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Abstract

Silver oxonickelate AgyNiO, is a metallic compound presenting a spin-1/2
triangular lattice. It exhibits a structural transition at 7y = 260 K, which
may be related to e orbital ordering, and an antiferromagnetic transition at
Tn = 55 K. Impurity effects on its magnetic and electronic properties are
examined by substituting Fe for Ni in Ag,Ni,_ Fe,0, (0 < x < 0.3). A Curie-
like enhancement in magnetic susceptibility is observed at low temperature,
which implies that most Fe’T spins behave as free spins. Moreover, a large
enhancement of residual resistivity and its suppression under magnetic fields
are observed. Magnetic interactions in the Ni** triangular lattice are discussed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Quantum phenomena on the triangular lattice have attracted many researchers, because
associated geometrical frustration may suppress classical long-range order (LRO). It sometimes
leads to a ‘liquid’ ground state with finite entropy [1]. There have also been extensive studies of
the relation between orbital order and magnetic order on the triangular lattice, which has been
explored in compounds such as LiNiO; [2, 3], NaNiO, [4, 5] and LiVO, [6].

Another Ni** triangular lattice compound Ag>NiO, was found in 2002 by Schreyer et al
[7]. The crystal structure is characterized by alternating stacking of a NiO; slab and a pair of
staggered hexagonal silver layers. Since the formal valence distribution is (Ag;)* and Ni**,
the silver layers give rise to metallic conductivity coming from the quarter-filled Ag 5s band,
while the NiO; layer presents a spin-1/2 triangular lattice with twofold spin and twofold orbital
degeneracy, as evidenced by resistivity and magnetic susceptibility measurements [7-9]. Thus,
AgrNiO; is considered to be a unique system in which one expects an interesting interplay
between conduction electrons and localized quantum spins on the frustrated lattice. It was
reported that Ag;NiO, shows a structural phase transition at 7y = 260 K, which may be related
to orbital ordering, and an antiferromagnetic (AFM) transition at Ty = 55 K [7-9]. We have
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Figure 1. (a) Temperature dependence of magnetic susceptibility of AgoNi;_ Fe,O, (x =
0,0.01,0.03,0.1,0.2,0.3). (b) Spin glass like behaviour observed for x = 0.3.

discussed the relation between orbital order patterns and magnetic interactions in the NiO,
plane from the viewpoint of superexchange interactions, and suggested that AFM interactions
dominate in the NiO, plane [9]. Recent SR experiments showed that incommensurate AFM
order takes place in the NiO, plane below Ty [10].

Here, we study impurity effects on the orbital and magnetic orders of Ag;NiO,. An Fe’"
ion, which has a 3d° state with § = 5 /2, is substituted for a Ni*t ion with § = 1 /2 in the
chemical formula AgoNi, _ Fe,O,. Changes in magnetic susceptibility and resistivity with Fe
substitution are investigated. It is shown that the results are consistently interpreted by the
orbital order and magnetic interactions proposed in our previous paper [9].

2. Experimental details

A series of Ag;Ni,_ Fe, O, powder samples was prepared by the solid-state reaction of Ag,0,
Fe,O3 and NiO under high oxygen pressure, as reported previously [7, 9]. A single-phase
sample was obtained for x < 0.3, as examined by powder x-ray diffraction measurements. For
x = 0.5, a small amount of AgFeO, was detected as an impurity phase. It is reasonable to
assume that the Fe3* ion replaces a Ni** ion, because a trivalent state is likely most stable for
Fe for these preparation conditions. Magnetic susceptibility measurements were performed in
the temperature range 2-350 K in a Quantum Design magnetic property measurements system
(MPMS). Resistivity measurements were carried out in the temperature range 2-400 K on a
compressed pellet by the standard four-probe method in a Quantum Design physical property
measurements system (PPMS). Magnetoresistance measurements were also carried out in the
PPMS under magnetic fields up to 14 T at 20 K.

3. Results and discussion

Figure 1(a) shows the temperature dependence of magnetic susceptibility of Ag,Ni,_ Fe,O,
(0 < x < 0.3). A large Curie-like enhancement is observed at low temperature with increasing
Fe content up to x = 0.1. This enhancement may be due to free Fe’* spins. Assuming
S = 5/2, the amount of free spins is estimated to be 0.016 and 0.034 Fe/formula unit based
on the Currie law for samples with x = 0.01 and 0.03, respectively. Therefore, it is concluded
that most of the substituted Fe** spins behave as free spins in the matrix of ordered Ni** spins.
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Figure 2. Temperature dependence of resistivity of AgyNi;_ Fe,Oy (x =
0,0.01,0.03,0.05,0.1,0.2,0.3) (a), and the x dependence of magnetoresistance measured
at 20 K (b).
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Figure 3. x dependence of 7Ty determined from resistivity (triangle) and magnetic susceptibility
(circle) measurements.

This suggests that magnetic interactions between Fe®* and Ni** spins are effectively cancelled
due to certain frustration.

On the other hand, spin glass behaviour was observed for larger Fe substitution, x > 0.2.
As shown in figure 1(a), the increase of susceptibility at low temperature seems to saturate
for x = 0.2 and 0.3. The field dependence is shown in figure 2(b) for x = 0.3, where spin
glass like behaviour is clearly seen: at low magnetic field, a large thermal hysteresis is detected
between a heating curve after zero-field cooling and a cooling curve in a field. This fact implies
that at high concentration Fe spins are not free but may form a small magnetic cluster.

The temperature dependence of resistivity for the solid solution is shown in figure 2(a). All
samples investigated show metallic resistivity. The anomaly at 7y shifts to a lower temperature
with increasing x. The x dependence of Ty is shown in figure 3. Ty decreases rapidly until
x = 0.1, and becomes independent of x at around 40 K. The fact that Ty is not affected much
at such high Fe concentration means that the introduction of Fe** spins does not destroy the
LRO of Ni** spins, so Fe3* spins coexist as free spins or clusters.

The most interesting finding on the impurity effect is the large enhancement of residual
resistivity, as shown in figure 2(a). The residual resistivity ratio RRR is approximately 10 for
x = 0, and it is reduced to 1.3 for x = 0.3. Such a large enhancement of residual resistivity
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Figure 4. Possible spin arrangement of AgoNiO, expected from an orbital order pattern (a) and the
effect of Fe substitution (b).

is attributed to the reduction of the mean free path of carriers due to impurity scattering. In the
present case, we expect a large magnetic scattering of conducting carriers in the Ag; layers due
to free Fe’* spins in the NiO, plane.

We also investigated the magnetic field dependence of resistivity, as shown in figure 2(b)
for T = 20 K. The magnetoresistance is slightly positive for a pure sample, while it becomes
negative for substituted samples. The magnitude of the negative magnetoresistance increases
rapidly with increasing x. For example, it is —5.6% at H = 14 T for x = 0.1. Interestingly,
the field dependence is quadratic for small x, but tends to be linear for larger x. This negative
magnetoresistance is attributed to the suppression of the magnetic scattering due to free Fe
spins by applying a magnetic field.

AgrNiO, exhibits a second-order structural phase transition at 7;. We have proposed a
possible orbital ordering model assuming a ferro-orbital order of d,>_ 2 type [8, 9]. T can be
determined from the kinks observed in the temperature dependences of magnetic susceptibility
and resistivity. It seems that 7; decreases slightly with increasing x, though the kinks become
obscure as x increases. Since an Fe’' ion lacks orbital degeneracy, a dilution of the d,2_,»
orbital order may occur with the substitution, which causes the reduction of 7y and the
suppression of orbital order.

A possible spin arrangement in the Ni plane is depicted in figure 4. It was deduced from
considerations on the magnetic couplings based on the orbital order model. In this model,
two sides of a Ni** triangle have an AFM interaction and one side has an FM interaction as
a result of the d,>_» orbital ordering. The expected spin arrangement below Ty is illustrated
in figure 4(a). Here, we discuss the spin state of a substituted Fe** ion based on this model in
order to explain the observed magnetic and electrical properties of Ag;Ni,_,Fe,O,. Since an
Fe3* ion has five 3d electrons in the high-spin state, there is no orbital degeneracy. According
to the Goodenough rule modified by Kanamori, the superexchange interaction between Fe and
Ni is expected to be FM, because the Fe—O-Ni bond angle is nearly 90° [11]. Then, interactions
between an Fe spin in the centre and the surrounding six Ni spins are frustrated, as shown in
figure 4(b): four of them with up spins try to force the Fe spin up, while the rest with down
spins must act inversely. Due to this frustration, an Fe spin tends to be decoupled from Ni
spins in the matrix and behave as an almost free spin at low temperature. However, this simple
model considering only nearest-neighbour interactions may not be enough. In fact, recent ©SR
experiments indicate that there exists incommensurate AFM order in the NiO, plane. To clarify
these issues, neutron diffraction experiments on pure and Fe-doped samples are in progress.

On the other hand, the situation may be modified for higher Fe concentration. Then another
Fe3* ion might replace one of the six adjacent Ni ions, the probability of which increases
with x. A simple estimation of a critical concentration x. is 1/6 ~ 0.16. In such an Fe pair
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or a cluster, Fe’* spins should be coupled to each other ferromagnetically. Therefore, one
expects an FM cluster that is embedded in a matrix made of Ni** spins, resulting in spin glass
behaviour at high Fe concentration. In fact, the change from free spin to spin glass behaviour
is observed for Fe concentration between 0.1 and 0.2, just around x, = 0.16. In terms of site
percolation on the triangular lattice, it is known that the critical concentration at which Fe3*
ions form a path from one end to the other end of a sample is 50%. FM LRO would set in
at such a high Fe concentration, but it is beyond the solubility limit in the present compound.
The spin glass behaviour in the present system is similar to those in conventional spin glass
systems such as Au;_yFe,, where cluster spin glass behaviour appears at Fe concentration
0.01 < x < 0.15 [12, 13]. It is interesting to note that the NiO, plane of Ag,Ni,_, Fe, O,
behaves as a non-magnetic medium due to inherent coexistence of FM and AFM interactions
on the triangular lattice.

4. Conclusion

We have studied the electrical and magnetic properties of AgNi;_, Fe, O, (0 < x < 0.3). Itis
found that both the magnetic and orbital order are rather insensitive to Fe substitution. Most of
the Fe3* spins behave as free spins for x < 0.1, while cluster spin glass behaviour is observed
for x > 0.2. These results are qualitatively explained based on a model previously proposed
for the spin-1/2 triangular lattice with ferro-orbital order in Ag;NiO5,.
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