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Crystal structure and electronic property modification of Ca,RuQy thin films via fluorine doping
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Layered ruthenium oxyfluorides have various crystal structures and Ru oxidation states and exhibit unique
physical properties. While various layered ruthenates have reportedly been topochemically fluorinated with Sr
as A sites, investigation of the fluorination of layered ruthenates containing smaller Ca ions is lacking. In this
paper, we fabricated phase-pure and single-crystalline thin films of Ca,Ru0O, sF, on LaSrAlO, (001) substrates
via topochemical fluorination of the Ca,RuQ, precursor using polyvinylidene fluoride. The obtained fluorinated
thin films had a chemical composition of Ca,RuO; sF, with the Ru’" state, as determined by energy-dispersive
x-ray spectroscopy and x-ray photoemission spectroscopy, whereas the film prepared via Sr,Ru** Oy fluorination
had a composition of Sr,Ru**O3F,. Scanning transmission electron microscopy revealed that Ca,RuO;;sF,
has only 1 F~ site in CaO rock-salt blocks, whereas Sr,RuO;F, has two inequivalent F~ sites in the SrO
layers. The Ca,RuO,sF, film was insulating, with a resistivity (p) of 8.6 x 1072Q cm at 300 K. Moreover,
the temperature behavior of p was well described by the two-dimensional variable range hopping model. These
results demonstrate that local distortion is an important factor that governs the topochemical fluorination of

ruthenates and affects the crystal and electronic structures of the reactants.

DOI: 10.1103/PhysRevMaterials.6.035002

I. INTRODUCTION

Topochemical fluorination has been established as a
chemical technique that can modify the electronic proper-
ties of transition metal oxides. For example, ferromagnetic
StMnO,_,F|, is obtained through the fluorination of antifer-
romagnetic StMnO; 5 [1,2], and Mott-insulating NdNiO;_,F,
is synthesized by the topochemical fluorination of metallic
NdNiOj3 [3]. Topochemical fluorination includes two types of
reactions: insertion of F~ into interstitial or interlayer sites
and substitution of F~ for O>". The former is accompanied
by the oxidation of a transition metal cation [4-9], whereas
the latter proceeds through the reduction of a transition metal
cation [3,10-17].

In the topochemical fluorination of layered perovskites
Ant1BnO3,11 (A = alkali metal, alkaline earth, or rare earth;
B = transition metal) consisting of BOg octahedral and AO
rock-salt layers, insertion and substitution could occur simul-
taneously; one or two F~ ions are inserted into each AO
block, and the O®” ions in the BOg block are partially substi-
tuted with F~ [7,17-20]. Thus, the B cation can have various
oxidation states depending on the fluorine content [7]. The
fluorination of layered ruthenates has been extensively studied
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in terms of the modification of their magnetic properties as
a function of the Ru oxidation state, ranging from 4+ to
6+ [6,7,19,21]. For example, antiferromagnetic SrgRugJr O;F,
and Sr;Mn**Ru®t0O,F, and paramagnetic Sr3Ti**Ru®tO,F,
are obtained by the topochemical fluorination of paramagnetic
Sr3Ru3T 05, spin-glass SrsMn**Ru*"07, and antiferromag-
netic Sr3Ti*TRu**T 05, respectively, wherein only the insertion
of F~ SrO rock-salt layers occurs [6,7]. Moreover, an-
tiferromagnetic Sr3Fe’*Ru>3*OssF35 and Mott-insulating
SroRu** O3F, are synthesized by the fluorination of spin-glass
Sr3Fe**Ru’*t0; and superconductor Sr,Ru**Q,, wherein
both the insertion of F~ in SrO and F~ substitution in RuQOg
occur simultaneously [7,19,21]. However, investigation of
topochemically fluorinating layered ruthenates at different A
cations is lacking.

In this paper, we focused on a layered perovskite Ca;RuQO4
epitaxial thin film as a precursor for topochemical fluorina-
tion. Ca;RuQy4 has a crystal structure wherein isovalent Ca
ions were substituted with Sr ions in superconductor Sr,RuQO4
but exhibits insulating behavior at <300 K due to large RuOg
octahedral distortion [22,23]. Indeed, the Ru—O-Ru bond
angle of CaRuO4 (151° at 11 K) is considerably smaller
than that of Sr,RuO4 (180°), and Ca;RuQO4 undergoes an
insulator to (near-) metal transition at 357 K, driven by a
structural phase transition to a less distorted phase [22,24].
Thus, comparative structural analysis between oxyfluorides
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prepared from Sr,RuO,4 and Ca,RuO,4 would provide insights
into the influence of local distortion during the topochemical
fluorination of layered perovskites.

Herein, we report the incorporation of fluorine into
CaRuQ;, epitaxial thin films by topochemical fluorination
using polyvinylidene fluoride (PVDF). The obtained fluori-
nated thin films had a chemical composition of Ca;RuO, sF,
and a Ru®" state, as determined by energy-dispersive x-ray
spectroscopy (EDS) and x-ray photoemission spectroscopy
(XPS). Scanning transmission electron microscopy (STEM)
revealed that the intercalation of anions occurs in the CaO
layer. The in-plane electrical resistivity of the Ca;RuO;sF,
film was well described by a two-dimensional (2D) variable
range hopping model.

II. EXPERIMENTAL SECTION

Layered perovskite Ca,RuOy4 precursor films were grown
through solid-phase epitaxy. Precursor CaRuO, films were
deposited on LaSrAlO4 (001) (LSAO, CrysTech Co.) sub-
strates using the pulsed laser deposition (PLD) technique. A
polycrystalline CaRuOj3 ceramic pellet was used as a target for
PLD and was ablated by a KrF excimer laser (wavelength A =
248 nm ). During the deposition, the substrate temperature and
pressure inside the chamber were set at 20-25°C and 1 x
1078 Torr, respectively. The obtained amorphous films with
thicknesses of ~60 nm were crystallized to single-crystalline
Ca;RuO4 by annealing at 1200 °C for 2 h in air. A polycrys-
talline pellet of CaRuO3 was heated with the amorphous films
to suppress the loss of volatile ruthenium in the films during
annealing. The crystallized Ca;RuQy films were subsequently
fluorinated by heating with PVDF (Fluorochem Ltd.) under
Ar gas flow at 220 °C for 12 h. Following the methodology
previously developed by our group [12], the films were cov-
ered with Al foil during fluorination to avoid the adhesion of
the charcoallike residue produced during the decomposition
of PVDFE.

The crystal structures of the films were characterized by
x-ray diffraction (XRD) analysis conducted using Cu-Ko ra-
diation (D8 DISCOVER, Bruker). A diffractometer in parallel
beam geometry was equipped with one-dimensional and 2D
detectors so that both in-plane and out-of-plane lattice con-
stants can be calculated from the obtained diffraction patterns.
The chemical compositions were determined through EDS
(JED-2300, JEOL) in conjunction with a scanning electron
microscope (JSM-7100F, JEOL). Ru 3p and Ca 2p XPS spec-
tra were measured at 300 K using a VG-SCIENTA SES-2002
electron energy analyzer with an energy resolution of 300
meV at a photon energy of 1200 eV. The Fermi level of the
samples was set as that of an in situ evaporated gold foil
that was in electrical contact with the sample. STEM im-
ages were acquired using an aberration-corrected microscope
(Titan cubed, FEI) operating at an acceleration voltage of
300 kV. The convergence semiangle of the incident probe
was 18 mrad, while the detector collection semiangles were
45.8-200 mrad for annular dark-field (ADF) and 9-18 mrad
for annular bright-field (ABF) imaging. The STEM images
were filtered using a Fourier filter for noise reduction. A
thin specimen for STEM observation was prepared using a
focused ion beam (FIB) instrument (FB-2000, Hitachi High-
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FIG. 1. (a)20-0 and (b) 26-x x-ray diffraction (XRD) patterns of
the Ca,RuQy, precursor and the film fluorinated at 220 °C for 12 h on
LSAO substrates. The 20-y patterns of the precursor and fluorinated
film were integrated in the ranges of x = 45—46.5° and 48—-52°,
respectively.

Tech). In-plane electrical resistivities (p) were measured by
the four-terminal method with gold electrodes using a physi-
cal property measurement system (Quantum Design Co.), in
which the maximum measurement range for p was 100 2 cm
at this thickness. The crystal structures were visualized using
the VESTA program [25].

III. RESULTS AND DISCUSSION

Figure 1 shows the 20-6 and 26-xy XRD patterns of the
CayRuQy precursor film and the film after fluorination with
PVDF at 220°C, where 20 describes the diffraction angle
given by Bragg’s law and yx denotes the rotation of the scat-
tering vector from out of plane (x = 90°) toward in plane
(x = 0°). The 26-0 spectrum of the Ca;RuQy4 precursor ex-
hibited diffractions of 002, 004, and 006 planes, indicating the
presence of the single-layered perovskite structure. The 26-x
XRD patterns in Fig. 1(b) were obtained from the 2D 26-x
images (Fig. S1 in the Supplemental Material [26]). As seen
in Fig. S1, 113 diffraction spots of the precursor film were
observed in the 20-x image near the LSAO 113 diffraction
spot, indicating that the precursor film has the same in-plane
orientation as the LSAO substrate. These results suggest the
epitaxial growth of a c-axis-oriented Ca,RuOy film. The lat-
tice constants of the precursor film were calculated to be
a=541A and ¢ = 12.15 A, which were larger and smaller,
respectively, than those of the coherently grown thin film of
Ca,RuO, on an LSAO substrate (a = 5.31 A, ¢ = 12.37A)
[27], indicating that our film was strain relaxed. The 26-6
spectrum of the fluorinated film also showed 002, 004, 006,
and 008 diffractions without those for any impurity phases,
such as CaF, and CaO, but the c-axis length was extended
to 16.25 A. In contrast, the a-axis length was unchanged
(5.41 A) even after fluorination. Such anisotropic lattice ex-
pansion with fluorination has been reported in other layered
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FIG. 2. Energy-dispersive x-ray spectroscopy (EDS) spectra of
the fluorinated film (Ca;RuO,F,) compared with those of the
Sr,RuO;F, thin film at (a) 5 keV and (b) 2 keV. Note that the Ru
peaks shown in (a) have been multiplied by 4.

perovskites such as Sr,RuOy [19], SrIrO4 [20], and Sr; TiO4
[28].

Figure 2(a) shows a 5 keV EDS spectrum of the fluorinated
film (Ca,RuO,F,). The figure also includes the spectrum of a
Sr,RuO;F; thin film, whose chemical composition was deter-
mined by hard XPS and elastic recoil detection analysis, for
comparison [19]. Both films showed the same Ru Lo : F K«
peak area ratio, indicating that the F content of the Ca,RuO,F,
film y was 2. Figure 2(b) compares the 2 keV EDS spectra of
the Ca;RuO,F, and Sr;RuO3F; thin films, normalized by the
F Ko peak height. This acceleration voltage (2 keV) was suf-
ficiently low to suppress the contribution from the substrate,
as confirmed by a Monte Carlo simulation of the electron
trajectory in solids [29]. As shown in Fig. 2(b), the So/Sg
ratio of the Ca,RuO,F, film (1.21) was smaller than that of
the SrpRuO;F, film (1.34), where So and Sg are the peak
areas corresponding to O Ko and F Ko, respectively. Based
on the EDS results, the x value for the Ca;RuO,F, film was
estimated to be 2.7 4= 0.3.
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FIG. 3. Ru 3p and Ca 2s x-ray photoemission spectroscopy
(XPS) spectra of the Ca,RuQO4 precursor and the fluorinated films.
The spectra were normalized by the peak height corresponding to
Ru3 P3)2-

To investigate the valence of Ru, core-level XPS spectra of
Ru 3p and Ca 2s for the Ca;RuQ, and fluorinated films were
measured, as shown in Fig. 3. In the spectrum of the Ca;RuQO4
film, the Ru spin-orbit split doublet —3p;,» and 3p3,,— and
the Ca 2s peak were clearly observed at binding energies (Ey)
of 486.3, 464.2, and 438.2 eV, respectively. Upon fluorination,
the Ru 3p peaks shifted to a 0.5 eV lower binding energy,
suggesting that the valence of Ru in the fluorinated film is 3+,
which is consistent with the chemical composition determined
by EDS. This XPS result contrasts with the fluorination of
Sr,Ru** 04 to SroRu*tO3F,, in which no peak shift of Ru
3p was observed [21]. It is speculated that the larger lattice
distortion in Ca;RuQy4, which originates from the smaller
ionic radius of Ca, leads to the easier release of oxygen
from the RuOg octahedra. Considering the EDS (Fig. 2) and
XPS (Fig. 3) results, we tentatively determined the chemical
composition of the fluorinated thin film as Ca;RuO; sF,. In
contrast to the Ru 3p peaks, the Ca 2s peak shifted to a 1.2
eV higher binding energy upon fluorination, which suggests a
change in the bonding environment around Ca [21,30,31].

To observe the microscopic structure of the films directly,
high-resolution TEM measurements were performed. Figure 4
shows cross-sectional ADF-STEM images of the Ca;RuOy4
precursor and Ca,RuO,sF, films taken along [110]. From
the figure, Ru and Ca atomic columns and the expansion of
the interval between layers upon fluorination were clearly
observed. The c-axis lengths of the Ca,RuQ,4 precursor and
the Ca,RuQO;sF, films were evaluated to be 12.2 and 15.9
A, respectively, almost consistent with those obtained from
the XRD measurements. Figure S2(a) in the Supplemental
Material [26] shows a magnified cross-sectional ADF-STEM
image of the Ca;Ru0O, sF; film, taken along [110], in which
two Ca columns between adjacent Ru columns are clearly
resolved.

Cross-sectional ABF-STEM measurements, which are
more sensitive to light elements, were also conducted. Fig-
ure 5(a) is an ABF-STEM image of the Ca;RuO; sF, film,
taken along [100], in which atomic columns between the Ca
and Ca atomic planes are clearly resolved. Although ABF-
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(b) Ca,Ru0O; 5F; [110]

FIG. 4. Cross-sectional annular dark-field (ADF) scanning trans-
mission electron microscopy (STEM) images of (a) the Ca;RuOy4
precursor and (b) the Ca,RuO; sF, films on LSAO substrates taken
along [110].

STEM cannot distinguish between oxygen and fluorine, it
can be assumed that the atomic column represents fluorine
inserted into the CaO rock-salt blocks upon fluorination. An-
ion columns, possibly corresponding to the oxygen atoms
forming the RuOg¢ octahedra, were also visible between the
Ru columns.

According to density functional theory calculations [21],
SrpRuO3F; has two inequivalent F~ sites and, as a result,
alternating long and short Ca—Ca spacings along the c¢ axis,
as illustrated in Fig. S3(b) in the Supplemental Material [26].
However, as observed from the cation column intensity profile

u-.-“-.-.“AM ] N )
(a) Cay,RuO, sk, [100] (b) 2 b
’ —d
‘?::eea‘. 3() .Lé 5
IO J 5 Qb
- - - C
0'0.0.0.0’0.0 o @
SEICULLEM - <’
230000
0°9°9°0°0°0"0 o )oo o c
0.‘0'.0.0.0'0.0 . e e s a
10000064 3 5 s ]
1000000 W W w e e
‘.Q'd.d.ﬁ'd" ‘TTr R O 3 ° R
e St s o©° u
85080004448 Y S
966685 o
- 0.0 - -
2P () ) O F
- c
FERS o o e W S B 2 5]
280ty s 1nm- | 2 Q- 2 0 o
........ - ® o'_ @ b > o 2
" L & 5 9

FIG. 5. (a) Cross-sectional annular bright-field (ABF) scan-
ning transmission electron microscopy (STEM) image of the
Ca,RuO,sF, film taken along [100], together with the estimated
schematic crystal structure. (b) Estimated schematic crystal structure
of Ca,RuO, sF,. It is postulated that the Ru—~O-Ru bond angle is 90 °,
that the fluoride ions are intercalated only into the CaO rock-salt
layer, and that the positions of the oxygen vacancies are expressed
based on an average.

EEREEERREEEREEE S EEY S
2l o 100 - Ca,Ru0,F, -
10 o :
o
S 10
%

0'F % 1 .
E ':" 0.1 [N AN FEREE FEREE
G 100— 0.15 0.20 0.25 0.30 0.35
c -3 13
= Ca,Ru0, sF, 7— K"

1

10 [~

102 —M Ca,Ru0, .
10_3 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1
0 50 100 150 200 250 300
T(K)

FIG. 6. Temperature dependence of the electrical resistivity for
CayRuO, precursor and Ca,RuO,;F, films. The inset plots p
vs T3,

perpendicular to the film plane (Fig. S2(b) in the Supplemen-
tal Material [26]), the experimentally observed Ca—Ca atomic
spacing was uniform, 0.29 nm, suggesting that Ca;RuO; sF,
has only one F~ site. Based on the TEM results, we propose
the crystal structure of Ca;RuO; sF,, illustrated in Fig. 5(b),
where it is postulated that the Ru-O-Ru bond angle is 90°
and that the fluoride ions are intercalated only into the CaO
rock-salt layer. In addition, the positions of the oxygen vacan-
cies in the figure are expressed based on an average. Further
experimental and/or theoretical investigations are needed to
clarify the detailed crystal structure of Ca;RuQO; sF,.

Figure 6 compares the p values of the Ca,RuQO, and
Ca;RuO; sF; films as a function of temperature (7'). The p-T
curve of the Ca;RuQy4 precursor revealed insulating behavior;
by contrast, the strained Ca;RuQy thin films exhibit metallic
conduction [27], suggesting a substantial influence of lattice
strain on the transport properties of Ca,RuOy. Thus, it is spec-
ulated that our strain-relaxed film has the poorly conductive
RuO; planes with a bond angle of <180 °. With fluorination,
the p of the film increased. The p (300 K) value of the
CayRuO; sF; film was 8.6 x 1072 Q cm, which is ~30 times
higher than that of the Ca,RuQy precursor, 2.9 x 1073 Q cm.
Since the ionic radius of Ru** in the CayRuO,sF, film is
larger than that of Ru** in the CayRuO, precursor film, it
is speculated that the Ru—O-Ru bonds bend more with the
fluorination. Although the electrical conductivity of oxides
containing Ru** has not been reported so far, Ru compounds
with Ru*t, such as RuCl;, show an insulating behavior
[32]. Therefore, the insulating properties of Ca,RuO; sF; thin
films might be largely related to the electronic states of Ru.
Moreover, the p-T curve of the CaRuQ;sF, film was well
fitted by p o« T~'/3 in the 22-300 K temperature range (inset
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of Fig. 6), indicating that the electrical conduction of the
CayRu0;sF, film was dominated by the 2D variable range
hopping mechanism. The two-dimensionality of the conduc-
tion pathway is consistent with the crystal structure (see
Fig. 5).

IV. CONCLUSIONS

We fabricated Ca;RuO,sF, epitaxial thin films by the
PVDF-mediated topochemical fluorination of the Ca;RuQO4
precursor and investigated their electronic properties. The
obtained fluorinated thin films had the chemical composition
Ca,RuO, sF, with Ru’T, as determined by EDS and XPS, in
contrast to the fluorination of Sr,RuO,4 to Sr,RuO;F, with
Ru**. XRD and STEM revealed that Ca,RuO, sF, had only
one F~ site in the CaO rock-salt blocks, unlike Sr,RuOsF,,
which has two inequivalent F~ sites in the SrO layers; this is

probably due to the larger lattice distortion in the Ca;RuQOy4
precursor. The Ca;RuQO;sF, film was insulating, with a p
(300 K) of 8.6 x 1072 Qcm, and the p-T curve was well de-
scribed by a 2D variable range hopping model. These results
demonstrate that local distortion can substantially affect the
topochemical fluorination of ruthenates.
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