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The magnetic properties of the S = 1/2 two-dimensional square-lattice antiferromagnets Sr,NiOsX (X =
CL, F) with the trivalent nickel ions in a low-spin state were studied by magnetic susceptibility, heat capacity,
neutron powder diffraction, high-field electron spin resonance (ESR), muon spin rotation and relaxation (1™ SR)
measurements, and density functional theory (DFT) calculations. Both oxyhalides are isostructural to an ideal
quantum square-lattice antiferromagnet Sr,CuO,Cl,, but the chlorine/fluorine anion exclusively occupies an
apical site in an ordered/disordered manner with an oxygen anion, resulting in the formation of highly distorted
NiOsX octahedra with an off-center nickel ion. Magnetic susceptibility measurements revealed a remarkable
difference between these two compounds: the magnetic susceptibility of Sr,NiO;Cl exhibited a broad maximum
at approximately 35 K, which is typical of low-dimensional antiferromagnetic behavior. In contrast, the magnetic
susceptibility of Sr,NiO;F exhibited spin-glass-like behavior below 12 K. No anomaly associated with long-
range magnetic ordering was observed in the heat capacity, ESR, and neutron powder diffraction experiments.
However, ™SR measurements revealed the emergence of a static magnetic ordered state below Ty= 28 K in
Sr;NiO3Cl and a short-range magnetic state below Ty= 18 K in Sr,NiO3;F. The DFT calculations suggested
that the unpaired electron occupied a d;2_,> orbital, and ferromagnetic couplings between the nearest-neighbor
nickel spins were energetically favored. The mechanism of ferromagnetic superexchange interactions and the
reason for the difference between the magnetic ground states in these nickel oxyhalides are discussed.

DOI: 10.1103/PhysRevMaterials.6.114404

I. INTRODUCTION

Low-dimensional quantum spin magnetism is a central
subject in condensed-matter physics [1,2]. Among the many
types of spin networks, square-lattice Heisenberg antifer-
romagnets (SLHAFs) have attracted a considerable amount
of attention owing to their diverse electronic and magnetic
ground states [3,4]. Extensive studies on K,;NiF,-type oxy-
chlorides (Sr/Ca),CuO,Cl, (Fig. 1) and related copper oxides
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with dominant nearest-neighbor (NN) interactions have en-
riched our understanding of the critical phenomena and phase
transitions of SLHAFs and their relationship to superconduc-
tivity [5,6].

The development of quantum spin magnetism has led
us to search for experimental realization of the frustrated
square-lattice Heisenberg antiferromagnet, namely, the J; —
J> model, in which the NN interactions (J;) and the
next-nearest neighbor (NNN) interactions (J) compete. The-
oretical studies on this model predicted unusual quantum spin
disordered states: the spin liquid state or valence-bond solid
state at J»/J;(= ) =~ 0.4-0.6, and the spin nematic state in

©2022 American Physical Society
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FIG. 1. Crystal structures of Sr,CuO,Cl, Sr,NiO;Cl, and
Sr,NiO3F. The halide ions exclusively occupy apical anion sites with
CU/F anions being ordered/disordered. The Ni cation, which is oft-
centered owing to the different bonding nature against oxygen and
halogen, forms square pyramidal coordination with oxygen anions.

the vicinity of @ &~ —0.5 [7-12]. PbVO3 with a PbTiO3-type
structure, which may be placed at approximately 0.2 < a <
0.4, exhibits no long-range magnetic order down to low tem-
peratures and is a good candidate for the square-lattice J,—J,
model with a quantum spin disordered state [13], [14]. More-
over, it has been reported that the double perovskite oxide
Sr,Cu(Te W, )Og, with random magnitudes of J; and J;,
exhibits gapless spin-liquid-like behavior at the phase bound-
ary between the Néel -type order (x = 0) and the columnar
order (x = 1) [15-17]. A recent theoretical work by Uematsu
and Kawamura suggested the existence of a random-singlet
state, analogous to the quantum spin-liquid state in Kagome
and triangular lattice antiferromagnets [18].

SrpNiO;Cl and SryNiOsF, which crystallize in a KoNiFy-
type structure, are rare SLHAFs consisting of Ni** in the
low-spin state (i.e., S = 1/2) [19]. As shown in Table I, un-
like Sr,CuO,Cl with flat CuO, sheets sandwiched between
chloride ions, nickel oxyhalides have a corrugated NiO, plane
at Ogq—Ni—O¢q bond angles of approximately 165° owing
to the occupation of either apical site by a halide ion to
form highly distorted octahedra NiOs(Cl/F). Given that these
halide ions are located at a longer distance than expected
from the ionic radii [20], the nickel centers can be viewed
as pseudosquare pyramids NiOs. Furthermore, the apical
halogen sites are ordered in SrpNiO3;Cl and disordered in
Sr,NiOsF, which appears to be correlated with their magnetic
ground states, namely an antiferromagnetic phase transition
at 33 K in Sr;NiO;Cl and a spin-glass-like transition at
11 K in Sr;NiO3F, as suggested by magnetic susceptibil-
ity measurements from a previous study [19]. However, the

TABLE I. Selected bond lengths and bond angles in Sr,NiO;Cl
and SroNiO;F.

Sl‘zNiO3C] Sl‘zNiO3F
Ni-O,, 1.9417(9) A Ni-O,, 1.900(1) A
Ni-O,, 1.904(5) A Ni-O,,/F 2.013(8) A
Ni-F 3.099(9) A 2.483(8) A
Z0¢q-Ni-O, 162.7(4)° Z0¢q-Ni-O, 165.8(4)°

underlying magnetism remains to be elucidated. The Curie-
Weiss fit indicated the presence of dominant ferromagnetic
interactions in both oxyhalides (Weiss temperature: 24.2 K
for St,NiO3ClI and 21.3 K for Sr,NiOsF), which is not typical
of K,NiF,-type compounds. One exception is copper-based
fluorides A>BFs (A = K, Rb, Cs; B = Cu, Ag), which ex-
hibit a ferromagnetic phase transition at low temperatures
[21-24]. The ferromagnetism is related to the alternating ar-
rangement of Cu/Ag d,>_.% and dyz_z2 orbitals in the ab plane
[25-28]. Clearly, this is not the case with the current nickel
oxyhalides. In a previous study, we proposed that a single
unpaired electron occupies the dyy, orbital pointing in the
diagonal direction leading to dominant ferromagnetic inter-
actions between the NNN nickel ions [19]. Whether the NNN
interaction is ferromagnetic or antiferromagnetic, however, it
is unlikely that in the K, NiF,-type structure, it is greater than
the NN interaction. In addition, although spin frustration is a
typical ingredient of spin-glass behavior, this state does not
appear in the proposed J; — J, model. To better understand
the magnetic ground states of Srp;NiO3Cl and Sr,NiOsF, we
investigated their physical properties using magnetic suscep-
tibility, heat capacity, neutron powder diffraction, muon spin
relaxation and rotation measurements, and first-principles cal-
culations.

II. EXPERIMENTAL

Polycrystalline SrpNiO3;Cl and Sr,NiO3F samples were
synthesized using a high-pressure and high-temperature
method. In an earlier report, StO,, SrCl,, SrF,, and Ni were
used as the starting materials [19]. However, it was challeng-
ing to obtain both nickel oxyhalides as a homogeneous phase
under the previously reported reaction conditions, which is
probably owing to the coarse particle size of the nickel powder
used. NiO was utilized as an alternative Ni source to facilitate
the reaction. A stoichiometric mixture of in-house synthesized
SrO,, SrO (obtained by heating SrCO; at 1300°C in O,
flowing atmosphere), NiO (3N, High Purity Materials), SrCl,
(3N, Rare Metallic), and SrF, (3N, Rare Metallic) was finely
ground in an agate mortar in an Ar-filled glovebox, loaded
into a Pt capsule, and heated in a belt-type high-pressure
apparatus for 1 h at 3 GPa and 1500 °C for Sr,NiO3CI and
for 1 h at 6 GPa and 1500 °C for Sr,NiOsF. The sample was
then quenched to room temperature by turning off the heater,
and the pressure was slowly released. The sample quality
was assessed using laboratory powder x-ray diffraction (XRD)
analysis.

The magnetic susceptibilities of Sr;NiO3Cl and SroNiOsF
were measured over the temperature range of 7 = 2-350 K
at various magnetic fields using a superconducting quantum
interference device magnetometer (Quantum Design, MPMS-
XL). The heat capacity under a zero magnetic field was
recorded between 3 and 250 K on cooling by a pulse re-
laxation method using a commercial calorimeter (Quantum
Design PPMS).

Neutron powder diffraction (NPD) data were collected for
SryNiO;Cl and SrpNiOsF at various temperatures using the
WISH diffractometer located at the second target station at
the ISIS pulsed neutron source in the UK [29]. The NPD data
were analyzed by the Rietveld method using the FULLPROF
program [30].
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High-field ESR measurements of the Sr,NiO3;Cl powder
samples were performed using pulsed magnetic fields and
transmission methods. Gunn oscillators were used as the
light sources. The temperature range measured was between
1.9 and 265 K. Lower temperatures than the boiling point of
liquid helium were obtained by pumping helium. By flowing
nitrogen gas, temperatures higher than those of liquid nitro-
gen were obtained. The experimental details are available in
Refs. [30-32].

Muon spin rotation and relaxation (uTSR) measure-
ments were performed on the Multi-Purpose Surface-Muon
Instrument (Dolly) spectrometer at the surface muon beamline
piEl of the Laboratory for Muon Spin Spectroscopy (LMU)
of the Paul Scherrer Institute (PS]) in Switzerland. The u*SR
spectra were recorded in zero magnetic field (ZF), transverse
field (TF), and longitudinal field (LF). Here, TF/LF is the
magnetic field perpendicular/parallel to the initial muon spin
polarization. The details of the setup and experimental pro-
cedure for the utSR experiments are described elsewhere
[34], [35]. The obtained wtSR spectra were analyzed using
MUSRFIT [36].

First-principles calculations based on DFT theory were
performed using the WIEN2K software [37,38]. The exper-
imental crystal structure of Sr,NiO3;Cl was used in the
calculations [19]. The generalized gradient approximation
with the Perdew-Burke-Ernzerhof parameterization [39] was
used with the Hubbard U correction of the fully localized limit
version, also known as the self-interaction correction [40,41].
We used U= 4 eV and verified that other U values did not
alter our calculation results qualitatively. The muffin-tin radii
of atoms are 2.33, 1.92, 1.65, 2.5 Bohr for Sr, Ni, O, Cl atoms,
respectively. The RKy,.x parameter was set to 7, which is a
product of the shortest muffin-tin radius of an atom (1.65 Bohr
in our case) and the plane-wave cutoff. The maximum value
of [ (azimuthal quantum number) for partial waves used in the
computation of non-muffin-tin matrix elements was set to 6.
We used a conventional rectangular unit cell including two Ni
atoms or a /2 X /2 x 1 supercell depending on the period-
icity of the magnetic states. We used an 11 x 11 x 3 k-mesh
for the conventional unit cell and a 7 x 7 x 3 k-mesh for the
supercell. We used a 21 x 21 x 5 k-mesh for calculating the
density of states (DOS).

II1. RESULTS

A. Powder neutron diffraction

The NPD data collected from Sr,NiO3;Cl and Sr,NiOzF
can be readily indexed to the tetragonal space groups P4/nmm
and 4 /mmm, respectively, confirming the order of Cl atom
and disorder of F atom in the lattice. In the case of 14/mmm
symmetry, Ni is disordered over the 4e Wyckoff positions in
correlation with the random distribution of F atoms in the
apical sites of coordination octahedra. The calculated lattice
constants at 4 K are a = 3.83920(4) A and ¢ = 14.3638(3) A
for Sr,NiO;Cl and a = 3.77082(1) A and ¢ = 13.0617(3) A
for SroyNiOsF. These values are consistent with those from
a previous study, with the exception that the volume of both
cells decreases upon cooling [19]. At low temperatures, nei-
ther of the compounds displayed any additional peaks or extra

BT 7T T T T T T T T T T T T T T T
Sr,NIOCl
15K

-
o

Counts (arb. unit)
(9]

0 P 1

0r+—F——F—"—T"—T""—T"—T """

Seri03F
1.5K

15

Counts (arb. unit)

6 T 8 9 10 11 12
d-spacing (A)

FIG. 2. Rietveld refinements against the neutron powder diffrac-
tion data of Sr,NiO3Cl and Sr,NiOsF collected at 1.5 K. Observed
(dots), calculated (upper solid line), and difference (bottom solid
line) plots are drawn. The asterisk represents uncharacterized peaks,
which appeared even above 150 K (& their phase transition
temperatures).

intensity increase associated with magnetic ordering, which
implies the presence of strong quantum fluctuations (See the
Supplemental Material [42] for the neutron powder diffraction
data of Sr,NiOsCl at 1.5 and 30 K). Figure 2 shows the
results of Rietveld refinement against the 1.5 K NPD data. The
final refined crystallographic data summarized in Table II are
consistent with those obtained from room-temperature syn-
chrotron XRD data [19], with the exception of the detection of
3% oxygen vacancies at the equatorial sites in SrpNiO3F. NiO
and the uncharacterized peaks were detected as minor phases
as well. Upon refinement, the mass fractions of NiO were
estimated to be 1.7% for Sr,NiO3;Cl and 5.2% for Sr,NiOsF.
Such a minute quantity of impurities would not hinder the
evaluation of the intrinsic physical properties.

B. Magnetic susceptibility and heat capacity

Figure 3 shows the temperature dependence of the mag-
netic susceptibility (x = M/T) of Sr,NiO3Cl and SroNiOsF
measured at H= 1 kOe. These results are consistent with
those previously reported [19]. The x(7") of both oxyhalides
increases with decreasing temperature and obey the Curie-
Weiss law, x (T) = C/(T-6), between 200 and 350 K, where
C and 0 denote the Curie constant and Weiss temperature,
respectively. The C values of Sr,NiO3;Cl and SrpNiOs;F
are 0.4014(8) and 0.4861(5) emu K/mol, respectively. These
values are consistent with those expected for 1 mol of § = 1/2
Ni** ions and g = 2.1, as determined by paramagnetic ESR
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TABLE II. Crystallographic data for Sr,NiO;Cl and Sr,NiO;F obtained from Rietveld Refinement against neutron powder diffraction

data at 5 K.

Sr,NiO3ClL: P4/nmm (#129), a= 3.83918(5) A, c= 14.3636(4) A), Ryp = 10.8%, Rprage = 6.61%.

Atom Site Occupancy x y z Biso /A2
Srl 2¢ 1 0.75 0.75 0.0964(2) 0.22(9)
Sr2 2¢ 1 0.75 0.75 0.3407(3) 0.33(8)
Ni 2¢ 1 0.25 0.25 0.20805(1) 0.51(5)
Oeq 4f 1 0.25 0.75 0.22844(1) 0.37(6)
Oup 2c 1 0.25 0.25 0.0754(3) 0.43(9)
Cl 2¢ 1 0.25 0.25 0.4237(2) 0.72(6)
St,NiO5F: 14/mmm (#139), a = 3.77084(1) A, ¢ = 13.0616(4) A), Ry = 9.01%, Rpugs = 5.24%.

Atom Site Occupancy X y b4 Biso/ A2
Sr de 1 0 0 0.3622(2) 0.86(9)
Ni de 0.5 0 0.5 0.0179(5) 0.75(10)
Oeq 4e 0.97(1) 0 0.5 0 1.21(12)
O,/F de 0.5/0.5 0 0 0.1721(3) 1.36(8)

Bj, values for O,, and F were constrained to the same value.

measurements (see the Supplemental Material [42] for
more details). The Weiss temperatures for Sr,NiO3;Cl and
SroNiOsF were 39.4(4) and 37.6(2) K, respectively. Both
values indicate the presence of predominantly ferromagnetic
interactions but are substantially larger than those previously
reported [19]. The reason has not been made clear yet.
However, from a comparison of the magnetic susceptibility
and isothermal magnetization curves (see the Supplemental
Material [42] for plots of isothermal magnetization curves),
we found the magnetization of both oxyhalides is more
enhanced than that in the previous report. Furthermore, a con-
cave magnetization curve observed for Sr,NiO3Cl is typical
of low-dimensional quantum antiferromagnets [43—45]. This
behavior was not observed in the early study. These results
suggest that the present sample quality has been improved,
and thus the Weiss temperatures should be more precise. On
further cooling from 200 K, the magnetic susceptibility of
Sr,NiO5Cl exhibited a broad maximum centered at Tp,x=
35 K, indicating a short-range magnetic order; however, no
indication of long-range magnetic ordering was discernible
down to 2 K. In contrast, Sr,NiOsF exhibits spin-glass-like
behavior with ZFC and FC data diverging below 12 K.

Figure 4 shows the total heat capacity (C,) of both oxy-
halides plotted as a function of temperature, measured under
zero magnetic field. Despite the apparent differences in mag-
netic behavior between Sr;NiO3;Cl and Sr,NiOsF, no clear
difference or anomaly was observed in the C, curves for either
material down to 2 K. In the C,/T vs T plot of SroNiO3Cl, a
closer inspection revealed a broad hump between 20 and 50 K,
as depicted in the inset of Fig. 4. This anomaly corresponds
not only to the broad maximum observed in the magnetic
susceptibility but also a static magnetic order at Ty= 28 K,
which was unambiguously detected by utSR measurements,
as will be discussed in greater detail below.

C. High-field ESR

The temperature dependence of the ESR spectra of
Sr,NiO3Cl1 at 160 GHz is plotted in Fig. 5(a), which clearly

shows that the absorption line broadens as the tempera-
ture decreases, whereas the resonance field remains almost
unchanged. The temperature dependence of the linewidths
deduced from the spectra is shown in Fig. 5(b). The stan-
dard ESR theory relates the linewidth of ESR signals to
the spin correlation function. Therefore, a rapid increase in
the linewidth as the temperature falls below 40 K strongly
suggests the formation of short-range magnetic order. As de-
termined by pu™SR measurements, the linewidth increases,
even across Ty, at low temperatures. The absence of a
linewidth divergence or an antiferromagnetic (AFM) reso-
nance is probably due to suppression of long-range magnetic
ordering or the use of a powder sample, which averages
anisotropic g factors [46].

D. u*SR

To understand the local magnetic environments in
SrpNiO3Cl and SrpNiOsF, utSR experiments were per-
formed on both samples. Figure 6 shows the ZF-u+ SR spectra
recorded at 2 K, the lowest temperature measured. Because
the ZF-u*SR spectrum of SroNiO;Cl oscillates with multi-
ple frequency components, a static, most likely long-range,
magnetic order is unambiguously formed in Sr,NiO3;Cl. On
the other hand, the ZF-spectrum of SryNiOsF exhibits fast
relaxation with only a first minimum at r = 0.03 ps. Such a
spectrum suggests either the presence of a highly damped os-
cillation or a Kubo-Toyabe relaxation [47]: the highly damped
oscillation implies the formation of a short-range static mag-
netic order, whereas the Kubo-Toyabe relaxation indicates the
presence of randomly oriented localized magnetic moments.
The w' SR results are explained in more detail below.

1. u*SR on Sr,NiO;Cl

Before analyzing the ZF-pu* SR spectrum, the results of the
weak TF (WTF)- utSR measurements will be described to
understand the overall nature of the antiferromagnetic tran-
sition. Here, “weak” indicates that the applied TF is smaller
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FIG. 3. Temperature dependence of the magnetic susceptibility
and its inverse for (a) Sr,NiO;Cl and (b) Sr,NiOsF, measured un-
der zero-field and field-cooled conditions. The solid lines represent
Curie-Weiss fitting lines. In the insets, the data in a low temperature

region are highlighted.

than the internal magnetic fields at the muon sites generated
by the magnetically ordered state.

Figure 7 shows the temperature variation in the wTF-utSR
spectrum recorded at wTF= 50 Oe. At 60 K, the wTF-u*SR
spectrum exhibited an oscillation with a full amplitude, or
asymmetry of 0.23, indicating that the entire sample was
in a paramagnetic state. As the temperature decreases from
60 K, the asymmetry decreases owing to the emergence of
an internal AF magnetic field with a magnitude far exceeding
that of the wTF. To precisely capture the temperature variation
in the wTF-utSR spectrum, the spectrum was fitted with a
combination of an exponentially relaxing cosine oscillation
and an exponentially relaxing nonoscillatory signal:

AoPrr(t) = Arpe ™™ cos (w1pt + @1F) + Ame ™, (1)
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FIG. 4. Heat capacity of Sr,NiO;Cl and Sr,NiOs;F measured
under zero magnetic field. The inset shows the C,/T vs T plots.

where Aq is the initial (+ = 0) asymmetry, Prp(¢) is the
muon spin polarization function in the wTF, Arr and Ay are
the asymmetries of the two signals, wrp is the muon spin
precession frequency owing to the applied wTF, ¢rr is the
initial phase of the oscillation signal, Atr and Ay are the expo-
nential relaxation rates. The wTF oscillation signal is caused
by muons stopped in paramagnetic phases, and thus the nor-
malized asymmetry (= Atp/Ag) is roughly proportional to the
paramagnetic volume fraction in a sample.

Figures 8(a) and 8(b) show the temperature dependences
of Atg, AMm, A1, and Ayp. As the temperature decreases from
60 K, the Atr is nearly independent of temperature down to
approximately 30 K, then begins to decrease rapidly down to
20 K, and then roughly stabilizes to a constant value (approx-
imately 0.05) down to 2 K. This indicates the occurrence of
a sharp magnetic transition at approximately 27 K, whereas
a non-zero Arg, even at 2 K, suggests the presence of para-
magnetic phases, or impurity phases, in the sample. The fit
of the Atp(T) curve with a sigmoid function indicated that
Tn = 27.7(1.2) K for SrpNiO3Cl. This value agrees with the
C, results. In contrast, Ay is zero between 30 and 60 K,
then increases rapidly with decreasing temperature from 30 K.
However, Ay decreases as temperature decreases further and
approaches temperature independence below 25 K. Because
Apm at 2 K (~ 0.07) is close to 1/3 of the At of the S;NiO5Cl
phase (~ 0.19), Ay corresponds to the tail signal from the
powder sample in the magnetically ordered phase. That is, for
a powder sample without orientation, the internal magnetic
field in a magnetically ordered phase is parallel to the initial
muon spin polarization for 1/3 of powder particles, leading to
a nonoscillatory relaxing signal, i.e., a 1/3 tail signal, while
the other 2/3 provide an oscillatory signal. In other words,
Ay corresponds to the longitudinal component, where the
internal AF field is parallel to the initial muon polarization. On
the other hand, Ay includes both longitudinal and transverse
components above Ty owing to the large fluctuations in the
AF field at the transition.

As shown in Fig. 8(b), the Arr(T") curve exhibits a small
maximum below the vicinity of Ty. Below 20 K, Atp is
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FIG. 5. Temperature dependence of (a) ESR spectra and
(b) linewidth at 160 GHz observed for Sr,NiO;Cl. Sharp absorption
lines are DPPH signals as field marker for g = 2.

roughly temperature-independent, implying that the impu-
rity phases are not magnetic. Although Xy exhibits a clear
maximum at 7y owing to a critical phenomenon of the AF
transition, Ay; decreases with decreasing temperature below
Tx. This is consistent with the tail signal, for which the re-
laxation rate approaches zero at low temperatures because
thermal fluctuations are suppressed.

The ZF-ptSR spectrum for SroNiO3Cl (Fig. 6) was fitted
with the sum of three Gaussian relaxing cosine oscillations
and an exponentially relaxing nonoscillatory signal:

3
2 2
AoPze(t) =) Appne 70" COS (@AFal + PAF.)

n=1

+ Agire ()

O-3|'|||IIIIIIIII]IIII
EZF-MSRat2K

Sr2Ni03C|

AoPz(t)

PR T R T N T T T T [N T N T W [ N T S

0
0 005 01 015 02
TIME (us)

FIG. 6. The ZF-u*SR spectra for Sr,NiO;Cl and Sr,NiO;F
recorded at 2 K. (2) for Sr,NiO;Cl and Eq. (3) for Sr,NiO;F. The
spectrum for Sr,NiO;Cl is shifted upward by 0.1 for clarity of
display.

where Pzg(t) is the muon spin polarization function in ZF,
Aapn(n = 1-3) and A, are the asymmetries of the preces-
sion signals and longitudinal component of the AF phase,
OAF.n> WAF.n>» @AF.n, and Ay are the Gaussian relaxation rate,
muon Larmor frequencies corresponding to the AF internal
magnetic fields, initial phases of the muon precessing signals,
and exponential relaxation rate, respectively. As depicted in
Fig. 8(c), as the temperature increased from 2 K, the three
muon precession frequencies far,(= war,/27) decreased
gradually and disappeared at approximately 22 K, which is
below the vicinity of Ty. The three fap, values indicated
the presence of three magnetically distinct muon sites in
the Sr,NiO3Cl lattice, although the three sites could be one
crystallographic site [48]. The fact that the temperature at
which all three fap, disappear is approximately 5 K lower
than Ty determined with wTF-pt SR, suggests the presence of
an intermediate phase, such as an incommensurate AF phase
between 22 K and Ty [49].

0.3 —— —
i05Cl

D )
3

SN WTF-uSR

TIME (us)

FIG. 7. The temperature variation in the wTF-ptSR spectra for
Sr,NiO;Cl recorded at 60, 28, 26, and 5 K with applied TF of 50 Oe.
Solid lines represent the best fit using Eq. (1). The offset of the
spectrum at 5 K corresponds to the 1/3 tail component of the powder
sample in the magnetic ordered state.
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FIG. 8. The temperature dependence of the wTF- and ZF-u*SR
parameters for Sr,NiO;Cl: (a) the two asymmetries, At and Ay,
(b) their exponential relaxation rate At and Ay, and (c) the three
muon precession frequencies in the AF ordered phase. Vertical blue
dotted lines represent 7y determined by the Sigmoid fit of the Arp(T')
curve, which is also shown in (a) as a red solid line.

2. pu*SR on Sr,NiO;F

In contrast to SrpNiO;Cl, the ZF-u+tSR spectrum for
SrpNiOsF at 2 K exhibits a rapid damping with a first mini-
mum at¢ ~ 0.03 ps (see Fig. 6), indicating the presence of an
internal magnetic field with a wide field distribution. In order
to determine whether the magnetic moments are randomly ori-
ented or ordered, the LF-put SR spectra were recorded at LF =
1000 and 2000 Oe, while the LF spectrum is usually used to
check whether the internal magnetic field is static or dynamic.
A Kubo-Toyabe fitting function is applicable for a random
magnetic field, whereas the damped cosine function is suitable
for an ordered state. Figure 9 shows the ZF- and LF-utSR
spectra together with the best fits using a static Gaussian
Kubo-Toyabe function [G] (t, A, Hig)], which describes the
time evolution of the muon spin polarization owing to the
internal magnetic field formed by randomly oriented static
dipoles with a Gaussian distribution [33], where A denotes the
field distribution width. Although the two LF-u*SR spectra

LF = 2000 Oe

LF = 1000 Oe
7 ZF

1 I 1 I 1 1 l 1
0 0.02 0.04 0.06 0.08 0.10
Time (us)

0

FIG. 9. (a) The ZF and LF-p* SR spectra for Sr,NiOsF recorded
at 2 K. Solid lines represent the best fit using a Kubo-Toyabe
function.

were reasonably fitted with Gg (t, A, Hyg), the ZF-u*SR
spectrum was not. This implies that the internal magnetic field
observed in ZF is not caused by random moments but rather
caused by AF short-range magnetic order. However, this AF
internal magnetic field is so weak that application of LF is
sufficient to decouple the effect of the AF internal magnetic
field [50]. Therefore, the ZF-u*SR spectrum was fitted with
an exponentially relaxing cosine oscillation, as in the case of
SI‘2VO4 [5 1]1

AoPzr(t) = Aape " cos(wart + @o) + Awite ™", (3)

where Aar and Ay are the asymmetries of the two signals
and Aar and Ay, are their exponential relaxation rates. fag(=
war/2m) is the muon Larmor frequency corresponding to
the AF internal field, and ¢, is the initial phase. It should
be emphasized that this fit assumes the formation of an AF
short-range order in Sr,NiO3F.

Figure 10 shows the temperature dependence of the wTF-
and ZF-u " SR parameters of SroNiO3;F. The wTF-u* SR spec-
trum was fitted using Eq. (1). The Arp(T") curve demonstrated
that Sr,NiO;F entered a magnetically ordered phase below
approximately 18 K. The sigmoid fit of the Atp(7T") curve in-
dicated that Ty = 18.1 (1.3) K. As the temperature decreases
from 30 K, the A\ (T") curve also indicates an increase in the
volume of the AF ordered phase toward Ty, and then Ay levels
off to a constant value at approximately 2/3 of the Arp(30
K). Considering the magnitude of Ay, the Ay corresponds
to the asymmetry of the transverse component of the ordered
AF phase, i.e., Ay = A}{,f‘“s. The Atg(T) curve shows a clear
maximum below the vicinity of Ty, whereas Ay increases with
decreasing temperature, even below Ty. However, the Aap
determined from the ZF-utSR measurement suggests that
the fluctuation of the internal AF field levels off to approxi-
mately 50 pus~! below approximately 14 K. This also suggests
that Aap of the longitudinal component (Ay) is very small,
providing a temperature-independent background signal for
Auil- Below 14 K, far appears and gradually increases with
decreasing temperature, which is consistent with the order
parameter of the AF transition.
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FIG. 10. The temperature dependence of the wTF- and ZF-u"SR
parameters for Sr,NiOzF: (a) the two asymmetries, Atr and Ay,
(b) the exponential relaxation rate of the ATF signal (Arg), (c)
the exponential relaxation signal of the AM signal (Ay) and the
AF oscillatory signal (Aar), and (4) the muon precession frequency
in the AF ordered phase (far). Vertical blue dotted lines represent
Ty determined by the Sigmoid fit of the Ae(T") curve, which is also
shown in (a) as a red solid line.

E. First-principles calculations

The pu*SR measurements clearly demonstrated a static
magnetic ordering in Sr,NiO3Cl; however, information on
the magnetic structure is still limited. To gain a deeper
understanding of the relationship between the dominant
ferromagnetic (FM) interactions and magnetic structure,
we performed DFT + U calculations on four magneti-
cally ordered models: FM, AFM-1 (ferromagnetic layers

FM AFM-1

WV

AFM-2

.
eI

AT

AFM-3

Ao d
PV

v
A

. . .
0 o

AFM-4

FIG. 11. Schematic representations of the FM, AFM-1, AFM-2,
AFM-3, and AFM-4 type spin arrangements of Sr,NiO;Cl. Sr atom
is omitted for clarity. In the AFM-1 model, each ferromagnetic layer
is antiferromagnetically coupled along the ¢ axis. The AFM-2 model
forms a strip ordered arrangement in the NiO, plane. In the AFM-3
model, the nearest neighbor spins are aligned antiferromagnetically.
The AFM-4 model is similar to the AFM-1 one except that the
interlayer exchange interactions across the SrCl layers are ferromag-
netically coupled.

stacked antiferromagnetically), AFM-2 [ferromagnetic chains
arranged antiferromagnetically in the two-dimensional mag-
netic plane], and AFM-3 states (the nearest neighbor spins
aligned antiferromagnetically) (see Fig. 11). As shown in
Table III, our calculations show that the FM state is the most
stable of all the spin models that we assumed. Given the
lack of a ferromagnetic signal in the magnetic susceptibil-
ity of SrNiO3Cl and the limitation of DFT calculations for
strongly correlated electron systems, the AFM-1 (the second
most stable magnetic state) is a more plausible model. In
fact, the ferromagnetic spin arrangement in the NiO, plane
in the model is consistent with the dominant FM interactions

TABLE III. Total energy difference per Ni (AE) of the three
different ordered spin states of Sr,NiO;Cl determined from the
DFT + U calculations (U = 4 eV). The values are given in meV
relative to the energy of the FM state.

AFM-1 AFM-2 AFM-3
22 69 140
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denoted as Nil is focused. (b) The dx?-y* and (c) d3z2-r*-weighted bands are highlighted with bold solid lines.

suggested by the magnetic susceptibility measurements. For
the AFM-1 state, the magnitude of the spin polarization on
the Ni site was calculated as 1.15 pg, which also agrees with
the low-spin state of Ni**. Figure 12(a) shows the total and
partial DOS of Sr,NiO3Cl, which reveal a strong hybridiza-
tion between O 2p and Ni 3d states in the valence bands
in contrast to a weak hybridization between CI 3p and Ni
3d states. Based on the calculated band structures shown in
Figs. 12(b)-12(c) and the spin-decomposed partial DOS of Ni
d3»_» and d2_ > orbitals shown in Fig. 12(d), we can see that
the d3>_,» bands are almost half-filled. For the d,>_,» bands,
the majority spin bands are less occupied than those of d3,2_,»
orbitals. Therefore, the antiferromagnetic and insulating prop-
erties of STNiO3Cl can be interpreted well by the AFM-1 spin
model. We note that the half-filled occupation of the ds,._,.
bands disagrees with a previous model in which the d,, orbital
is half-occupied [19].

IV. DISCUSSION

In this section, we will discuss the origin of the in-
volved magnetic interactions, especially the dominant FM
interactions and the difference in magnetic ground states. The
half-filled ds,»_,» orbital of Ni*™ suggested by theoretical

calculations differs from that proposed by a previous study.
Notably, this orbital order also differs from that observed in
the ferromagnetic copper fluoride K,CuF4 [25]. In the present
spin configuration, the J, interaction on a NiO4 square could
be even smaller than the J; interaction because the ds2_,2
orbital is directed along the c-axis direction. Therefore, J;
interaction can be expected to be the main source of FM inter-
action. The values of the J; and J, spin exchange parameters
in the Heisenberg mode, H = ) _ J; ;8i - S, were calculated

ij
from AFM-1, -2, -3 models, yielding —34 meV (FM) and
4 meV (AFM), respectively . The FM J; is dominant over
the AFM J,, as we expected. The FM interaction can be
rationalized by considering the interaction between half-
occupied ds,*>_,% and unoccupied dxz_y2 orbitals. The strong
o bonding between the O 2px and Ni d,>_,? orbitals and
the Hund coupling on the Ni atom would energetically favor
charge transfer from the ds.>_,% to dxz_y2 orbitals, result-
ing in the parallel alignment of the nickel spins. (Fig. 13).
On the other hand, the interlayer AFM interaction can be
explained by considering the superexchange interactions be-
tween ds,>_,? orbitals across the SrO or SrCl rocksalt layers.
Note that a magnetic structure model with ferromagnetic in-
terlayer interactions across the SrCl rocksalt layers (AFM-4)
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FIG. 13. Schematic of the superexchange pathway driving a
ferromagnetic interaction between the nickel spins. Jy stands for
Hund coupling, which aligns spin moments in two different orbitals
parallel.

cannot be ruled out. In fact, the total energy of the AFM-4
model was found to be comparable to that of AFM-1; the
difference between them is less than 1 meV, indicating that the
interlayer interaction through SrCl layers is negligible in com-
parison to that through SrO layers. This can also be expected
from the bond distances between the Ni atoms (6.5644 A
across the SrO layers and 8.815 A across the SrCl layers).
In SryFeOsF isostructural with Sr,NiO;Cl, the inequivalence
of interlayer exchange interactions leads to a complex orthog-
onal spin arrangement where La,CuO4-type stacking across
the SrO layers competes with La;NiO4-type stacking across
the SrF layers [52]. The inequivalent muon sites and possible
existence of an intermediate phase in Sr,NiO3;CIl may result
from similar competition between interlayer exchange inter-
actions through different anions.

At present, the origin of short-range order in Sr,NiO3F is
not clear. However, based on the preceding discussion, the
coexistence of FM and AFM intralayer interactions is essen-
tial. As depicted in Fig. 1, 10/F site disordering produces the
mixed-anion rocksalt layer SrOF, resulting in inhomogeneous
interlayer exchange interactions. In addition, the substitution
of fluorine for chlorine reduces the Ni-Ni interlayer distances
(6.616-7.497 A); thus, the influence of interlayer exchange in-
teractions via fluoride ions on the magnetic properties cannot
be ignored. If the interlayer exchange interactions across SrF
or SrOF rocksalt fragments are ferromagnetically coupled, the
FM and AFM domains within the NiO, plane would compete
with one another.

V. CONCLUSION

We investigated the magnetic properties of quantum spin
square-lattice antiferromagnets, Sr,NiO3Cl and Sr,NiO;F,
with ordered and disordered halogen sites at the apical sites,
respectively. utSR measurements revealed a static, mostly
long-range, magnetic order below 28 K for Sr,NiO3;Cl and
a short-range magnetic order below 18 K for Sr,NiOsF. First-
principles calculations for several spin state models showed
that the ds,>_,> orbital was half-filled and the AFM-1 type
spin arrangement (ferromagnetic NiO, layers stacked antifer-
romagnetically) could explain the dominant FM interactions
in the oxyhalides, as suggested by the magnetic susceptibility
measurements. To describe the reason for the destruction of
long-range magnetic order in the oxyfluoride, the competition
between the AFM interlayer interactions via O>~ ions and the
FM interactions via F~ ions should be considered. Magnetic
structure determination via neutron scattering is important
for characterizing the relationship between the exchange in-
teractions between nickel spins and the relevant magnetic
ground states. We would like to emphasize that the magnetism
of the present oxyhalides is distinct from those of S = 1/2
square-lattice copper-based compounds such as La,CuO4 and
Sr,CuO,Cl with the dxz,y2 orbital being half-occupied. The
stabilization of d3.>_,> orbital order by multiple anions could
provide a new venue for studying novel quantum spin phe-
nomena that could not be induced by other d orbitals.
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