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We report a '**La-NMR study of polycrystalline samples of multi(n)-layered nickelates,
LasNi2O7_5 (n = 2) and La4NizO19—5 (n = 3), at ambient pressure. Measurements of the nuclear
magnetic resonance (NMR) spectra and nuclear spin relaxation rate (1/71) indicate the emergence
of a density wave order with a gap below 7" ~ 150 K for LazNi2O7_s and ~ 130 K for LasNizO10_s.
The finite value of 1/71 below T™ indicates metallic ground states with the remaining density of
states at the Fermi level (Er) under the density wave order. These features are attributed to mul-
tiple d electron bands with different characteristics. Above T, the gradual decrease in 1/717T upon
cooling implies the presence of a band with flat dispersion near Er. From our microscopic probes, we
point out that these nickelates (n = 2 and 3) possess similar electronic states despite the difference
in the formal valence of the Ni d electron states, which provides a basis for understanding the novel

high-T¢ superconductivity under high pressures.

After the discovery of high transition temperature
(high-T¢.) superconductivity in cuprates, novel high-T,
states have been explored in other transition metal ox-
ides. The parent phase of cuprates is characterized by a
Cu-3d? electron configuration, which results in an anti-
ferromagnetic insulator owing to the strong electron cor-
relations in the d,»>_,» orbital band. The slight carrier
doping in the CuOs plane, which suppressed the anti-
ferromagnetic phase, led to the emergence of a high-T,
state. Regarding the mechanism of the high 7. cuprates,
a strong electron correlation within the dg2_,» orbital
in a nearly d” electron configuration is considered indis-
pensable. Since then, the realization of the d” state had
been anticipated in Ni oxides. However, the Nil*(d”)
state tends to be unstable compared to the Ni**(d®)
or Ni?*(d") states. In 2019, superconductivity in nicke-
late was discovered in a hole-doped infinite-layer NdNiOo
close to the Ni-d? electron configuration.! Nevertheless,
the maximum 7T, was still much lower than that of most
cuprates.

Recently, remarkably high-T. superconductivity with
a maximum 7T, of approximately 80 K has been reported
for layered nickelate LagNioO7 under high pressure of
~ 15 GPa,? and it has also been confirmed by other
groups.® ¥ This compound belongs to the Ruddlesden-
Popper (RP) phase, La,,+1Ni,,Os,41 composed of n-
layered NiOg octahedra. Compounds with n > 2 have
an intermediate electron configuration between Ni-d® and
Ni-d” in the formal valence, with partially occupied elec-
trons in the d,2_,2 and ds,2_,> orbitals. Multiple de-
grees of freedom in d electrons, such as charge, spin,
and orbital, are expected to play a role in the high-
T. phase of LagNisO7. Theoretically, the electronic
state of LazgNisO7 is considered to be described by a bi-
layer model with a large interlayer hopping between the
ds3.>_,> orbitals coupled with the d,»_,» orbital. How-

ever, the interplay between these two orbitals remains
controversial.'® '® The rich variation in elements and
layer numbers (n) within the RP series would offer high
potential for novel high-T, research. Recently, it was re-
ported that n» = 3 in the RP phase LasNizOq¢, shows
signatures of superconductivity at approximately 25 K
under high pressures.>!? 2! Conducting systematic ex-
periments on the n-layered RP phases is crucial for un-
derstanding the parent electronic states and origins of
high-T, superconductivity in nickelates under pressure.
In this Letter, we report the 3°La-nuclear mag-
netic resonance (NMR) study of n-layered nickelates
La3N1207,5 (n = 2) and L34N13010,5 (n = 3) at am-
bient pressure. The measurements of the NMR spectra
and 1/7} indicate the feature of the multiple bands: one
exhibited a density wave order below T ~ 150 K for
LasgNisO7_s and ~ 130 K for LayNizOq9_s, while the
other retained its metallic state even below T*. These
results indicate a qualitative resemblance between the
electronic states of the m-layered nickelates in the RP
phase (n = 2 and 3) at ambient pressure.
Polycrystalline  samples of LagNisO7_s  and
LayNizOq19_s were synthesized using the fine-grained
precursors LasNiO4 and NiO, along with post-sintering
oxidation processes, as described previously.?2 The
oxygen deficiencies were estimated from thermogravi-
metric analysis to be 6 ~ 0.03 for LagNisO7_5 and
0 =~ 0.36 for LayNizgO19_5. The bulk resistivity of
both the samples is provided in the Supplemental
Material?®.  The 3La(I = 7/2)NMR measurements
were performed on coarse powder samples. '3?La-NMR
spectra were obtained by sweeping the field at a fixed
frequency of fo = 45 MHz. The nuclear spin-lattice
relaxation rate (1/7}) was measured at central transition
(+1/2 <» —1/2). This was determined by fitting the
recovery curve for 139La nuclear magnetization to a
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multiple exponential function:

1—M(t)/M(c0) = ¢y exp(—t/T1) + co exp(—6t/T})
+ cgexp(—15t/T1) + cq exp(—28t/Ty),

where M (t) is the nuclear magnetization after time ¢ from
the NMR saturation pulse, and the coefficients ¢; = 1/84,
ey = 3/44, c3 = 75/364, and ¢4 = 1225/1716.%4

Figures 1(a) and 1(b) show the temperature (T') depen-
dence of the ¥9La-NMR spectra for LagNiaO7_5 (La327)
and LayNizOq9_s (La4310), respectively. The spectra
show typical powder patterns at temperatures above
T* ~ 150 K and ~ 130 K for La327 and La4310,
respectively, articulated by nuclear quadrupole interac-
tions. There are two crystallographically-inequivalent La
sites located at the inner (La(1)) and outer (La(2)) po-
sitions of n-layered NiOg perovskite blocks (see the in-
sets of Figs. 1(c) and 1(d)). As shown in Figs. 1(c)
and 1(d), the observed NMR spectra at high tempera-
tures were well reproduced by the superposition of the
spectra for two La(i) sites with the values of vg(i)
and n(:z) given in Table I. Below, vg(i) are the nu-
clear quadrupole resonance (NQR) frequencies defined
by vo(i) = 3eV..(1)Q/(2I(2I — 1)h) for each La(i)
site, where V),,(7) is the principal value of the electric
field gradient tensor for the La(i) site; ) is the electric
quadrupole moment of the 39La nucleus and the asym-
metry parameter is 7(i) = |Vye — Viyyl/Vz2. The intensity
ratios observed at the La(1) and La(2) sites in the super-
imposed spectra shown in Fig. 1(c) and 1(d) are approx-
imately equivalent to the ratio of the number of La sites
in La327 and La4310, which is, 1: 2 for La327 and 1 : 1
for La4310. The observed value of vg at La(1) indicates
a higher symmetry around the La(1) site in comparison
to the La(2) site. The finite value of n indicates the or-
thorhombicity of these compounds at ambient pressure,
which should be zero in the case of tetragonal symme-
try. The Knight shifts for both La sites in both samples
were K ~ 0.0%, and their T-dependence was negligibly
small at this experimental resolution. The obtained val-
ues vg(i), n(i), and K were similar to those reported
previously.2?

Then, we focused on the broad spectra at the tem-
peratures below T* ~ 150 K for La327 and ~ 130 K
for La4310 (see Figs. 1(a) and 1(b)). As indicated in
many studies, this broadening originates from the possi-
ble orders of charge and/or spin.?54° In these nickelates,
a complex state of charge and spin degrees of freedom

TABLE I. The NQR frequencies v (i) and asymmetry pa-
rameters 7(i) for two inequivalent La() sites, namely, La327
and La4310 obtained from the spectrum analyses.

La(1) La(2)
ve(1) [MHz] n(1) vo(2) [MHz] n(2)
LazNi2O7_s 2.2 0.30 5.6 0.05

LasNizO19-s 2.2 0.30 5.2
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FIG. 1. (Color online) T dependence of ***La-NMR spectra
for (a) La327 and (b) La4310. The red curves are simulations
of the spectra at high temperatures, which are well repro-
duced by the superposition of the spectra for two inequivalent
La(i) sites (see (c) La327 and (d) La4310) with the appropri-
ate values of v (z) and n(7) (see Table I). (e)-(f) Broad spectra
below T is simulated by assuming the uniform distribution
of vg(i) in the range of [vg (i) — Avg(i), vo(i) + Avg(i)] for
(e) La327 and (f) La4310. (g)-(h) Simulations assuming the
internal fields perpendicular to c-axis poHingray = £0.01 T
and £0.1 T at both La(¢) sites, which are inconsistent with
the spectra below T™.
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FIG. 2. (Color online) T' dependence of 1/T1T measured at
the La(1) site for La327 and La4310. Crosses denote the pre-
vious data reported by Fukamachi et al.?® The inset shows the
1/T1T measured at La(2) site in La327, which is dominated
by two T1 components, T1s(A) and T1(V).

may be inevitable because of the partial occupation of
multiple d-electron bands. First, we assume the simplest
case, where all broadening is attributed to the possible
charge density wave (CDW) order at the Ni sites. Lo-
cal charge inhomogeneity results from the vg(i) distri-
bution at both La sites because it is proportional to the
electric field gradient. Figures 1(e) and 1(f) show sim-
ulations assuming a distribution of vg(i) in the range
of [vg(i) — Avg(i), vo(i) + Avg(i)] for two La(i) sites.
The feature of the simulations is consistent with the typ-
ical experimental results, where broadening is more sig-
nificant at the satellite peaks than at the center peak.
Assuming that Avg(i)/vg(i) = 0.3 is similar to that of
the observed spectra. Next, we consider another case
in which all the broadening is attributed to a possible
spin density wave (SDW) order. Figures 1(g) and 1(h)
show the simulations assuming internal fields 1o Hing(ra)
of £0.01 T and 40.1 T, respectively, at both La() sites
for La327(La4310), for example. The overall spectra at
low temperatures could not be reproduced in the pres-
ence of an internal field alone. Note that we do not rule
out the presence of an SDW order with a small internal
field (< 0.01 T) under the charge order. The possibility
of the SDW order coexisting with the charge order3!34
is discussed again in the final paragraph.

Next, we discuss the nuclear spin-relaxation rates 1/7;
measured at the La(l) site. As shown in Fig. 2, the T
dependence of 1/T1T exhibits a distinct anomaly at T,
which coincides with the appearance of broad spectra.
The sharp drop in 1/T77T below T* indicates the onset of
a gap at Fp, owing to the possible density wave order.
At low temperatures (I' < T%), 1/T1T remains finite
in both samples, indicating that a finite density of state
(DOS) at Er remains even under the density wave order.
Here, we attempt to fit our experimental results at low
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FIG. 3. (Color online) T dependence of 1/T below T™ is
reproduced by assuming Eq. (1) with the parameters of a ~
1.5(1.7) x 1073 and A ~ 60(50) meV for La327(La4310) (see
the dashed lines).

temperatures by assuming the following relation:

1 A
— ~alT +b _ 1
T exp< kBT), 1)

The first term corresponds to the metallic bands remain-
ing even below 7™ while the latter corresponds to the
bands with a gap of A at Ep. As shown in Fig. 3, the ex-
perimental data below T were reproduced for gap sizes
of A ~ 60 meV and ~ 50 meV for La327 and La4310, re-
spectively. Similar values have been previously reported
for the optical conductivity of La327 (A ~ 100 meV)3®
and ARPES for La4310 (A ~ 40 meV).?? According
to these experimental studies, combined with band cal-
culations, it was reported that the bands near Ep are
composed of two characteristic Ni-3d orbitals: one is a
bonding band with a flat dispersion derived from the
d3,2 _,2 orbital and the other is a band with broad disper-
sion derived from the d,>_,» orbital for both La327 and
La4310.293541 The former could give rise to a strong vari-
ation in the DOS near Fr, owing to flat dispersion.?42
When a DOS with such characteristics is located slightly
away from Ep, we expect a gradual decrease in 1/ThT
upon cooling.*? As shown in Fig. 2, this can be observed
in the T range of T > T in both compounds. On the
other hand, the latter would yield normal metallic exci-
tations at Er, which is characterized by a finite value of
1/ThT. This behavior is experimentally observed below
T* for both compounds. These two distinct features can
be attributed to the unique multiband characteristics of
La327 and La4310.

Finally, we note that some studies pointed to the pos-
sible SDW order for La43103! and La327.3437 40 In the
case of LagNiOy4 (La214) (n = 1), the coexistence of the
spin and charge orders has been reported.** The ¥?La-
NMR spectra of La214 are significantly affected by the
large internal field (~ 2 T) from the magnetic moment



at the Ni sites, owing to the large hyperfine coupling
constant through the strong covalency of Ni(3ds,2_,2)-
apical O(2p,)-La(6s).*> The La214 possesses a single La
site corresponding to the La(2) site in the notation used
in this paper. The inset of Fig. 2 shows the preliminary
results of 1/T1T measured at the La(2) site, which is two
orders of magnitude larger than that at the La(1) site ow-
ing to the large fluctuating hyperfine field from the spins
at the Ni sites. Here, we observe shorter and longer T
components denoted by T1g and T, respectively. 1/Tyg
was critically enhanced towards T, suggesting the possi-
bility of magnetic fluctuations developing just above T*.
1/T 1, also remained large, in contrast to that of the La(1)
site, suggesting that the La(2) site may be a good probe
for the magnetic properties of these nickelates. In con-
trast, the La(1) site is likely insensitive to magnetic fluc-
tuations because the eight neighboring Ni sites mostly
cancel the magnetic hyperfine field. Although the broad-
ening of the spectra below T is primarily attributed to
charge anomalies (see Fig. 1), positing distinct internal
fields at the two La sites, namely, a small field at the
La(1) site and a larger field at the La(2) site, might be
another possible scenario for reproducing the spectra. To
identify the further details of the possible charge and/or
spin orders, La-NQR measurements, which distinguish
La(1l) and La(2) at zero field, will be necessary in future
studies. Note that a very small internal field due to the
SDW order has recently been reported by NMR in single
crystals of La327.3° There remains the problem of sam-
ple dependence, such as the local electronic states of Ni

around the oxygen-deficient sites. Its relationship with
the local microscopic states around oxygen-deficient sites
should clarify this in the future.

In summary, our °La-NMR study of polycrystalline
samples of n-layered nickelates La,+1Ni;,Os,41 (n = 2
and 3) reveals that the density wave order associated
with the charges emerges below T* ~ 150(130) K for
La327(La4310), based on the measurements of the NMR
spectra and 1/T;. The behavior of the finite value of
1/T\T indicates a metallic ground state with a finite DOS
at Er even below T™. Considering the band calculations,
this can be attributed to multiple bands, that is, the
metallic state dominated by the d,2_,> orbital and the
density wave state dominated by the ds,2_,2 orbital. In
particular, the presence of a strong variation in the DOS
near Fyp is suggested by the gradual decrease in 1/77T
upon cooling above T™, which can be attributed to the
ds3,2_,2 band with a flat dispersion near Fr. Our mi-
croscopic NMR probes demonstrate that these nickelates
(n = 2 and 3) possess similar electronic states despite the
difference in the electronic configuration of the Ni-3d elec-
trons in the formal valence state. The universality and
diversity of n-layered nickelates of the RP phase might
be crucial for understanding the novel high-T, supercon-
ductivity at high pressures.
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SUPPLEMENTAL MATERIAL
Resistivity in our polycrystalline samples of LazNi2O7_s and La;NizOq_s

Figure S1 shows the resistivity in polycrystalline samples of LagNi2O7_s5 (La327) and LasNizOq9_s (La4310) mea-
sured at ambient pressure. The anomalies are clearly observed at the density wave transition temperature 7™ for both
samples. The resistivity of La327 shows a small upturn below T, but its value of resistivity is kept within the order
of several m(2 - cm. These facts are consistent with the multiband picture with the metallic state under the density
wave order in both compounds. The resistivity in La327 is insensitive to external fields up to 7 T.
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FIG. S1. Electrical resistivity for (left) La327 and (right) La4310. The arrow at 7™ = 150(130) K for La327(La4310) indicates
the density wave transition temperature detected by the *°La-NMR measurement. For La327, the resistivity data under
external fields of 7 T is shown.



