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Synthesis and physical properties of the new iridium oxyfluoride Sr2Ir(O, F)6−δ

using a topochemical reaction method
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We report the synthesis of a new layered iridium oxyfluoride, Sr2Ir(O, F)6−δ , using a topochemical fluorination
method. The c axis is elongated compared to that in the mother compound Sr2IrO4, because the fluorine layer
is inserted into the rock-salt layer while tetragonal symmetry is preserved. Resistivity measurements for the
compound show nonmetallic behavior similar to that of Sr2IrO4. In magnetization measurements, suppression of
antiferromagnetic order and paramagnetic behavior was observed after topochemical fluorination. Meanwhile,
muon spin relaxation (μSR) experiments suggest the development of antiferromagnetic spin correlation between
Ir spins. Furthermore, fluorine content was estimated at 1.5 the chemical composition of the fluorinated product
being Sr2IrOxF1.5 with x = 3.25, assuming Ir4+. Suppression of magnetic order in Sr2Ir(O, F)6−δ is attributed to
antiferromagnetic instability between IrO2 layers by elongation of the c axis due to fluorine intercalation.
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I. INTRODUCTION

The 5d transition-metal oxide (TMOs) family has a variety
of physical properties arising from large spin-orbit interac-
tions, in contrast to 3d TMOs, whose physical properties
are strongly affected by the crystal field. Specifically, the
Ruddlesden-Popper (RP) type iridate Sr2IrO4 has drawn con-
siderable attention due to interesting physical properties such
as Jeff = 1/2 Mott insulating state induced by a combina-
tion of strong spin-orbit interactions and on-site Coulomb
repulsion [1,2]. Recently, the possibility of unconventional
superconductivity in carrier-doped Sr2IrO4 has been proposed
because it has several similarities with the high-Tc cuprate
superconductors such as La2CuO4. It was theoretically sug-
gested that Sr2IrO4 exhibits singlet d-wave superconductivity
by electron-doping, and triplet p-wave superconductivity by
hole-doping [3,4]. Carrier doping such as substitution of La
for Sr has already been attempted [5–8], and a metal-insulator
transition has been reported in vacancy-introduced Sr2IrO4

[9,10]. Moreover, since distinct cuprate phenomena such as
a pseudogap-like phase and a d-wave gap have been observed
in electron-doped Sr2IrO4 [11–13], higher carrier doping may
induce bulk superconductivity. Thus, physical properties of
new layered compounds containing an IrO2 plane would be
interesting due to their similarity to Sr2IrO4.

In recent years, mixed-anion compounds such as oxyhy-
drides, oxynitrides, and oxyfluorides have attracted attention
due to their unique structures and functionalities [14]. By
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employing a particular low temperature reaction method,
namely the topochemical reaction, metastable compounds
can be synthesized. Notably, it was reported that topochem-
ical fluorination of RP-type compounds such as LaSrMnO4

and Sr2TiO4, yields layered oxyfluorides, LaSrMnO4F and
Sr2TiO3F2, respectively [15,16]. These compounds have a
TMO2 plane akin to their mother compounds, while crys-
tallographic anisotropy is enhanced due to fluorine layer
insertion into the rock salt layer of their mother compounds.
Moreover, physical properties of TMOs are drastically altered
by crystal structure modification resulting from topochemical
reactions. For instance, it has been reported that Sr2CuO2F2+δ

synthesized by topochemical fluorination exhibits supercon-
ductivity, in contrast to Mott-insulator nature of its mother
compound Sr2CuO3 [17]. In addition, Sr3Ir2O7F2, as a layered
mixed-anion iridate has recently been synthesized utilizing the
topochemical reaction method for RP-type iridate Sr3Ir2O7

[18]. It has been reported that physical properties of this
material differ from an antiferromagnetic Mott insulating state
with half-filled Jeff = 1/2 band, to a nonmagnetic J = 0 band
insulating state, accompanying change in oxidation state from
Ir4+ to Ir5+. Therefore, applying the topochemical reaction
method to Sr2IrO4 would be intriguing, in anticipation of a
new iridium compound synthesis and the emergence of rich
physical properties.

In this study, we attempted to synthesize a new iridium
oxyfluoride by topochemical fluorination of Sr2IrO4 with
various fluorination reagents. Consequently, we successfully
synthesized a new layered iridium oxyfluoride Sr2Ir(O, F)6−δ

by using polyvinylidene difluoride (PVDF), ZnF2, and CuF2

as fluorination reagents. Thus, we report its crystal structure
and physical properties.

2475-9953/2020/4(1)/013403(6) 013403-1 ©2020 American Physical Society

https://orcid.org/0000-0002-7363-9687
https://orcid.org/0000-0002-0097-8389
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.4.013403&domain=pdf&date_stamp=2020-01-22
https://doi.org/10.1103/PhysRevMaterials.4.013403


K. KURAMOCHI et al. PHYSICAL REVIEW MATERIALS 4, 013403 (2020)

FIG. 1. Sr2IrO4F2 simulated XRD pattern and XRD patterns of
fluorinated compounds and Sr2IrO4.

II. EXPERIMENTAL PROCEDURE

The precursor, Sr2IrO4, was synthesized by conventional
solid-state reaction methods. Pure metal Ir (3N, Kojundo
Chemical Lab. Co., Ltd.) and SrCO3 (4N, Furuuchi Chemical
Corporation) were mixed in a 1:2 molar ratio and the mixture
sintered in air at 900 °C for 20 h. The powder was reground,
mixed into a pellet and again sintered in air at 1100 °C for
20 h.

The precursor was then mixed and pelletized with PVDF
(Apollo Scientific Ltd.), ZnF2 (2N, Kojundo chemical Lab.
Co., Ltd.), or CuF2 (2N, Kojundo chemical Lab. Co., Ltd.) in
a 1:1 molar ratio. Samples mixed with PVDF were sintered at
350 °C for 12 h in air, and those mixed with ZnF2 and CuF2

were sintered at 250–550 °C for 12 h in air.
Phase identification and calculations of lattice parameters

of obtained compounds were interpreted based on powder
X-ray diffraction (XRD) data, measured by a Rigaku Ultima-
IV at room temperature. The Ir:F ratios of several com-
pounds was measured by a Shimadzu electron probe micro
analyzer, EPMA-8050G. Sample resistivities were measured
using a four-probe method. Then, samples were pressed at
high pressure (3.5 GPa) by cubic-anvil type equipment at
room temperature since as-synthesized products were in pow-
der form. Temperature dependence of magnetic susceptibility
was carried out by the Quantum-Design magnetic property
measurement system, MPMS-XL7, under a magnetic field
of 10 kOe. μSR measurements under a zero-field (ZF), and
longitudinal fields (LF) were performed using the ARTEMIS
spectrometer with a flypast chamber at the Material and
Life Science Experimental Facility (MLF), J-PARC, Tokai,
Japan [19].

III. RESULTS AND DISCUSSION

A. Crystal structures

Figure 1 shows XRD patterns of precursor, Sr2IrO4;
samples fluorinated with PVDF, ZnF2, and CuF2; and the
Sr2IrO4F2 simulated pattern. The Sr2IrO4F2 hypothetical

FIG. 2. Schematic of Sr2IrO4 topochemical fluorination. Crystal
structures are depicted using VESTA [38].

structure (space group: I4/mmm, Supplemental Material
[20]) was generated from a minor structure modification of
Ba2ZrO3F2 (space group: I4/mmm) [21]. As the XRD pat-
tern of fluorinated samples corresponded with the Sr2IrO4F2

simulation XRD pattern, we surmised that a new layered irid-
ium oxyfluoride Sr2Ir(O, F)6−δ was successfully synthesized
by topochemical fluorination. Furthermore, all fluorination
reagents tested were successful. Sr2Ir(O, F)6−δ synthesized by
PVDF contained a small amount of unreacted Sr2IrO4, and
those by TMF2 (TM = Zn, Cu) contained a small amount of
corresponding TMOs as impurities. The schematic figure of
Sr2IrO4 topochemical fluorination is shown in Fig. 2. Fluorine
layer insertion into the rock salt layer consequently elongates
the c axis from ∼12 Å in Sr2IrO4 to 16 Å in Sr2Ir(O, F)6−δ

as determined by XRD patterns. While observed peaks are
in agreement with those of simulated patterns, Rietveld re-
finement of samples was not possible because of peak broad-
ening and low peak intensity of fluorinated samples. This is
probably due to a low crystallinity of products, originat-
ing from low reaction temperatures. It has been reported
that anion vacancies exist in Ba2ZrO3F2, Ba2SnO2.5F3, and
Sr2RuO3F2, all of which have a common crystal structure with
Sr2Ir(O, F)6−δ , obtained by fluorination of mono-layered RP
type structures [21–23]. Therefore, it is conceivable that anion
vacancies are introduced into O/F sites of Sr2Ir(O, F)6−δ;
however, the number of anion vacancies as well as site se-
lectivity of oxygen and fluorine could not be refined. Further
studies are needed to establish anion vacancy numbers. Sam-
ple lattice parameters subsequent to topochemical reactions
at each temperature are plotted in Fig. 3. Sr2Ir(O, F)6−δ

formation was observed in a temperature range of 250–
550 °C. When reaction temperature exceeds 600 °C, other
phases such as simple perovskite SrIrO3 and SrF2 are formed.
Sr2Ir(O, F)6−δ lattice parameters varied depending on the
type of fluorination reagent used and sintering conditions.
The variation indicates that there are differences in the O/F
ratio and/or anion vacancies in Sr2Ir(O, F)6−δ , depending on
the fluorination conditions. We have performed preliminary
compositional analysis on the compounds by EPMA. Average
F/Ir ratio of the compounds are 1.20, 1.27, and 1.33 for
Sr2Ir(O, F)6−δ fluorinated by ZnF2 at 250, 400, and 550 °C,
respectively. However, large fluctuations of the ratio prevent
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FIG. 3. Fluorination reagents and sintering temperature depen-
dences of lattice parameters.

whether the tendency is intrinsic or not. Further investigations
are needed to clarify the point.

B. Resistivity

Figure 4 shows temperature dependence of resistivity for
Sr2IrO4 and Sr2Ir(O, F)6−δ fluorinated with ZnF2 at vari-
ous temperatures. All compounds show nonmetallic behavior
without a phase transition from 2 to 300 K. Minor differences
in the absolute value of resistivity between the fluorinated
compounds are probably due to differences in grain connec-
tivity and variations in Sr2Ir(O, F)6−δ composition resulting
from different sintering conditions. The resistivity of these
compounds does not obey an Arrhenius law but are well fitted
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FIG. 4. Resistivity temperature dependence of the mother com-
pound, Sr2IrO4, and Sr2Ir(O, F)6−δ fluorinated by ZnF2. All samples
were pressed to pellets at 3.5 GPa at room temperature because as-
synthesized samples were obtained in powder form. Inset represents
a plot of ln(ρ ) vs. T −1/2 for Sr2IrO4 and Sr2Ir(O, F)6−δ fluorinated at
several temperatures (250, 400, and 550 °C) from 2 to 300 K.

0 100 200 300
0

0.01

0.02

0.03

0.04

0.05

χ 
(e

m
u 

m
ol

-1
)

T (K)

 Sr2IrO4, 1100°C
 Sr2IrO4+ZnF2, 250°C
 Sr2IrO4+ZnF2, 400°C
 Sr2IrO4+ZnF2, 550°C

H = 10 kOe

(a)

0 100 200 300
0

1

2

3

4

5

χ 
(1

0-3
 e

m
u 

m
ol

-1
)

T (K)

0 100 200 300
0

1

2

3

4

χ  
(1

0-3
 e

m
u 

m
ol

-1
)

T (K)

0 100 200 300
0

0.5

1

1.5

( χ
 - 

χ 0
)-1

 (1
0-4

 e
m

u-1
 m

ol
)

T (K)

Sr2IrO4 + ZnF2
400°C, 12h

(b)

H = 10 kOe

FIG. 5. (a) Magnetic susceptibility temperature dependence of
fluorinated samples by ZnF2 as fluorination reagent measured at
10 kOe. (b) A modified Curie-Weiss fitting for the fluorinated sample
with ZnF2 at 400 °C. Solid line represents the curve-fit.

by [ρ(T ) = ρ0exp(T0/T )ν] with ν = 1/2, which indicates
Efros-Shklovskii variable range hopping (VRH) conduction
caused by Coulomb interactions between localized electrons
[24], as shown in the inset of Fig. 4. The electronic conduction
in these systems is not due to simple thermally activated
electrons. A similar electronic transport property has been
reported in single-crystal Srn+1IrnO3n+1 (n = 1, 2) [25,26].
Accordingly, the electronic transport mechanism for the flu-
orinated compounds seems similar to that observed in layered
iridates so far. As the resistivity behavior in the fluorinated
phase is similar to that of Sr2IrO4, it is considered that a small
number of carriers is introduced to Sr2IrO4 by topochemical
reactions.

C. Magnetic susceptibility

Figure 5(a) shows magnetic susceptibility tempera-
ture dependence for the mother compound, Sr2IrO4, and
Sr2Ir(O, F)6−δ fluorinated by ZnF2 at various temperatures.
Following topochemical fluorination, the absolute value of
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FIG. 6. Typical examples of μSR time spectra in Sr2Ir(O, F)6−δ

fluorinated with ZnF2 at 400 °C as representative under (a) zero
external field; longitudinal-field μSR time spectra at (b) 307 K and
(c) 3.3 K.

magnetic susceptibility drastically decreases regardless of
topochemical conditions. Furthermore, canted antiferromag-
netism present in the mother compound Sr2IrO4 was not
observed in fluorinated compounds, except for the com-
pound synthesized at 250 °C, which is contaminated with
a small amount of Sr2IrO4. Similar magnetization curves
are obtained for Sr2Ir(O, F)6−δ fluorinated by CuF2, except
for small contributions from impurities such as Sr2IrO4 and
CuO (see Fig. S1 in Supplemental Material). As shown in
Fig. 5(b), magnetic susceptibility temperature dependence
for Sr2Ir(O, F)6−δ fluorinated by ZnF2 was well fitted by a
modified Curie-Weiss formula: χ (T ) = C/(T − �W) + χ0,
where C is the Curie constant, �W is the Weiss tem-
perature, and χ0 is a small temperature-independent mag-
netic susceptibility. Parameters obtained from the equation
are C = 3.2 × 10−2 emu K mol−1, �W = −5.7 K, and χ0 =
2.2 × 10−4 emu mol−1 . The effective magnetic moment μeff

calculated from C is 0.51 μB. The obtained μeff is smaller
than 1.73 μB, which is the local moment expected for Ir4+
in the low-spin state, while it is relatively close to 0.40 μB, a
previously reported value for Sr2IrO4 obtained by μSR and
neutron diffraction measurements [5,27,28]. It is suggested
that Sr2Ir(O, F)6−δ magnetism is strongly affected by spin-
orbit interactions, unlike that of simple iridium oxides such as
Na2IrO3 and Na4Ir3O8 [29,30].

D. μSR measurements

We performed μSR experiments to investigate the local
magnetic state of Sr2Ir(O, F)6−δ fluorinated with ZnF2 at
400 °C as representative. Figure 6(a) shows ZF-μSR time
spectra at several temperatures. There is no evidence of mag-
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FIG. 7. Temperature dependence of (a) the muon relaxation rate
λe, (b) the nuclear-field distribution width �n, and (c) correlation
time of fluctuation τn.

netic order in Sr2Ir(O, F)6−δ which is contrary to Sr2IrO4

and Sr3Ir2O7, where one can clearly observe a muon spin
precession indicating a long-range magnetic order [27]. How-
ever, for Sr2Ir(O, F)6−δ , each spectrum shows a Gaussian-like
slow decay of initial muon spin polarization, which is mainly
attributed to randomly oriented nuclear moments. Figures 6(b)
and 6(c) show LF-μSR time spectra at 307 and 3.3 K,
respectively. Relaxation is completely decoupled (quenched)
under a longitudinal field of 100 G at 307 K, indicating that
internal field distribution is considerably lower than 100 G.
Meanwhile, at a low temperature of 3.3 K, spectra show a
decoupling process but still have a slow relaxation even under
a field of 1 kG. This suggests that the slow relaxation may be
due to a fluctuating local field arising from slowing down of
the Ir electronic spins.

These spectra can be reproduced by the product of an
exponential relaxation function and a dynamical Gaussian
Kubo-Toyabe function (GDGKT) [31]:

A(t ) = A0e(−λet )GDGKT(�n, τn, HLF) + ABG, (1)

where A0 is the positron decay initial asymmetry (amplitude),
λe is the muon relaxation rate by electronic spins, �n is pro-
portional to the root-mean square of the local field distribution
(Gaussian linewidth) of nuclear magnetic moments, τn is the
fluctuation correlation time, HLF is the longitudinal field, and
ABG is the background asymmetry (=0.0293, mainly from a
silver backing plate). Solid lines in Fig. 6 show the result of a
least-squares curve-fit. Temperature dependence of respective
parameters is shown in Fig. 7.

As shown in Fig. 7(a), λe suddenly increases below 250 K,
indicating a slowing down of Ir electronic spin fluctuation.
This suggests the development of an antiferromagnetic spin
correlation between Ir spins, while the magnetic susceptibility
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FIG. 8. (a) Schematic illustration of a hypothetical Sr2IrO4F2

structure with Hartree potential isosurfaces (yellow lobes). (b)
Nuclear-field distribution width �n calculated along z direction. The
yellow-shaded area represents Hartree potential minima (see text).

shows no anomaly around 250 K [see Fig. 5(b)]. The magnetic
nature of Sr2Ir(O, F)6−δ seems essentially the same as the
parent compound Sr2IrO4 which exhibits a Néel order below
240 K. The absence of magnetic order in Sr2Ir(O, F)6−δ may
be attributed to antiferromagnetic instability between IrO2

layers, brought about by elongation of the c axis due to
fluorine intercalation. It is known that A2IrO4 (A = Sr, Ba)
belong to a category of anisotropic Heisenberg spin sys-
tems with weak 3D interlayer exchange coupling, possibly
rendering them sensitive to changes in interlayer distance
[32]. Muon spin relaxation rate λe is inversely related to the
electronic spin fluctuation rate νe on the basis of Redfield’s
formula [33]:

λe = 2(γμδe)2

νe
(νe � δe), (2)

where γμ is the muon gyromagnetic ratio (=2π ×
135.54 MHz/T) and δe is the average distribution of local
magnetic fields (=100.6 G, which is calculated from μeff =
0.51 μB) at the muon site (0, 0, 0.18), as described later. νe

is calculated to be ca. 2.4 GHz at 3.3 K, roughly one-tenth in
magnitude compared to that of paramagnetic (thermal) spin
fluctuation at low temperatures.

Next, we examined the local field related to nuclear mag-
netic moments. As shown in Figs. 7(b) and 7(c), the Gaussian
linewidth �n is narrow (∼0.23 ms−1) and almost constant for
all measured temperatures, which are typical characteristics
for nuclear moments. The relaxation time τn indicates the
dynamics of either atom motions (vibrations), or muon mo-
tion. If a muon stopping site and �n at a specific point are
identified, then we can estimate the fluorine content of our
sample, because almost all nuclear moments can be attributed
to 19F (2.6288 μN) in Sr2Ir(O, F)6−δ .

Figure 8(a) shows a hypothetical crystal structure of
Sr2IrO4F2 with Hartree potential distribution (yellow lobes),
calculated by Vienna Ab initio Simulation Package (VASP)
[34]. A muon might be located between the apical oxy-
gen and Sr, since the Hartree potential exhibits electroneg-
ative minima in that region. It is known that a positive
muon often forms F-μ+ or F-μ+-F bonding states in flu-

orides with a characteristic muon precession [35]. In our
case, these bonding states can be ruled out, since F-μ+ or
F-μ+-F precessions were not observed [see Fig. 6(a)]. To
estimate fluorine content, we compared experimental �n with
theoretical �n, obtained by the dipolar-field summation on
Sr2IrO4F2 [36].

Figure 8(b) shows theoretical �n calculated along z di-
rection from z = 0 to 0.5. The above-mentioned potential
minima, located in the vicinity of the apical oxygen, are shown
in the yellow-shaded area. It is known that positive muon
usually stops near O2− ions and forms an O-μ+ bond of
ca. 1 Å [37]. This naturally leads to the assumption that a
muon occupies an interstitial position (0, 0, 0.18), which is
1 Å displaced from the apical oxygen [see the double-headed
arrow in Fig. 8(b)]. This assumption also implies that fluorine
does not occupy apical anion sites. We obtained a theoretical
�n of 3.4 G at the position, which is slightly larger than the ex-
perimental one (�n of 2.7 G, converts from �n = 0.23 μs−1).
This result suggests that fluorine content is comparatively
reduced from the stoichiometric composition of Sr2IrO4F2.
Based on this analysis, fluorine content is estimated at 1.54.
Meanwhile, oxygen content could not be deduced as oxygen
has no nuclear moments. Therefore, the chemical composition
of ZnF2-fluorinated product is estimated to be Sr2IrOxF1.5

with x = 3.25, assuming Ir4+. The large fluorine vacancy
number can be attributed to a relatively large τn in Fig. 7(c).
This may also be related to the intercalated fluorine instability
in our sample.

IV. CONCLUSION

We have synthesized a new layered iridium oxyfluoride
Sr2Ir(O, F)6−δ by topochemical fluorination of Sr2IrO4 with
PVDF, ZnF2, or CuF2. The c axis of the products was con-
siderably longer because a fluorine layer had been inserted in
between Sr2IrO4 rock salt layers. Variations in lattice param-
eters, dependent on the type of fluorination reagent employed
and sintering conditions, suggest that there are differences in
fluorine content and/or oxygen vacancies in Sr2Ir(O, F)6−δ

The carrier transport properties of the fluorinated samples are
nonmetallic behavior, which is explained by Efros-Shklovskii
VRH mechanism. The canted antiferromagnetism observed in
Sr2IrO4 was suppressed in Sr2Ir(O, F)6−δ regardless of fluori-
nation reagents and conditions. This is probably due to the an-
tiferromagnetic instability between IrO2 layers resulting from
c-axis elongation, in turn caused by fluorine intercalation.
We have demonstrated an effective topochemical reaction
method for the synthesis of new iridium compounds that have
interesting physical properties, similar to those of Sr2IrO4.
By utilizing this method for other oxides, we anticipate the
development of novel compounds with interesting physical
properties.
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