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Abstract.

To reveal the spin and charge states in the density wave order phase of bilayer nicke-
late LazNiyO7, we performed a site-selective *°La-nuclear quadrupole resonance (NQR)
measurement on this compound at ambient pressure. It enables us to selectively inves-
tigate the intrinsic electronic properties at the La(2), site, which is outside the NiOs
bilayers of the defect-free La327 crystal site. This site is clearly distinguished from the
La(2)y, site, which is close to some local defects. Below 150 K, nearly half of the intrin-
sic La(2), sites are subject to a finite internal field parallel to the ab plane, while the
other half are subject to a zero internal field. This is consistent with a spin density wave
(SDW) ordered state of single spin-spinless stripes, which is composed by the reduced
Ni magnetic moments parallel to the NiOs-plane. We also suggest that the charge den-
sity wave order was not clearly observed at the intrinsic La(2), site, that is, the charge
distribution is nearly homogeneous around La(2), site. This result will provide insight
into the electronic states of the layered nickelates at ambient pressure, and the origin of
novel superconducting states under high pressures.

1 Introduction

In 2023, High-T. superconductivity (SC) with 7. ~ 80 K was discovered in the bilayer nickel oxide
LagNiyO7 at high pressure[1]. The formal valence of Ni in LagNisO7 is +2.5 (3d"-?), indicating that the
3dy2_y2/3.2_,2 orbitals are partially occupied by three electrons per bilayer. Thus the spin, charge, and
orbital degrees of freedom of the d electrons are expected to have some relations with the appearance of
the SC state at high pressures. Previous experimental studies on LagNisOr71s (La327) have attributed
anomalies in electronic states below 100 ~ 200 K to the appearance of charge density wave (CDW) and/or
spin density wave (SDW) at ambient pressure(2, 3, 4, 5, 6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20].
Among the possible density wave (DW) ordered states, the single spin-charge stripe order[9, 13, 14, 15,
18, 19](single spin-spinless stripe order [18]), the double spin-charge stripe order, the double spin stripe
order[9, 16, 17], and “double charge stripe order ” [20] have been proposed by various spectroscopic
experiments. Nevertheless, a consensus has yet to be obtained. Additionally, the static spin order was
not reported by first neutron scattering experiment[21], while a recent neutron scattering experiment by
another group reported the observation of the spin orders[19].
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In the previous NMR study on La327, two crystallographically inequivalent La sites were observed
in the 139La-NMR spectra, as shown in Figs. 1(a) and 1(b)[11]: The La(1) is located between the NiOy
planes and the La(2) is located outside the NiOg bilayers. Below T*(~150 K), the significant broadening
of the NMR spectra and the enhancement of the nuclear spin relaxation rate (1/77) were observed, which
are due to the emergence of the static spin and/or charge order at ambient pressure[11]. To further
resolve the potential convolution of spin and charge states, a nuclear quadrupole resonance (NQR) study
was demonstrated on La327 to selectively probe the local electronic states at the La(1) and La(2) sites.
According to the previous NMR reports, the NQR frequency (vg) was deduced to be ~ 5.6 MHz for the
La(2) and ~2.2 MHz for La(1)[11, 17, 22]. Figure 1(c) displays the schematic of the entire 1**La-NQR
spectrum anticipated for two different La sites above 150 K.

In this paper, we review the 3%La(2)-NQR study on La327(§ ~ 0), which revealed unambiguous
evidence of SDW order with the single spin-spinless stripes below T* (~150 K) by selecting the intrinsic
La327 crystal site microscopically[18].
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Figure 1: (Color online) (a) Crystal structure of the bilayer nickelate LazNiaO7 (La327). (b) Two
crystallographically inequivalent La sites, La(1) and La(2), were identified by '3?La-NMR spectrum above
150 K[11]. This allows us to deduce the NQR frequency (vq) for each La(1) and La(2) site. (c) Schematic
of the expected entire '3°La-NQR spectrum for two different La sites, which provides an opportunity to
selectively probe the La(1) and La(2) sites. This study focuses on the La(2)-NQR spectra in the frequency
regions of 3vg(2) in Fig. 2 and from 2vg(2) to 3vg(2) in Fig. 3(a).

2 Experimental

139T,a-NQR spectra were measured using a coarse powder sample of polycrystal La327(§ ~ 0) synthesized
via the solid-state reaction method[24]. The oxygen deficiency, d, is determined by thermogravimetric
(TG) analysis[24]. An X-ray diffraction experiment revealed a single orthorhombic structural phase with
lattice parameters reported previously[24]. For comparison, the same experiment was carried out on the
oxygen-deficient polycrystal La327(6 ~ —0.03), which was synthesized using a different method[25]. In
general, the energies of the 13La nuclear spins (I = 7/2) are split into four levels (m = +1/2, +3/2,
+5/2, and £7/2) by the nuclear quadrupole interaction, and thus, as illustrated in Fig. 1(c), three
resonance peaks are expected for each La site in the NQR spectrum. Here, the NQR frequency for La()

site is defined by VS) = 3eQVz(§) /[2I(21 —1)h)], where Q is the electric quadrupole moment of 13%La, and
Vz(zi) is a principal value of the electric field gradient (EFG) tensor at each La(i) site. The asymmetry

parameter of the EFG () is defined as |Vx(fc) — Vy(é)| / VD To discuss the spin and charge states from
the microscopic points of view, we focus on the '**La-NQR spectra at 2vq (£5/2 +» £3/2) and 3vg
(£7/2 < £5/2) of La(2) site in this study.

3 Results and discussion

In an ideal crystal of La327 without any defects, a single 3vg-resonance peak from La(2) site is anticipated
in the NQR spectrum for T' > T*(~150 K). However, as shown in Fig. 2(a), two distinct peaks are
observed in La327(d ~ 0), which are denoted as La(2), and La(2),. The result is compared with that
of another sample of La327(§ ~ —0.03) in Fig. 2(b), suggesting that there are several La(2) sites due to
some defects in this sample. We note that the peak of La(2), (~17.7 MHz at 160 K) has the narrowest
linewidth and the largest intensity in both La327 samples, and thus, La(2), is assigned to the intrinsic
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Figure 2: (Color online) La(2)-NQR spectra for 3vq frequency region at 7' > T* in (a) La327(5 ~ 0),
compared to the results in (b) La327(§ ~ —0.03). If it were a perfect La327 crystal without any defects,
we expect only one La(2) site that gives only one peak in this frequency region. However, in La327(d ~ 0),
two resonance peaks are observed: They are denoted as La(2), and La(2)},, which are attributed to the
site of the ideal La327 and the one near some defects, respectively. The peak at ~15.5 MHz is the ideal
La(2) site of La4310, which are included as stacking faults as illustrated schematically in right panel. We
note that the La327(d ~ 0) sample includes almost no stacking faults of La4310 impurity. Cited from
Ref.[18].

La(2) site in an ideal La327 crystal structure without defects around them. The peak at approximately
15.5 MHz is assigned to the La(2)%319 site of an ideal La4310 crystal without nearby defects[18, 22, 23].
Notably, the La327(6 ~ 0) sample contains almost no stacking faults of La4310 phase, although they
exist in La327(d ~ —0.03). Hereafter, we focus on the NQR study on the sample La327(é ~ 0) ensured
by good quality. In the following discussion, we focus on the results for the La327 sample (6 ~ 0), which
is characterized by its good quality.

Next, we present the T" dependence of the 3vg- and 2vg-spectra to discuss the spin and charge states
across T*(~150 K) at the intrinsic La(2), site of La327(6 ~ 0). As shown in Fig. 3(a), the 3vg-spectrum
at approximately 17.8 MHz splits slightly into two narrow peaks. On the other hand, the 2vg-spectrum
at ~11.9 MHz broadens and splits into three peaks below T*: One peak with a narrow linewidth remains
around the frequency corresponding to pure NQR frequency (i,e, zero internal field), however, the other
two broad peaks shift significantly to lower frequencies. This result cannot be explained primarily by the
charge anomaly: When the relation vg o< V., is taken into account, the deformation of the 3vg-spectrum
should be approximately 1.5 times larger than that of the 2vg-spectrum, if the charge anomaly such as
CDW is the primary cause. Thus, we consider the case of magnetic spin order next.

To reproduce the spectra of 3vg and 2vg simultaneously, we simulated the peak-shift as a function
of the internal magnetic field (Hi,) and the angle 6 between V. and Hi,. We obtained a good result
when we assumed that 6 is nearly 90°. The peak frequencies calculated for 3vg and 2vg as a function of
H;,, are shown by the red curves in Fig. 3(b). The large (small) intensity expected in the spectrum is
represented by the dark (light) tones on the colored curves. A small shift to lower frequency for 3vg-peaks
and a large splitting and shift for 2vg-peaks can be simultaneously reproduced by assuming |Hiyg| ~ 0.18
T and 6 ~ 88.3°[18]. In addition to the presence of the aforementioned La(2)Z sites with Hi,, #0, we
must also consider the presence of La(2)g sites with Hj,, = 0, where Hi,¢ is nearly canceled out. The
volume fraction of La(2)F with Hj,, ~ £0.18 T is roughly comparable to that of La(2)? with H;,, = 0.

Consequently, our NQR result is consistent with the SDW order model with single spin-spinless stripes,
where the charge is nearly homogeneous. Figure 3(c) illustrates the spin structure of this model. The
magnetic moments at the Ni site (My;) are antiferromagnetically aligned in the ab-plane, as shown by
the red and blue arrows in this figure. It induces the comparable number of La(2)F and La(2)? sites
with |Hiyg| =0.18 and 0 T, which corresponds to the sites on the straight Ni-spin and spinless channels,
respectively. Here, we exclude cases where My; is parallel to the c-axis or not parallel to the a-axis within
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Figure 3: (Color online) (a) La(2)-NQR spectra at 2vg (10 ~ 12 MHz) and 3vg (15 ~ 18 MHz) across
T* for La327(6 ~ 0). (b) Simulation of resonance frequencies as a function of Hj, for La(2),(red) and
La(2)p(blue). There are two La(2), sites with |Hiy| = 0.18 T and 0 T, while Hjy, for La(2), sites was
distributed largely from 0.2 to 0.5 T. (c¢) Hlustration of SDW order with a single spin-spinless stripe at
the La(2), for the case of an ideal La327 without any defects, which consistently explains our results.
The sites with Hi,, = +£0.18T and 0 T are La(2)F on the Ni spin channel and La(2)? on the spinless
channel, respectively. The AFM moments are aligned antiferromagnetically within the NiOq layers. (d)
Tlustration of possible spatial distribution of La(2), and La(2);, around Oyacs (squares) in the case of
hypothetical La327 crystal with oxygen deficiencies. We deduce that the Hjy, at the La(2)y, sites around
Oyacs are inhomogeneously distributed from Hi,y ~ + 0.5 T at La(2)§)IEjE sites on the Ni-spin channel to

Hipy ~+ 02T at La(2)§ sites on the spinless channel. Cited from Ref.[18].

the ab plane, since the presence of the sites with Hj,s =0 is not explained in such situations. According
to the DFT calculations, the direction of V,, at La(2) is tilted approximately 20° from the ¢- toward the
b-axis. If the magnetic moment were parallel to the b-axis, the § would be 70°, which is not close to our
experimental fact. Thus, we consider that the most likely direction of Mpy; is along the a-axis and the
propagation vector Qspw = (0,1/2)[18].

We note that the observed value of |Hiy| ~0.18 T at the La(2), site is one order of magnitude smaller
than ~2 T observed at the La site of the antiferromagnetic order of LasNiO4 (La214), which possesses a
high-spin state (d®) of Ni?T[26, 27]. Since the hyperfine coupling constant (Ay¢) is not identical to that
of La214, the precise estimation of Mpy; of La327 is difficult from a simple ratio of Ay¢. However, the
small value of Hj, in La327 suggests a reduction in My; due to d-electron itinerancy in metallic La327,
unlike the localized system of insulating La214. According to uSR experiments, assuming My; exists
in the ab plane, My; ~ 0.42up was proposed[13]. Considering that our experimental result indicates
that My; is in the inplane direction (a-axis), we can infer a value of approximately 0.42up. It is similar
to those recently reported in neutron scattering experiments[19] Theoretically, this SDW state can be
explained by nesting of Fermi surfaces between the « and 3 pockets, which are formed by the hybridized
bands of the bonding orbitals of the 3ds.2_,> band originating from the NiO, bilayer and the 3dg2_,2
orbitals[28, 29]. The strong band hybridization effect between these two orbitals is likely related to the
reduced magnetic moment.

Finally, we address the origin of the La(2)y, site, which is close to some local defects. The T dependence
of the 3vg peak frequency and the nuclear relaxation rate 1/T1T for the La(2), site resembles that for
the La(2), site[18], suggesting that they belong to a similar crystallographic structure, that is, it is not
attributed to the apparent phase separation. Therefore, we deduce that the La(2)p site is most likely
the site close to an oxygen vacancy (Oyac) assumed to be between NiOy planes. Assuming one oxygen
vacancy (Oyac), the four adjacent La(2), sites (eight sites above and below NiOg bilayers) become La(2)y,
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sites, as shown in Fig. 3(d). Assuming a hypothetical crystal La327 (6 ~ —1/8), the number of La(2),
and La(2)}, sites would be comparable, which explains the similar spectral intensities. Below 150 K, the
very broad NQR spectrum was observed at La(2)}, sites, as shown in Fig. 3(a), which can be explained
by the simulation assuming an inhomogeneously enhanced internal field of |Hj,i| =0.2~0.5 T in the same
model[18]. This can be interpreted as La(2)i* site with strongly enhanced Hin; on the Ni spin channel,
and La(2) site with moderate Hiy; on the spinless channel, as indicated in Fig. 3(d).

We note that the other NQR reports have proposed that the La(2), may be attributed to the La(2)
site in Fmmm structure (not Amam structure)[17], the La(2) site at the interface of La4310 side of the
La4310/La327 stacking faults[23], and the La(2) site at the interface of La327 side of the La327/La4310
stacking faults[20]. The origin of the La(2)}, site is still controversial. In our interpretation, the question
also remains: Is there a specific density (e.g., 6=—1/8) that stabilizes the oxygen vacancy? and a
corresponding excess oxygen somewhere such as in a Frenkel defect ? This remains a problem for the
future research.

4 Summary

1397,a(2)-NQR spectroscopy distinguishes the intrinsic La(2), site of the ideal La327 crystal from the
La(2)y, site close to some local defects, which enables us to discuss the intrinsic electronic properties of
La327 crystal. Through the analyses of 139La(2)-NQR spectrum below 150 K, we revealed the emergence
of two La(2), sites with zero and finite internal field Hi,. This result is consistently explained by the
SDW order with single spin-spinless stripes composed of a moderately reduced antiferromagnetic moment
Myi(|| @) with Qspw = (0,1/2). We also suggest that the charge density wave order was not clearly
observed, i.e. that the charge distribution is nearly homogeneous at the intrinsic La327 site. Even for
the La(2);, site, the result is also explained within the same model by considering the inhomogeneous
internal magnetic fields enhanced around the nearby defects. In the future, these results will provide
further insight into understanding the possible relation with the high-T, phase at high pressure in these
superconducting layered nickel oxides.
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