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Abstract

The magnetic structure of the metallic antiferromagnet AgrNiO, with the Néel temperature
Tn = 56 K has been investigated by means of a neutron diffraction technique using a powder
sample in the temperature range between 5 and 65 K. The antiferromagnetic (AF) diffraction
peaks are clearly observed below T and can be indexed with the propagation vector

k=1, %, %). Based on the results of both a representational analysis and a Rietveld
refinement of the magnetic peaks, the AF spin structure is determined as an A-type AF
structure with m; = mg cos(2rk - 1), where m; is the moment at the /th Ni3t site and

mgo = (0.31,0,0.65) up at 5 K.

(Some figures may appear in colour only in the online journal)

1. Introduction

Disilver nickel dioxide, Ag>NiO», in which the Ni ions form
a two-dimensional triangular lattice (2DTL) in the NiO;
plane, was firstly synthesized by Schreyer and Jansen [1] and
found to be an antiferromagnetic (AF) metal with the Néel
temperature 7N = 56 K. Both the metallic and AF nature
appear simultaneously down to 0.4 K below Tn. However,
the coexistence of static AF order and metallic conductivity
is a rare case in the Ni-based 2DTL system, because the
static AF order tends to preserve the itinerancy of the d
electrons of the Ni ions. In fact, LiNiO, and NaNiO, are
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known to be AF insulators, while AgNiO; exhibits an AF
semimetallic behavior due to a charge ordering of the Ni
ions [2, 3]. Note that the Ni*>* ions are in a low-spin state with
a tggeé S = %) configuration in these compounds, because of
a strong crystalline electric field splitting of the d orbitals in
the NiOg octahedra. As a result, the layered nickel dioxides
have been considered to be good candidates for an ideal
half-filled 2DTL. Nevertheless, only AgzNiO; is likely to
range outside of a common AF insulator category.

In the AgrNiO; lattice, the NiO, planes are stacked
with ABCABC sequence along the c-axis (see figure 1(a)).
Interestingly, x-ray absorption near edge structure (XANES)
measurements have revealed that the Ni valence state is Ni3*
rather than Ni’>T, while the Ag valence state is Ag?>* [1].
Therefore, the charge valence of AgyNiO; is neutralized by
the alternating stack of the [NiO;]~ and [Agy]" plane. This
is most likely to suggest a significant role of the quarter-filled
Ag 5s band in electron transport. In other words, only the Agy
plane exhibit a metallic conductivity, while the NiO, plane

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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Figure 1. (a) Crystal structure of Ag,NiO, with the space group
C2/m below T5. The unit cell is indicated by the solid lines. (b) The
temperature dependence of the inverse magnetic susceptibility under
field cooled (FC) conditions [6]. The Weiss temperatures (®y,) and
the effective magnetic moments (iefr) are obtained by Curie—Weiss
fit in the temperature ranges 60-220 and 330-400 K. The values of
Tn = 56 K and T = 260 K agree well with previous reports [1, 4].

is insulating due to AF order. This is the first scenario to
explain the coexistence of AF order and metallic conductivity.
However, in order to stabilize/complete long-range AF order,
the interaction between the adjacent NiO; planes is expected
to play a significant role. In addition, both resistivity (p) and
heat capacity (Cp) measurements indicate the existence of
two anomalies at 7y = 260 K and Ty = 56 K [4]. Recently,
it was reported that AgoNiO, undergoes a structural change
from a high-7" rhombohedral phase to a low-7 monoclinic
phase with space group C2/m at T, probably caused by the
appearance of Jahn—Teller distortion of Ni**, but the details
are still unknown [5].

Recent positive muon-spin rotation and relaxation
(1 TSR) measurements have supported the existence of two
precession frequencies due to the presence of a static internal
magnetic field (Hjy) below Tn [6]. From the delay of the
initial phase of the precession signal, the ground state of
AgrNiO, was proposed to be an incommensurate spin density
wave (IC-SDW) state, which is the second scenario for the
coexistence of AF order and metallic conductivity [7, 8].
According to full potential first-principle calculations, the

Ni ions are in a low-spin state with § = % (tggeé) and
are greatly affected by the Agy layers [9]. Spin-polarized
Hartree—Fock/DFT calculations predicted that the Ni ions are
aligned ferromagnetically in the [NiO;]™ plane and coupled
antiferromagnetically with the adjacent NiO; planes [5],
i.e. A-type AF order, which is the third scenario for the
coexistence of AF order and metallic conductivity, as in the
case of Nag75Co0» [10, 11].

In order to clarify which scenario is reasonable for
an explanation of the AF metallic nature of AgrNiO, and
to further understand the role of the Ag, plane on the
magnetism, it is crucial to determine the AF spin structure.
Here, we therefore report the results of neutron diffraction
measurements using a powder sample and magnetic structural
analyses. As a result, the first scenario is found to be the most
acceptable mechanism for the AF metallic nature.

2. Experimental details

A polycrystalline sample of AgoNiO, was synthesized at the
University of Tokyo by a solid state reaction technique under
an oxygen pressure of 65 MPa, using reagent grade Ag,O
and NiO powders as starting materials [4]. A powder x-ray
diffraction (XRD) analysis showed that the sample was almost
single phase of Ag;NiO; (R3m with a = 0.291 nm, ¢ =
2.40 nm at 297 K) with a small amount of unidentified
phases. The amount of unidentified phases is estimated to
be around 1% by the diffraction intensities. Initial neutron
diffraction measurements were performed at the cold-neutron
powder diffractometer DMC [12] at the Paul Scherrer Institut
(PSI). However, because of the small size of the ordered
magnetic moment, only the strongest AF Bragg peak could
be measured with sufficient statistics. Therefore, in order
to obtain more information about the magnetic structure
of AgrNiO;, more measurements had to be performed at
the high-intensity two-axis diffractometer D20 [13] of the
Institut Laue—Langevin (ILL), which provides the highest
possible neutron flux. For the latter experiment the wavelength
of the incident neutron beam was 0.2421 nm, which was
monochromatized with pyrolytic graphite (002). The data
were analyzed using the computer program FULLPROF [14].

3. Results

Figure 2 shows the neutron diffraction patterns acquired at
5 and 65 K at ILL. The calculated difference between the
low- and high-temperature powder patterns is also plotted to
show the pure magnetic diffraction peaks which are indicated
by arrows. The magnetic peaks can be indexed with the
propagation vector k = (1, %, %) with the space group C2/m.
The two peaks, which are not reasonably indexed by the same
k vector, are also observed in the differential pattern at 260 =
44° and 60°. Since both the container and the cryostat produce
no diffraction peaks at 44° and 60°, the two peaks are thought
to originate from the powder sample. Therefore, the two peaks
are most likely to come from a magnetic impurity phase that is
also paramagnetic at 65 K. Unfortunately, it is very difficult,
eventually impossible, to identify the impurity phase based
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Figure 2. (a) Neutron diffraction patterns at 5 and 65 K, and the
differential pattern between them. Magnetic Bragg peaks are
indicated by arrows and indexed with the propagation vector
k=(1, %, %). There are two small peaks, which are not indexed, at
around 44° and 60° in the differential pattern. (b) Temperature
dependence of the 1 % % magnetic Bragg peak intensities, which are
normalized to the main peak intensity. The dashed line is drawn for
clarity.

only on the two peaks. The presence of the impurity phase
was also confirmed by XRD measurements. However, we
wish to emphasize that the result of the magnetic structural
analyses is not affected by the impurity phase, because the
unidentified peaks are clearly distinguished from the magnetic
Bragg peaks.

In order to obtain the possible magnetic structures for
the Ni sublattices, we performed a symmetry analysis using
the computer program BASIREPS [15]. For the propagation
vector k = (1, %, %) the decomposition of the possible
magnetic structures in terms of the irreducible representations
of the small group Gy, is found as

I' =T, +2I. (1)

Here, I'y and I'» correspond to the independent magnetic
structures. Since k = (1, % %), the magnetic structure should
be an amplitude modulated structure with a period of three
unit cells along the b-axis and two unit cells along the
c-axis. For the T'y structure, the Ni moments are aligned
parallel/antiparallel to the b-axis, but modulated along the
[1 3 2]-direction. The I'; structure also corresponds to the

Figure 3. (a) A bird’s-eye view of the magnetic structure
corresponding to the possible irreducible representations of I", for
the propagation vector k = (1, %, %). Only Ni and Ag atoms are
shown for clarity of display. The figures were generated with the
computer program VESTA [36]. (b) The ab-plane of the I',
structure, where the large and small circles correspond to the
direction of Ni spins in to and out of the paper, respectively. Long
(short) arrows and large (small) circles correspond to large (small)
ordered Ni moment. The black dashed line and green solid line
express the crystallographic and magnetic unit cells, respectively.

amplitude modulated structure, but with the moments aligned
perpendicular to the NiO;-plane. Figure 3 shows the I AF
model, in which there are two magnetically different Ni sites
in the unit cell; that is, the magnitude of the ordered moment
of one site is half of that of the other site. Note that all the Ni
sites are crystallographically equivalent.

The results of a Rietveld refinement using the two models
are shown in figure 4 and table 1. It is found that the I';
structure provides a better fit to the experimental data; namely,
the Bragg- and magnetic-R factors are Rg = 1.66% and
R = 26.5%, respectively, for the I'; structure, whereas Rg =
2.03% and Ry, = 48.3% for the I'; structure. The magnetic
moment my at the /th Ni site is described as

m; = mgcos(2rk -1), 2)

where mg = (0.31,0,0.65) up for the I'; structure (see
figure 3), as in the case of BaCoQO3. The magnitude of the
ordered Ni moment, 0.67 ug, is almost one-third of the
effective magnetic moment (u.rf = 1.77 up), which was
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Figure 4. Rietveld refinement patterns for (a) the I'; and (b) the I';
structure. The two 26 regions (36.0° < 26 < 37.5° and

47.1° < 26 < 50.0°) were excluded from the fit due to impurity
peaks.

determined by a Curie—Weiss fit (see figure 1(a)) for the x (T)
curve in the T range between 60 and 220 K (above 7).

4. Discussion

There are too many compounds represented by AMO;, in
which the M ions form a two-dimensional triangular lattice,
to discuss their whole nature in a single regular paper. We,
therefore, concentrate on layered nickel dioxides, ANiO,,
and disilver transition-metal dioxides, AgoMO;, in order to
deduce the origin of the AF order in AgzNiO;.

4.1. Ag,NiO; and other layered Ni dioxides

When we look at the component with pog = 0.67 up
(0.33 up), i.e. the long-blue (short-red) arrows in figure 3(b),
each moment aligns parallel to another spin in the NiO;
plane, but antiparallel to the spin in the adjacent NiOj
planes, namely, the A-type AF order as in the case for
NaNiO; [17-19]. Hence, the AF structure is thought to be
a combination of the two A-type AF sublattices. Such a
complex AF structure naturally increases the fluctuation of
the Ni moments through the interaction between neighboring
Ni moments in the NiO plane. Furthermore, considering the
projection to the ab-plane, the Ni ions in the adjacent NiO;
planes are located at the center of the Ni triangular lattice due
to the ABCABC stacking sequence along the c-axis. Since
there are multiple pathways for the interaction with the Ni
moments in the adjacent NiO; plane through the Ag, plane,
the Ni moments are expected to be fluctuating along the
c-axis.

Table 1. Results of the Rietveld refinement of the neutron powder
diffraction data for AgaNiO; at 5 and 65 K (space group C2/m).
The atomic positions are Ag(x, 0, z), Ni(0, 0, 0) and O(x, 0, 7).
Ryp, Rp and R represent the reliability (R)-factors for the whole
pattern, Bragg and structure factor, respectively. The R-factors are
sufficiently low, indicating that the analysis is well converged. The
occupancies (g) for the Ag and O sites are variable, and are almost
100%.

Parameter 5K 65 K
Ag g 1.022(4) 1.022(4)
x 0.217(2) 0.2125(1)
z 0.6411(2) 0.6402(2)
(0] g 1.009(5) 1.009(5)
x 0.378(2) 0.378(2)
z 0.1277(2) 0.1286(2)
Ni g 1.0 (fixed) 1.0 (fixed)
a (nm) 0.50421(3) 0.504 81(3)
b (nm) 0.29154(2) 0.29119(2)
¢ (nm) 0.81849(3) 0.82163(3)
B () 101.491(6) 102.246(5)
Ryp (%) 5.36 7.44
Rg (%) 1.68 4.63
Rr (%) 1.96 3.55

Concerning the discrepancy between the AF structure
of AgoNiO, determined by neutron diffraction and that
speculated by utSR, we are still unable to find a correct
reason. However, for the related compound, LiCrO; [20], in
which the Cr** ions form a 2DTL, there are 36 magnetically
different ' sites in the lattice, when we assume the
commensurate AF structure proposed by neutron. As a result,
although the obtained zero field (ZF) u*SR spectrum below
TN consists of 36 precession signals with zero initial phase,
the ZF-u SR spectrum was well fitted by two precession
signals with non-zero initial phase. That is, 48.6° and
—52.7° at 1.7 K, as expected for an IC-SDW order. A similar
explanation could be applicable for AgoNiO,, due to the
monoclinic distortion of the lattice below T5.

Here, we wish to emphasize that the AF order for
AgoNiO; is very different from that for AgNiO; [22, 23, 9,
2, 21, 3], which enters into an AF semimetallic phase below
Tn = 22 K. This is because recent neutron work proposed
that charge disproportionation of the Ni3* jons (3Ni*t —
Ni%* + 2Ni*>7%) occurs below T. The magnetic Ni*>* jons
are responsible for the AF order, while nonmagnetic Ni**
ions still contribute semimetallic conductivity below Tn. The
absence of charge disproportionation in AgyNiO, suggests
that all the Ni** moments order antiferromagnetically below
T, indicating that the NiO; plane is insulating. Therefore,
the Agr plane is found to be responsible for the metallic
conductivity. This leads to a question on the origin of the
AF interaction across the Ag, plane. For NaNiO, [24], the
Ni—O-Na—O-Ni interaction via the empty 3s orbital of the
Na ions plays an essential role to form A-type AF order
with Ty = 20 K. However, it is most unlikely that a similar
Ni—-O-Ag-Ag—O-Ni interaction via the 5s orbital of Ag,
which is quarter-filled, is responsible for the AF order of
AgyNiO». This is because the Ty of AgoNiO; is 2.8 times
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higher than the Ty of NaNiO,, despite a large separation
between the two adjacent NiO; planes, i.e. ¢ = 0.82 nm for
AgrNiO,, whereas ¢ = 0.56 nm for NaNiO,.

We thus consider the other interaction through metallic
Ag> planes. That is, the interlayer AF coupling between the
adjacent NiO; layers could be induced by an RKKY-type
interaction [25] via itinerant 5s electrons instead. This is
consistent with the results of electronic structural calculations
using a Hartree—-Fock/DFT method, which show that the
Ag 5s/5p bands cross the Fermi level [5]. The calculations
predicted that AF order between the Ni moments in the
adjacent NiO; planes is more stable than FM order [5],
indicating the formation of A-type AF order. The same
calculations also proposed the appearance of ferrimagnetic
order in the NiO; plane, when FM electron correlation is
decreased [5]. The proposed ferrimagnetic structure looks
similar to the present neutron result, if we ignore the lack
of an amplitude modulation in the calculated result. Since
the Tn(=56 K) of AgyNiO; is higher than the TN (=20 K)
of NaNiO,, the RKKY-like interlayer AF interaction via
the 5s electrons of the Agy plane is naturally stronger than
the interlayer AF interaction of NaNiO;. Such a strong
AF interaction in AgoNiO; is expected to stabilize the
ferrimagnetic order in the NiO, plane.

On the other hand, DFT calculations on NaNiO; suggest
a weak FM interaction (~1 meV) in the NiO, plane due
to the 90° Ni—O-Ni exchange, while the interlayer AF
interaction through the Ni-O-Na—O-Ni path is much weaker
(~0.1 meV) [26]. Now we discuss the magnetic order
within the ab-plane. The arrangement of Ni moments in the
ab-plane for AgrNiO; is similar to that for CsCoBr3 [27,
28] and BaCoOs3 [16]. In CsCoBr3, the inter-plane magnetic
interaction is two orders of magnitude weaker than that within
the ab-plane. The magnetic order in the ab-plane is due to
the nearest-neighbor (J1) and second-neighbor (J3). Since
Ji ~ =80 K (—6 meV) and J, ~ 40.8 K (0.06 meV), the AF
order is naturally formed in the ab-plane. BaCoOj3 shows the
amplitude modulated AF structure although charge ordering
does not appear. As in CsCoBrs, the exchange interaction
in the ab-plane is weaker than that along c-axis due to the
large separation by Ba ions in the ab-plane. Nevertheless,
3D AF order is formed in BaCoO3 as confirmed by neutron
diffraction study [16]. Therefore, the AF order in the ab-plane
is led by the Co-O—O—Co interaction. The shortened magnetic
moment on the Niion compared with the other one is probably
due to the fluctuation of the Ni moment, as discussed in
CsCoBr3 and CsNiCl3 [27, 29]. As in the case of CsCoBr3 and
BaCoOs3, the AF order in the ab-plane in Ag>NiO» is formed
by the interaction in the NiO; plane with the comparably large
inter-plane interaction.

4.2. AgyNiO, and other disilver metal dioxides

Besides AgrNiO;, three other disilver transition-metal (M)
dioxides were recently prepared using a solid state reaction
technique under high-pressure, namely, AgoMnO, [30-32],
AgrCrOs [33, 34], and AgrFeO, [35]. Although the detailed
physical properties of Ag,FeO; are still not clarified, the other

two compounds are reported to exhibit metallic conductivity
down to the lowest T measured. Furthermore, as T decreases
from ambient 7, AgoMnO;, undergoes successive magnetic
transitions from a Curie—Weiss paramagnetic phase with
®w = —370 K to a short-range magnetic ordered phase at
Tn = 80 K [31], and then to a spin-glass phase at Ty =
22 K [32]. In contrast, AgrCrO» is a Curie-Weiss paramagnet
with ®w = —95 K, and enters into a long-range partially
disordered state with five sublattices below T = 24 K [34].

Here, we should note that the triangular lattices of Mn>*
and Cr3t ions are distorted at low T in both compounds,
resulting in isosceles triangular lattices. For AgMnO», a
Jahn—Teller distortion of each MnOg octahedron is thought to
be responsible for the macroscopic structural distortion [34],
but the mechanism of the distortion is still not clarified
for AgoCrO,. Anyway, such a structural distortion naturally
enhances the anisotropic magnetic interaction in the MO,
plane. This could be the reason for the absence of long-range
AF order in AgoMnO; and AgCrO». In contrast, the present
neutron work indicates that this distortion is very small for
AgrNiO, compared to those for AgaMnO; and AgyCrOo;
namely, the length of two edges of the Ni triangle is
0.29121 nm and that of the bottom edge is 0.291 54 nm.
The distortion (8) is, hence, 1.001(=0.29154/0.291 21) for
AgrNiO,, whereas § = 0.971 for AgoMnO, [32] and § =
0.996 for AgrCrO, [34].

Back to NaNiO,, despite the fact that § = 0.944 due to
a Jahn—Teller distortion of the Ni3* ion, long-range AF order
is established below T = 20 K [17, 18]. This suggests that,
although the structural distortion is one of the parameters
that determines the magnetic ground state of the triangular
lattice, the electron configuration of the M3 ion is also an
important factor. In particular, an orbital degree of freedom of
the e level is most likely predominant for the formation of
long-range AF order.

5. Conclusion

Based on powder neutron diffraction measurements on the
metallic triangular antiferromagnet Ag>NiO» with Ty = 56 K,
the AF structure has been determined as an amplitude
modulated structure with propagation vector k = (1, %, %).
Although the magnetic NiO, planes are thought to be well
spatially separated by the Ag; planes, the interaction between
adjacent NiO, planes plays a significant role in forming
the AF order along the c-axis, indicating the presence of a
magnetic interaction path via the Ag, plane. Therefore, it is
clarified that the Ag, plane is responsible for the metallic
conductivity and is essential for the formation of long-range
AF order on the NiO; plane through an RKKY-type 3d-5s
interaction.
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