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ABSTRACT: We report the discovery of a novel form of Ruddlesden—Popper (RP) nickelate that stands as the first example of
long-range, coherent polymorphism in this class of inorganic solids. Rather than the well-known, uniform stacking of perovskite
blocks ubiquitously found in RP phases, this newly discovered polymorph of the bilayer RP phase La;Ni,O, adopts a novel stacking
sequence in which single-layer and trilayer blocks of NiOg octahedra alternate in a “1313” sequence. Crystals of this new polymorph
are described in space group Cmmm, although we note evidence for a competing Imam variant. Transport measurements at ambient
pressure reveal metallic character with evidence of a charge density wave transition with an onset at T & 134 K. The discovery of
such polymorphism could reverberate to the expansive range of science and applications that rely on RP materials, particularly the
recently reported signatures of superconductivity in bilayer La;Ni,O, with T, as high as 80 K above 14 GPa.

he Ruddlesden—Popper (RP) oxides, A,,;B,05,,; (A =

alkaline earth or rare earth, B = transition metal; n = 1, 2,
3, .., ), contain the structural motif of perovskite-like, n-layer
slabs that are separated by double rocksalt layers. They are
among the most well-studied inorganic solid state structure
types. ~ Of particular importance is the notion that the
dimensionality of their electronic structure evolves from quasi-
two-dimensional to three-dimensional as n increases. This
dimensionality effect, along with distortion and tilting of
oxygen octahedra within the perovskite slabs, strongly affects
the behavior of a wide variety of materials, including solid
oxide fuel cells, photocatalysts, metal-air battery cathodes, and
a plethora of quantum materials that exhibit magnetism,
metal—insulator transitions, superconductivity, etc. For exam-
ple, the RP nickelates La,,;Ni,O;,,; evolve from insulating,
charge- and spin-stripe ordered states for n = 1,'"°”"* to charge-
and spin-density wave states for n = 2 and n = 3,'"'* to a
metallic, Pauli paramagnetic state for n = 00.'7%% Indeed, high
temperature superconductivity has recently been reported for n
=2 and n = 3 compounds subjected to pressure, with n = 2
La;Ni,O, having a maximum reported T, =~ 80 K (14
GPa)”' ™ and n = 3 La,Ni;0;y T, ~ 25 K (38 GPa).****
These discoveries are intriguing since the octahedral
coordination and electronic configuration of Ni (formally,
d’S, Ni*** for La;Ni,O, and d”33, Ni**"* for La,Ni;0,,) are
far-removed from the strongly Jahn—Teller distorted, &, Cu®*
configuration of the superconducting cuprates.””” These new
results motivate the search for new RP nickelates that could
support superconductivity or competing electronic states.

In this Letter, we report the discovery of polymorphic RP
phases in bulk crystals of La;Ni,O established by combining
single-crystal X-ray diffraction (SC-XRD) and scanning
transmission electron microscopy (STEM). The well-known
n = 2 RP La;Ni,O, polymorph (hereafter referred to as LNO-
2222) adopts a uniform “2222” stacking of bilayers (Figure
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la). In contrast, the newly discovered polymorph (LNO-1313
hereafter) assumes a novel stacking sequence in which single-
layer and trilayer blocks of NiOg octahedra alternate in a
“1313” sequence (Figure 1b). Transport measurements on an
LNO-1313 crystal reveal its metallic character and the
signature of a charge density wave (CDW) at T = 134 K
First-principles calculations indicate that the electronic
structure of LNO-1313 can be described as a superposition
of the individual single-layer and trilayer subsystems.

LNO-1313 single crystals were grown by a high oxygen
pressure floating zone technique. During growth, competing
phases include LNO-2222, trilayer La,Ni;O,o, and monolayer
La,NiO,. Note that La,Ni;O,, and La,NiO, have been
established as competing phases for LNO-2222 growth;’
however, the “hidden” LNO-1313 had not been identified until
we discovered it serendipitously due to its distinctive SC-XRD
pattern. We reproduced the growth of LNO-1313 crystals
across several crystal boules, but at this stage, the parameters
that control the balance, selection, or distribution of phases
during growth have not yet been fully identified. Since LNO-
1313 has never been reported—despite the vast structural
chemistry literature of polycrystalline bilayer RP phases—its
appearance seems to be a consequence of growth from the
melt.

Laboratory SC-XRD results reveal that LNO-1313 crystal-
lizes in an orthorhombic space group with reflection conditions
consistent with Cmmm (No. 65). Remarkably, as shown in
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Figure 1. Polymorphic crystal structures of (a) LNO-2222 and (b)
LNO-1313.

Figure 1b, rather than the expected uniform stacking of bilayers
assembled from corner-shared NiOg octahedra, the LNO-1313
structure features an alternate stacking of single layers and
trilayers. In other words, the LNO-1313 polymorph can be
viewed as a periodic, 1:1 ordered intergrowth of La,NiO, and
La,Ni;O,,. While incoherent mixed stacking of layers has been
reported in epitaxial films of RP phases,32‘3‘ to the best of our
knowledge, no such bulk, long-range ordered polymorphic

behavior has been reported in either oxide or nonoxide RP
families.

The crystal data, structure refinement results, and bond
lengths and bond angles of Cmmm LNO-1313 and Amam
LNQO-2222 are summarized in Table 1, with additional details
in Tables S1—S9 in the Supporting Information (SI). While
the unit cell volumes of these two phases are similar, the 4 and
b axes of LNO-1313 are slightly longer than those of LNO-
2222, while the ¢ axis of LNO-1313 is slightly shorter. Rather
than the buckled, ~168° out-of-plane Nil—O1—Nil angle
found in LNO-2222, in Cmmm LNO-1313 the analogous angle
(Nil—O1-Ni2 in the trilayer block) is symmetry-constrained
to 180°. Notably, this angle in trilayer RP La,NizO,y is
buckled.*

As shown in Figure 2, the experimental diffraction patterns
of LNO-1313 and LNO-2222 are quite distinct, especially
along c* We describe both cells consistently (Table 1) with a
< b < c. Consider first the (hk0) plane. Although LNO-1313
and LNO-2222 share the feature that prominent reflections are
all observed at h = 2n, k = 2n, a set of weaker reflections
(marked by open circles) can be used to distinguish their
different centering modes, C and A, respectively. Additionally,
in the (0kI) plane, the reflection density along ¢* in LNO-1313
is twice that found for LNO-2222, clearly distinguishing the
two polymorphs. For LNO-2222, the distinct reflections at k =
2n + 1,1 = 2n + 1 unambiguously demonstrate its A centering
(k + I = 2n) rather than F centering (k = 2n, | = 2n in (0kl)),
which has been proposed for LNO-2222 by some authors.”* A
more thorough analysis is provided in the SIL

We measured more than ten LNO-1313 specimens, all of
which can be satisfactorily solved using the Cmmm model.
However, in some specimens, weak half-integer reflections
were observed in the (0kl) plane (see Figure S1). These

Table 1. Crystal Data, Structure Refinement, and Selected Bond Lengths and Angles for La;Ni,O, Polymorphs®

Identification code LNO-1313 LNO-2222
Formula La;Ni, O, La;Ni, O,
Space group Cmmm (No. 65) Amam (No. 63)
a/A 5.4382(S) 5.4053(6)
b/A 5.4700(S) 5.4536(6)
/A 20.3598(19) 20.517(2)
Volume/A3 605.64(10) 604.80(12)

Index ranges/hk,1
Final R indices [I > 20 (I)]
Largest diff. peak/hole/e A=

In-plane Ni—O/A

Out-of-plane Ni—O/A

In-plane Ni—O—Ni/deg

Out-of-plane Ni—O—Ni/deg

[_6) 6]’ [_61 6}1 [_25; 25]
R, = 0.0238, wR, = 0.0458
0.99/-1.70

Nil—02: 1.92832(12)
Ni2—03: 1.92833(13)
Ni3—0S5: 1.92832(13)

Nil—01: 1.902(13)
Ni2—O1: 1.986(13)
Ni2—04: 2.150(13)
Ni3—06: 2.211(12)

Nil—02—Nil: 180
Ni2—03-Ni2: 179.7(5)
Ni3—0S5—Ni3: 180

Nil—O1-Ni2: 180

“Note: Values in parentheses are the estimated standard deviation from the refinement.
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[_77 7]’ [_71 7]: [_291 29]
R, = 0.0202, wR, = 0.0527
1.31/-1.14

Nil—02: 1.9335(5)
Nil—03: 1.9183(6)

Nil—O1: 1.9816(11)
Nil—04: 2.231(4)

Nil—02—Nil: 172.0(2)
Nil—03-Nil: 169.6(3)

Nil—-O1-Nil: 168.1(3)
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Figure 2. Precession images of LNO-1313 and LNO-2222 crystals.
(a) (hk0) for LNO-1313; (b) (0kl) for LNO-1313; (c) (hkO) for
LNO-2222; (d) (0kl) for LNO-2222.

reflections indicate the possibility of c-axis doubling and
symmetry lowering consistent with Imam (alternate setting of
Imma, No. 74). Importantly, this symmetry lowering preserves
the “1313” stacking in the structure. Unfortunately, SC-XRD
data alone preclude us from distinguishing whether these
specimens are purely Imam or a mixture of Cmmm and Imam
regions in the specimen. Further details, including evidence for
little to no non-stoichiometry of O, are provided in the SI.
STEM was employed to investigate the real-space atomic
structure and stacking sequence of LNO-1313 and LNO-2222
single crystals. As shown in Figure 3a and 3b, atomic-

LNO-1313 LNO-2222

Figure 3. Atomic resolution STEM-HAADF images along the [110]
orientation with La and Ni atoms labeled (a) LNO-1313 and (b)
LNO-2222.

resolution high-angle annular dark-field (HAADF) images
along the [110] crystallographic orientation clearly reveal
distinguishable La (Z = 57) and Ni (Z = 28) atomic columns.
Based on the cation sublattice, the “1313” and “2222” stacking
sequences can be resolved for the respective polymorphs, and
the measured atomic distances agree well with the SC-XRD
models for Cmmm LNO-1313 and Amam LNO-2222. In
addition, the LNO-1313 specimen was observed to have a very
low density of stacking faults. Details of chemical composition,
stacking faults, atomic distance analysis, and HAADF image
along [100] can be found in the SI.
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Figure 4 shows the normalized ab-plane resistivity of LNO-
1313, LNO-2222, and La,Ni;O,, single crystals between 1.8

1.1 T T

1313

1.0

0.9

R/R(200 K)

0.8

0.7

1.0
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Figure 4. Electrical resistivity of LNO-1313, LNO-2222, and
LayNi;O, single crystals. The vertical dashed line marks the LNO-
1313 transition onset determined by a tangent construction.

and 200 K, all of which generally decrease with decreasing
temperature, characteristic of a metal. For LNO-1313, a
pronounced anomaly associated with a metal-to-metal
transition (MMT) is observed with an onset of Typr =~ 134
K. This electrical transport behavior resembles that of
La,Ni;O;y (Tywr = 139 K) and the LNO-2222 polymorph
of LayNi,O, (Typr & 122 K). In these cases, the anomaly has
been either shown to be a CDW by X-ray diffraction
(La,Ni;O,0)"” or speculated to be such (La;Ni,O,).'®

We studied the nonmagnetic electronic structure of the
Cmmm using first-principles calculations. The band structure
with the band character plot of LNO-1313 (with d”* filling) is
shown in Figure S. The most remarkable finding is that the

single-layer Ni-d2
single-layer Ni-

—— trilayer Ni-dz
—— trilayer Ni-dyz - 2

LLIAES

¢ [CaaNiO |

IZRA

ZF X M

Figure S. Electronic structures of LNO-1313 (Cmmm), La,NiO,, and
La,Ni;Oyy. The orbital-resolved band structure along high-symmetry
lines is shown, highlighting the Ni-d> (orange for the single-layer Ni,
pink for trilayer Ni atoms) and Ni-d,2_ (green for the single-layer Nj,
blue for the trilayer Ni atoms) orbital weights.*®
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band structure seems to be an electronic superposition of the
single-layer (La,NiO,) and trilayer (La,Ni;O,y) subsystems at
low-energy (although the superposition is not exact because of
charge transfer from the formally Ni®3" trilayer to the Ni**
single-layer to satisfy the d’° electron count). This super-
position is particularly noticeable when considering the
dominant e, states around the Fermi level, where four Ni-
d,>_ and four Ni-d;> bands can be seen (one from the single-
layer Ni atoms and three from the trilayer Ni atoms). For the
d? states, the bonding, nonbonding, and antibonding bands
from the Ni-d,> triplet of the trilayer can be clearly
appreciated.”> This contrasts with the usual bonding—
antibonding complex found in the LNO-2222 bilayer
polymorph (Fermi surfaces and a comparison between the
LNO-2222 and LNO-1313 electronic structures are shown in
the SI). The fact that the electronic structure of La,Ni;O,,
underlies that of LNO-1313 is consistent with the similarities
in the resistivity described above.

The report of superconductivity signatures in La;Ni,O, with
T. up to 80 K under pressure represents a potential
breakthrough in the quest for bulk nickelate superconductiv-
ity.”! As mentioned earlier, both bilayer LNO-2222 and trilayer
La,Ni;O,, show CDW order in electrical transport measure-
ments.'”"” Under pressure, this CDW order is suppressed
toward T 0, interrupted by the emergence of the
superconducting transition. Structural studies have found that
the buckled Ni—O—Ni linkage joining octahedral layers in the
bilayer straightens with application of pressure, coincident with
the onset of superconductivity.”””” Indeed, several authors
argue that this structural response may be a prerequisite for
superconductivity.”>*” However, the proposed Cmmm struc-
ture of ambient-pressure, nonsuperconducting LNO-1313
already contains 180° Ni—O-—Ni linkages in the trilayer
block, implying that this structural feature alone may be
insufficient to stabilize the superconducting state. We note that
in the putative Imam structure, which we have not been able to
satisfactorily refine from SC-XRD data (see SI), buckling is
possible and might respond to pressure.

Curiously, in bilayer nickelates a true zero-resistance state is
not universally found, and in certain samples, no super-
conducting transition is found.”® Speculation that this
inconsistency could signal filamentary superconductivity
arising from a second unidentified phase in the bulk
La;Ni,O, crystal has been strengthened by recent magnetic
susceptibility measurements that reveal a rather low (approx-
imately 1%) superconducting volume fraction in La;Ni,O,
crystals under pressure.”’ While highly speculative, it is
possible that one or more phases competing with LNO-2222
in the crystal growth, such as LNO-1313 (Cmmm and/or
Imam), could be a source of superconductivity. Measurements
of LNO-1313 transport under pressure are essential to test this
possibility and are underway.

In conclusion, we report a new form of alternating # = 1 and
n = 3 perovskite slab layers in an ordered RP oxide phase,
La;Ni,O,. Two polymorphic stacking sequences—the known
LNO-2222 and the new LNO-1313—are found during crystal
growth at high pO,. The discovery of these two polymorphs
could fundamentally impact the rapidly evolving field of RP
nickelate superconductivity. More broadly, the mere existence
of such polymorphism suggests that similar polymorphism may
be found in RP phases other than La;Ni,O, under suitable
synthesis conditions. Such new compounds could harbor novel
properties, with potential impact for the wide range of
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fundamental and applied science that rely on members of
this expansive layered perovskite family.

Author’s Note: During review of this manuscript, we became
aware of several preprints on the mixed layered RP nickelates
that appeared subsequent to our submission: P. Puphal et al.
reported the discovery of “1313” stacking in La;Ni,O, and
conducted a high pressure study on both as-grown and
annealed La;Ni,O, crystals;*” F. Li et al. reported another
novel mixed layered nickelates with “1212” stacking grown by a
flux method at ambient pressure;*’ H. Wang et al. reported the
floating zone growth and structural study of both polymorphs
of La;Ni,O, and found Cmmm symmetry for LNO-1313.**
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