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ABSTRACT: Extended layered oxyhalide compounds, Sr,NiO,X (X ‘J ZJJ W\
= F, Cl), with the square pyramidal coordination around the trivalent }) B
nickel ions in the low spin state (S = 1/2), are successfully ! _)) *2)) & _' 5
synthesized by a high-pressure and high-temperature reaction. Both :
these compounds crystallize in the n = 1 Ruddlesden—Popper type
structure, but the difference of halogen anions incorporated dictate
the anion-site ordering patterns and the magnetic ground states.
Sr,NiO;F adopts the tetragonal cell in the space group I4/mmm (a =
b = 3.79125(2) A and ¢ = 13.13754(9) A), with O/F anions being
disordered at the apical sites, while the crystal structure of Sr,NiO;Cl
is described in the tetragonal space group P4/mmm (a = b =
3.85566(1) A and ¢ = 14.43240(6) A) with O/Cl anions being fully

ordered at the apical sites. Additionally, Sr,NiO;Cl undergoes a long-

range antiferromagnetic order below Ty = 33 K, while the fluorine counterpart does not exhibit a long-range ordering but spin
glass transition at Tsg = 11 K. In light of the positive Weiss temperatures for both X = F and Cl, the unpaired electron likely
occupies a d(xy) orbital. Namely, the superexchange interaction mediated by d(xy)-Opz-d(xy) in the NiO, basal plane is
antiferromagnetic, while the direct exchange interaction between d(xy)-d(xy) along the diagonal directions is ferromagnetic. The
origin of spin glass behavior observed in X = F is probably due to randomness of the direct d(xy)-d(xy) bonds caused by off-

centering nickel ions and O/F site disordering.

1. INTRODUCTION

Development of the understanding of the transition metal
oxides has triggered the search for heteroanion containing
metal oxides because incorporation of hetero anions which
possess different charge, electronegativity, and ionic size from
the oxide ion opens up possibilities for inducing new physical
and chemical properties that the corresponding pure oxide does
not exhibit.'~
metals are controlled with mixed anions in two ways. One is
tuning of the covalent interactions between the transition metal
cations and the neighboring anions while keeping the
coordination environment, which directly affects the band gap
structure, the crystal field energy, and spin, charge, and orbital
degrees of freedom of the cations. This is exemplified by the
photocatalytic activity under visible light in oxynitrides," and
strong enhancement of the superexchange interaction mediated
by hydride anions in oxyhydrides.” The other involves
coordination rearrangement by partially substituting oxide
ions by hetero anions weakly bound to the metal center,
which is seen in layered oxyhalide and oxysulfide compounds.
For example, Sr,C00,Cl,,° Sr;C0,0,ClL,” Sr,Cu,Co0,S,*
possess the c-axis elongated octahedron CoO,(Cl/S), but
the coordination environment can be regarded as square planar
geometry in light of the first coordination sphere. Indeed, their
physical properties can be understood on the basis of the
electronic configuration expected from square planar coordi-
nation.

* Basically, the electronic states of d transition
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The number of reports on extended transition metal
compounds with mixed anions has been increasing recently.
However, the variety of the transition metal center is
substantially limited. One such element studied to a lesser
extent is nickel. Ni-based layered perovskites belonging to
Ruddlesden—Popper (RP) type structure expressed as
A, Ni,Os,,; (A = alkali, alkaline earth, or rare earth metal)
have been vastly investigated in terms of similarity to
superconducting copper oxides. It is reported that La, Sr,NiO,
exhibits a metal—insulator transition and static order of charge
and spin in some x regime.”~"” In addition, infinite NiO, planes
resembling superconducting CuO, planes are formed by
topotactic reductions in a homologous series of nickelates
A, Ni,0,,,,.">"* The nickel oxides show a rich variety of
structural and physical properties by cation doping and oxide
sublattice modification. On the other hand, there have been few
studies focused on the effects of heteroanion doping into nickel
oxide perovskites. The only example is a Dion—Jacobson type
layered perovskite (NiCl)Sr,Ta;0,,"° prepared by an ion-
exchange reaction. In the structure the divalent nickel center is
tetrahedrally coordinated by two apical oxide ions and two
chloride ions in the equatorial positions between the perovskite
block layers.

Herein, we report high-valent nickel oxyhalide perovskite
derivatives, Sr,Ni**O,X (X = F, Cl), isostructural with the RP
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structure of n = 1. The new phases synthesized by a high-
pressure and high-temperature technique are the first examples
of incorporation of oxygen and halogen anions in trivalent
centered perovskite compounds. The kind of halogen anion
incorporated makes a big difference in the structure, anion
ordered pattern, and magnetic properties. Sr,NiO;Cl adopts
the tetragonal structure with space group P4/nmm with
chlorine being ordered at the apical sites and undergoes an
antiferromagnetic ordering at 33 K. In contrast, Sr,NiO;F
crystallizes in the body-centered tetragonal I4/mmm with
fluorine being disordered at the apical sites and exhibits no
long-range magnetic order but a spin glass transition at 11 K.

2. EXPERIMENTAL SECTION

Synthesis. Sr,NiO;X (X = F, Cl) was prepared from a
stoichiometric mixture of in-house synthesized SrO,, SrX, (99.9,
High Purity Chemical Ltd.), and Ni (99.9, Rare Metallic Ltd.). The
mixture was thoroughly ground in an agate mortar in a Ar-filled
glovebox and heated in a belt-type high-pressure apparatus at 6 GPa
and 1773 K for X = F and at 3 GPa and 1573K for X = Cl, in a Pt
capsule. Then, the sample was quenched to room temperature, and the
pressure was slowly released. Both the resultant products were black.

Characterization. The products were assessed by synchrotron X-
ray diffraction (XRD), the data of which were collected at room
temperature using a one-dimensional X-ray detector'® installed at
BL1SXU, NIMS beamline (SPring-8). The wavelength was 1 =
0.65298 A. The sample was contained in a glass capillary of diameter
0.1 mm. The data were recorded in 0.003 increments in a 26 range of
10—50°. Structural refinement was conducted using the Rietveld
method with the program RIETAN-FP."” The pseudo-Voigt function
was used as a profile function. The weighting R index (RWP), the Bragg
R index (R)), and goodness of fit (S) are defined as follows; R, = [Z
w(yio — ¥i)2/Zi wi,”] and Ry = E I, — II/Z; I, where y,, and y,, are
the observed and calculated intensities, w; is the weighting factor, and
I, and I, are the observed and calculated integrated intensities. S =
Ryp/Re Rey = [(N=P)/Z, wy;,2]%, where N is the total number of
¥, data when the background is refined, and P is the number of
adjusted parameters. Magnetic measurements were performed using a
superconducting quantum interference device (SQUID) magneto-
meter (Quantum Design, MPMS-XL).

3. RESULTS AND DISCUSSION

Structural Characterization. Figure la displays the SXRD
data collected at room temperature from Sr,NiO;F. SXRD data
of SrNiO;F could be readily indexed by a simple body-
centered tetragonal system in the space group I4/mmm, which
is common to RP structure. The cell parameters are a = b =
3.79125(2) A and ¢ = 13.13754(9) A. No evidence for O/F
ordering was found, but the ¢ axis as long as that for an
isostructural oxyfluoride Sr,CoO5F'® suggests preferential
occupation of fluorine at the apical anion sites. In principle, it
is not possible to distinguish oxygen from fluorine by diffraction
methods. Nevertheless, we can presume that fluorine atoms
occupy the apical sites rather than the equatorial sites, as shown
in related oxyfluoride compounds.'*~*" Initial Rietveld refine-
ments based on a simple n = 1 RP structure where O/F atoms
are disordered at the apical sites readily converged well, but the
atomic displacement parameter of nickel site, U,,(Ni),
remained somewhat large, about 1.51 A% This problem was
resolved by displacing the nickel atom from 24 site (0, 0, 0) to
4e site (0, 0, z), which gave a reasonable value of U,,(Ni) =
0.11 A% The fractional occupancy of all of the anion sites
remained the unity value within errors, and thus was fixed
during the refinements. Figures 2a and 3a and Table 1 show the
so-determined crystal structure, local coordination environment
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Figure 1. Observed (crosses), calculated (upper solid line), and
difference (bottom solid line) plots from the Rietveld refinement
against the SXRD data collected from (a) Sr,NiO;F and (b)
Sr,NiO;Cl at room temperature. The inset is a magnified view in a

high 26 region.
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Figure 2. Crystal structures of (a) Sr,NiO,F and (b) Sr,NiO;Cl, with
O and F/Cl anion sites being disordered/ordered at the apical sites.
The Ni cation, which is off-centered because of the different bonding
nature against oxygen and halogen, forms square pyramidal
coordination with oxygen anions.

around the cations, and the crystallographic information of the
oxyfluoride, respectively.

The SXRD patterns of Sr,NiO;Cl were also similar to those
for the fluorine counterpart (Figure 1b). But closer inspection
of the data revealed additional reflections indicative of
symmetry lowering from I4/mmm to P4/nmm, which is
associated with O/Cl site ordering. Actually, a similar trend is
commonly observed in related oxychloride compounds with O/
Cl ordering at the apical sites, such as Sr,BO;Cl (B = Mn, Fe,
Co0).”*"** The cell parameters are a = b = 3.85566(1) A and ¢ =
14.43240(6) A. Because of large ionic radius of chloride ion
compared with fluoride ion, the ¢ axis is significantly elongated
while the a axis slightly increases. With a model based on the
structure of Sr,CoO;CL>* the crystal structure of Sr,NiO;Cl

dx.doi.org/10.1021/ic402008n | Inorg. Chem. 2013, 52, 10211-10216



Inorganic Chemistry

(a) SraNiO3F

(b) SroNiO5CI E:D
F/O (g = 0.5/0.5)

3.387(4) A

20H0

2.517(6) A
2.7183(9) A / Dby
2.546(4) A
| 2.546(4) A !
i | (4) (vl
25147(5),4? _ 27411(8) A N \/ ;.._,gm(sm
9 o 9
o] i
2.484(8) A °0

° 2.021(T) A
Ni (g = 0.5) )
1.9477(9) A

3. 108(4)A
039\0 J
oo.{o

1.9095(5) A
1.8098) A~ . NI

Figure 3. Local coordination environment around Ni and Sr centers

for (a) Sr,NiO;F and (b) Sr,NiO;Cl.

Table 1. Crystallographic Parameters Refined from SXRD
Data Collected from Sr,NiO;X (X = F, Cl) at Room
Temperature”

atom site gb x y z B, /A*
SE,NIOSF (I4/mmm: a = 3.79125(2) A and ¢ = 13.13754(9) A)

Sr 4e 1 0 0 0.36292(5) 0.494(14)

Ni 4 05 0 0.5 0.0175(2) 0.11(4)

O, 41 0 0 0 0.62(11)

0,/F 4 0505 0 0 0.1712(3) 2.19(9)°

Sr,NiO,Cl (P4/nmm: a = 3.85566(1) A and ¢ = 14.43240(6) A)

Srl 2 1 0.75 0.75 0.09590(6) 0.40(3)
Sr2 2 1 0.75 0.7§ 0.34225(7) 0.48(2)
Ni 2c 1 025 0.25 0.2077(1) 0.08(3)
O 4 1 025 0.75 0.2269(3) 0.49(8)
0, 2c 1 025 0.25 0.0761(4) 0.91(12)
cl 2c 1 025 0.25 0.4230(2) 0.93(6)

“The goodness of fit S and the R factors X = F and Cl are S = 2.17, R,
= 1.64, and RI = 6.09, and S = 165, R, = 141, and R, = 6.2],
respectively. bAIl site occupancies g were fixed to unity during the
refinements. “B,, values for (O and F are constrained to the same
value.

iso

was successfully refined. Refinements of the occupancy for all of
the anion sites also revealed no anion vacancies within errors.
The final refined structure and crystallographic data are given in
Figures 2b, 3b, and Table 1, respectively.

To check the validity of the refined structures, we calculated
the Bond-Valence-Sum (BVS)*>?® for the metal cations in
Sr,NiO;X (X = F, Cl). Since there is no reference of BVS
parameters for Ni**—(F/Cl), the BVS parameter for Ni** was
employed for bonds to halogen. As discussed below, this
procedure does not cause a serious error for estimation of the
BVS for Ni*" in the present compounds because the bond
length between the nickel cation and halogen anion is much
longer than the sum of ionic radii of Ni** (0.56 A) and F~/CI”
(1.33 A /1.81 A).*’ As for X = F, the BVS values of Ni and Sr
are 3.10 and 2.04, respectively, consistent with those expected
from the chemical formula. Additionally, the calculation of BVS
for Ni and Sr2 in X = Cl resulted in 3.06 and 1.94, respectively,
in good agreement with the expected values. The BVS for Srl
is, however, 2.51, much larger than that expected from a simple

ionic model. This result implies strong compression between
Ni—O/ClI bonds.

The majority of coordinations around Ni** in nonmolecular
solids is octahedral, as seen in LaNiO; YbSr;NiO4 and
Na,;NiF,**7° The local coordination environment around
the nickel center in this study is obviously different from the
octahedral symmetry. The Ni atom moves away from the
center position of the NiOsX octahedron along the ¢ direction,
leading to a distorted square pyramidal coordination. To the
best of our knowledge, this is the first example of square
pyramidal coordination around trivalent nickel cation. The
O¢q—Ni—O,, bond angle on the basal plane is 166. 2(3)° for X
= F and 163. 6(3) for X = Cl, smaller than the ideal angle of
180°. Besides, the Ni—O,, bond length is much shorter than
that for the Ni—X bond; the ratio of Ni—O,,/Ni—X is 0.815 (=
2,021 A/2.480 A) for X = F and 0.611 (= 1.899 A/3.108 A) for
X = Cl It is to be noted that the shorter and longer Ni—O,,/F
bonds are assumed as Ni—O,, and Ni—F bonds, respectively, in
light of the strong orbital hybridization between O and Ni
atoms.

On the other hand, the halogen atom incorporated plays a
crucial role in anion (dis)ordered patterns. In general, both the
oxyfluoride and the oxychloride systems expressed as A,BO;X,
O/X atoms exclusively occupy the apical sites in an ordered
manner with the metal center being five-coordinated.”* The O/
F disordered state is exceptionally found in d° metal based
compounds which take octahedral coordination.?! In this sense,
it is likely that the square pyramidal coordination leads to O/X
site ordering. Another type of coordination environment was
recently realized in the cobalt oxyfluoride Sr,CoO;F: the
coexistence of O/F disordered state and square pyramidal
coordination."® The nickel oxyfluoride in this study exactly
follows this type of structural feature. Given that both Sr,BO;F
(B = Co, Ni) are synthesized by a similar reaction method using
a high pressure apparatus, the reaction conditions of pressure
and/or temperature possibly causes anion disordering with the
B cation five-coordinated. The reason for no O/Cl disordering
is the big difference of ionic radius between chlorine and
oxygen.

Magnetism. The present compounds with high-valent
nickel ions also exhibit remarkable peculiarity in their magnetic
properties. Figure 4 shows the temperature dependence of
magnetic susceptibility (y = M/H) for Sr,NiO,;X, measured at a
magnetic field of 1 kOe under zero-field cooled (ZFC) and FC
conditions. Both compounds exhibit smooth increase in the
data with lowering temperatures, while following the Curie—
Weiss law, y = C/(T — ) in the range of 150 < T < 350 K
where C and 6 are the Curie constant and Weiss temperature,
respectively. The fit to the data gave C = 0.488 (emu K)/mol
and 6 = 21.3 for X = F, and C = 0.421 (emu K)/mol and 6 =
24.2 K for X = Cl. The C values for both oxyhalide compounds
correspond to that expected from the low spin state of Ni**
with S = 1/2, rather than the high spin state with S = 3/2. The
positive Weiss temperatures, which have weak X dependence,
indicate that ferromagnetic interaction is dominant.

On cooling down from 150 K, Sr,NiO;X exhibits the strong
X dependence of magnetic properties. X = Cl shows no
difference between ZFC and FC data and a broad maximum at
47 K, characteristic of low-dimensional antiferromagnets. Given
the two-dimensional structure and magnetism in this phase, it is
a good measure to assign the Néel temperature (Ty) from the
temperature derivative of y(T). Thus, Ty estimated from the
temperature at which dy(T)/dT reaches a maximum value is 33
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Figure 4. Temperature dependence of the magnetic susceptibility for
(a) Sr,NiO5F and (b) Sr,NiO,Cl, measured under zero field cooled
and field cooled conditions. The inset shows the field dependence of
the magnetic susceptibility.

K. In contrast, X = F revealed a divergence between ZFC and
FC data below Tsg = 11 Kin H = 1 kOe, suggesting a spin glass
transition. As shown in the inset of Figure 4b, Ty¢ shifts to
lower temperatures with increasing magnetic fields, followed by
suppression of the divergence. Figure Sa shows the isothermal
magnetization data for X = F where hysteresis loop was
observed at S K (<Tgg), but not at 20 K (>Ts). These
behaviors are typically seen in spin glass materials.*>~> Neither
field dependence nor ZFC/FC divergence in the magnetization
data appeared in the Cl counterpart (the inset in Figure 4b and
Figure Sb).

Possible Electronic Configuration and Exchange
Pathways. It is notable that Sr,NiO,X displays antiferromag-
netically correlated phenomena in spite of the positive 6, and
the drastic change in the magnetic ground state by F-to-Cl
substitution. These features are never seen in the related
oxyhalides such as Sr,BO,X (B = Mn, Fe, Co; X = F, Cl) with
their large negative @'s,"”>"*%*” but are reminiscent of the
existence of strong competition or spin frustration between
ferromagnetic (FM) and antiferromagnetic (AFM) interactions
in the NiO, plane. The origin of FM interactions, however, is
rather complex. As a simple electronic configuration for the
low-spin Ni** with a square pyramidal geometry, we can
presume (xy)*(xz, yz)*(x*—y*)'(3z°=r*)° or («xz,
y2)*(xy)*(3z°—r*)'(x*~y*)°. In both cases, superexchange
couplings mediated by O,, orbitals give rise to AFM
interactions between the nearest neighbor (NN) nickel ions
according to the Goodenough—Kanamori rule.®® But, a FM
superexchange pathway that dominates over the AFM
interactions seems impossible. A plausible mechanism leading
to dominant FM interactions is a specific orbital ordering
induced by cooperative Jahn—Teller distortion, as observed in
K,CuF, with the n = 1 RP structure.* The Jahn—Teller active
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Figure S. Isothermal magnetization curves of (a) Sr,NiO;F and (b)
Sr,NiO;Cl measured at S and 20 or 70 K. The inset shows the data
between —S and S kOe.

Cu® ions exhibit cooperative ordering of d(z*—y*)/d(z*—«*)
orbitals with the axes of [100] and [010] in CuF, plane,
resulting in the ferromagnetic transition at T, = 625 K
However, this is not true for our situation because conversely
this type of orbital ordering does not allow for sizable AFM
interaction. Here, we propose the electronic configuration
compatible with the coexistence of AFM and FM interactions:
(xz, y2)*(322—1*)*(xy)'(x*—y*)°. This configuration with an
unpaired electron occupying an xz orbital is realized in an
organometallic molecule where the trivalent nickel ion is
surrounded by a square pyramid with one nitrogen atom in the
apical site and two nitrogen and oxygen atoms in the basal
plane.*® In this case, we can expect that the d(xy)-pz bond
along the side directions of a NiO, square gives rise to AFM
interaction between the NN nickel ions (J;) while the direct
exchange interaction through a d(xy)—d(xy) bond along the
diagonal ones (J,) possibly leads to FM interaction (Figure 6).
Basically, the shorter the bond the stronger the exchange
interaction is. J;, however, can have weaker interaction than J,,
owing to a small overlap associated with 7—z bonding and the
corrugated basal plane.

Next, on the basis of our proposed J,—J, model described
above, we will discuss the question of what plays a critical role
in determining the magnetic ground state, especially, the spin
glass transition observed in Sr,NiO;F. It is well-known that spin
glassy behavior results from spin frustration and/or bond
randomness. For example, isostructural compounds such as
Rb,Cu,Co,F,*" and La, Sr,BO, (B = Mn, Co)*>** undergo
spin glass transition because of the competition between FM
and AFM ], which were induced by doping iso- or aliovalent
metal cations. In contrast, Sr,NiO;F as well as Sr,NiO;Cl has
no competion between AF and FM interactions in the NiO,
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Figure 6. Relationship between orbital symmetry and exchange
interactions in the NiO, plane. In contrast to ], J, depends on the O/
X ordering patterns.

planes regardless of ordering patterns of X sites on the
assumption of our model (see Figure 6). However, the anion
disordering accompanied by off-centering of Ni ions from the
basal plane in Sr,NiO;F makes the magnitude of the orbital
hybridization inhomogeneous between the second NN nickel
ions; d(xy) orbitals along the diagonal directions on the same
plane with (0, 0, z) have larger overlap, while smaller overlap
on the different planes, (0, 0, = z). It is likely that this kind of
bond mixing randomness of two kinds of FM J, results in a spin
glass transition instead of a long ranged magnetic order. Indeed,
Sr,NiO;Cl without such bond randomness undergoes a
magnetic ordering. To investigate the validity of our proposed
model, theoretical calculations or neutron experiments should
be performed.

4. CONCLUSION

We have successfully synthesized new nickel oxyhalide
compounds, Sr,NiO;X (X = F, Cl), which crystallize in the n
= 1 RP structure while the X anion is ordered for Cl and
disordered for F at the apical sites with the O anion. Both
compounds take the square pyramidal coordination of Ni**
leading to the low-spin state with S = 1/2. The O/X anion
ordering is correlated with the magnetic ground states, which
likely originates from bond randomness of FM interactions
between d(xy) orbitals along the diagonal directions on a
square. Theoretical calculation and/or syntheses of new
members with similar electronic configuration (e.g, Ti** and
V*) in the future will provide deeper insight into the
mechanism of the unusual electronic and magnetic states for
the present nickel oxyhalides.
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