys. The composition
La, 5SrysNiOs sF( s was chosen to as closely as possible match the experimental y ~ 0.4 composition.
Figure 4(a) illustrates the theoretically predicted most stable structure of La; sSrysNiO;sF( s, among
all the possible 18 types of anion configurations (Fig. S3). It consisted of three types of Ni(O,F),

octahedra: NiOg and NiOsF with apical F and equatorial F (apical- and equat-NiOsF, respectively).
9
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The equat-NiOsF octahedra were largely tilted as compared to the NiOg and apical-NiOsF ones,
because the equatorial Ni—F bonds (2.087 A) were much more elongated than the equatorial Ni-O
bonds (1.993 A). Notably, the energy difference between the most stable and the second stable
configurations is 0.027 eV, which corresponds to temperature of 35°C and is lower than the

fluorination temperature (150°C). Thus, it is expected that several configurations coexist in the film.
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Figure 4. (a) Crystal structure of the most stable La; 5SrysNiOs sFy s obtained by DFT calculations

and (b) its partial DOS for Ni in NiOg, apical-NiOsF, and equat-NiOsF, O and F sites.

Figure 4(b) shows the density of states (DOS) profiles of La; 5sSry sNiOj 5sF 5, having the most
stable anion coordination. The calculation predicted an insulating band structure, where the Ni** ions
had 34® high-spin electron configurations, #,,5¢,'!. The half-occupied e, orbital in the Ni?* ions was
unfavorable for electronic conduction as on-site Coulomb interaction prevents electron hopping
between neighboring Ni?* sites. The F 2p orbital (E — Er = —6 to —4 e€V) had a lower energy than the
O 2p orbital (=5 to 0 eV) owing to the larger electronegativity of F. The highest level in the valence

band just below Er was composed of the O 2p and Ni 3d e, orbitals in NiOg and apical-NiOsF. By

10
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contrast, the top of the occupied Ni 34 orbital (E, — Ef) in equat-NiOsF was located at —0.3 eV.
This can be interpreted as the narrowing of the Ni 3d band in equat-NiOsF due to the large distortion
of the Ni—X—Ni bonds (X = O or F). Similar tendency was also observed when U values of 4 and 8
eV were employed (Fig. S5). Such a narrowing of the Ni 3d band associated with distorted Ni—O—Ni
bonds was also observed in perovskite nickelates, LnNiO; (Lr = lanthanide) [13,14].

In general, the electric conduction in 4,NiO4 can be described as a model in which holes hop
between adjacent Ni 3d orbitals. The holes are supplied from Ni** due to the charge neutrality effect.
In the y ~ 0.4 film, it is expected that the holes mainly exist at the NiO4 and apical-NiOsF octahedra
with small |E,, — E|, not equat-NiOsF octahedra. That is, the holes transport only through the NiOg
and apical-NiOsF sites. In addition, the holes in the y ~ 0.4 film are expected to hardly move due to
the distortion of Ni—(O,F)—Ni bonds. Notably, a change in bandwidth provided by the distortion is
manifested in oxyfluorides with Ni—(O,F)—Ni bond angles of 158-168°, and is not important for
oxides with Ni-O-Ni bond angles of ~180 °. These effects can account for the high electrical

insulation of the y ~ 0.4 film.

3.3. Characterization of dielectric properties

Figure 5(a) shows the frequency dependence of the dielectric constant (&) of the
La; 581 sNiO,F, and La;NiOy films at room temperature. The value of &, of the precursor oxide (y =
0) film was ~103, which is close to the value reported for films deposited on conductive substrates (&,
~ 103 [41]) and approximately 10? times smaller than that of the bulk specimen (g, > 10*-10°
[10,11]). A similar reduction of ¢, in thin film specimens was observed in giant dielectric constant

materials with low resistivity such as 4,Ni0O,4 and CaCu;Ti104 [41-43].

11
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Figure 5. (a) Dielectric constant (g;) and (b) tan J as a function of frequency for the La; sSry sNiO,F,

and La;NiOy films at room temperature.

As shown in Fig. 5(a), & of the La;sSrosNiO.F, film decreased monotonically with
increasing y. It was stated that the large dielectric response of layered perovskite nickelates was due
to the hopping of small polarons formed by the coupling between phonons and holes in the e, orbital
of the Ni3* ion [7-9]. Thus, the reduction in & owing to fluorine doping is ascribed to the decrease in
the number of small polarons. This may be due to the decreased number of Ni** ions and distortion
in the Ni—X—Ni bonds induced by fluorination. It is known that randomly distorted bonding reduces
the strength of phonon—electron (hole) coupling, which plays a significant role in the formation of

small polarons [44,45]. However, the value of ¢, of the film with y ~ 0.4 (9.4 x 10% at 1 kHz) was not

12
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so small compared to that of the precursor film, probably because the holes in the film with y ~ 0.4
tended to be located at the apical-NiOsF or NiOg octahedra, which were less tilted, as illustrated in
Fig. 4(a) and thus had smaller |E,, — E|.

Figure 5(b) shows the values of tan ¢ of the La, sSrosNiO,F, and La,NiO, films at room
temperature. In general, tan J decreased with decreasing /. In the film with y = 0 showing a relatively
large I (Fig. 3); tan ¢ increased abruptly below 1 kHz, as commonly seen in layered perovskite
nickelates with high dielectric constants [6—10]. However, the film with y ~ 0.4 having a low leakage
current density / exhibited a much lower value of tan 0 even below 1 kHz; the tan ¢ value was as low
as 0.02—0.03 at 1-10 kHz. When y was larger than 1, tan J increased again owing to the lowered
electric insulation of the rock-salt layer due to insertion of anions. In conclusion, an appropriate
amount of fluorine doping is effective for achieving high electric insulation or low tan ¢ in layered

perovskite nickelates.

4. Conclusion

We fabricated Las;,Sr;,NiO,F, epitaxial films via topotactic fluorination using PVDF. The
fluorine content y was controllable from 0.4 to 3 by adjusting the reaction conditions. The total anion
content x + y was approximately 4 at y < 1 and it increased up to 5 at y > 1. The film with y ~ 0.4
showed a leakage current that was 10* times lower than that of the film with y = 0, resulting in a low
value of tan ¢ of 0.02-0.03 at 1-10 kHz. DFT calculations indicated that the Las;,Sr;,NiO,F, film
with y = 0.5 consists of apical- and equat-NiOsF octahedra, where equat-NiOsF is largely tilted
compared to apical-NiOsF. The high electric insulation of the film with y ~ 0.4 was attributed to the
suppressed hopping of holes between the Ni 3d orbitals owing to randomly distorted Ni—O(F)-Ni
bonds. Our findings demonstrated that the introduction of local bond distortion by fluorine doping is
a useful approach for improving the electrical insulation of layered nickelates with no substantial

reduction in the dielectric constant.
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