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We explore the optical properties of LazNi>O~ bilayer nickelates by using density functional theory includ-
ing a Coulomb repulsion term. Convincing agreement with recent experimental ambient-pressure spectra is
achieved for U ~ 3 eV, which permits tracing the microscopic origin of the characteristic features. Simulta-
neous consistency with angle-resolved photoemission spectroscopy and x-ray diffraction suggests the notion of
rather moderate electronic correlations in this novel high-7% superconductor. Oxygen vacancies form predomi-
nantly at the inner apical sites and renormalize the optical spectrum quantitatively, while the released electrons
are largely accommodated by a defect state. We show that the structural transition occurring under high pres-
sure coincides with a significant enhancement of the Drude weight and a reduction of the out-of-plane interband
contribution that act as a fingerprint of the emerging hole pocket. We further calculate the optical spectra for
various possible magnetic phases including spin-density waves and discuss the results in the context of exper-
iment. Finally, we investigate the role of the 2-2 versus 1-3 layer stacking and compare the bilayer nickelate
to LasNizO10, LagNi2Og, and NdNiO2, unveiling general trends in the optical spectrum as a function of the

formal Ni valence in Ruddlesden-Popper versus reduced Ruddlesden-Popper nickelates.

8 I. INTRODUCTION

o The recent observation of superconductivity with 7, ~
0 80 K in pressurized LagNiyO~7 [1-3] suggested the bilayer
1 Ruddlesden-Popper compounds as an intriguing new mem-
12 ber of the steadily growing family of superconducting nick-
elates [4-10] and instantly sparked considerable interest [11—
1 40]. Despite these efforts, several aspects remain unclear so
15 far. Specifically, the pairing mechanism and its relation to
the pressure-driven structural transition from a C'mcm to an
7 Fmmm [1, 23, 29] or I4/mmm space group [31, 37], both
involving a suppression of the NiOg octahedral rotations, is
still intensely debated [12—14, 22, 23, 28, 39].
x»  The key ingredient to understand superconductivity on a
fundamental level is an appropriate electronic structure. This
necessitates a careful assessment of ab initio results and
» specifically raises a question about the role of electronic cor-
relations in LagNisO7. Angle-resolved photoemission spec-
troscopy (ARPES) reported a two-band Fermi surface at am-
bient pressure [34]. Simultaneously, the formation of an ad-
ditional Ni-3d.2-derived flat band around the zone corner,
~ 50 meV below the Fermi level, has been observed [34].
Density functional theory analysis of the Drude peak in the
in-plane optical conductivity similar to Qazilbash et al. [41]
suggested that LazNi;O; features strong electronic correla-
tions, placing it in terms of Mottness close to the reference
superconductor LasCuQy4 [30].

Intriguingly, optical spectra permit deeper insight into the
electronic structure in a more complete energy window via the
interband transitions. The availability of recently measured

1

)

1

o

3

o

)

)
[N

)
)

[
R

)
S

)
=

S
3

)
>3

)
R}

w
=]

w

)
b}

)
b}

W
b

w
&

)
=N

* benjamin.geisler @ufl.edu

3

3

3

&

4

S

4

4

S

43

4

r

4

O

4

>

4

]

4

3

I
=3

93
=]

w

o
b

w
b

%
£

o
ot

experimental data provides a unique opportunity to estimate
the correlation effects by following this distinct route.

This motivated us to explore the optical properties of
LasNipO7 bilayer nickelates from first principles including
a Coulomb repulsion term. Convincing agreement with the
experimental spectrum at ambient pressure is achieved for
U ~ 3 eV, which puts us in position to trace the microscopic
origin of its characteristic features. In addition to the in-plane
optical conductivity, we also predict the out-of-plane compo-
nent, uncovering an unexpectedly strong anisotropy that re-
verses as a function of frequency. Simultaneously, Ni 3d.2 en-
ergies consistent with recent ARPES results and accurate lat-
tice parameters are obtained, establishing the notion of rather
moderate electronic correlations in LasNioOr. Moreover, we
provide trends in the optical spectrum due to explicit oxygen
vacancies, which predominantly occur at the inner apical sites.
The released electrons are largely accommodated by an emer-
gent defect state, in sharp contrast to doping the system.

Subsequently, we predict that the structural transition oc-
curring under high pressure is accompanied by a signifi-
cant enhancement of the Drude peak and a reduction of the
out-of-plane interband contribution, which opens a route to
track the proposed changes in Fermi surface topology [1, 11—
14, 23, 28] in future c-axis measurements. The impact of
different magnetic phases including spin-density waves is in-
vestigated. Finally, we uncover a distinct optical signature of
the 2-2 versus 1-3 layer stacking [42, 43] and discuss the bi-
layer compound in the broader context of related Ruddlesden-

s Popper and reduced Ruddlesden-Popper nickelates, identify-

ing fundamental differences between the two families, but
also general trends in the optical response relating to the for-
mal Ni valence.
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Figure 1. Optical properties of LagNi>O7 at ambient pressure. (a) Optical in-plane conductivity ozz,yy (w) and (b) out-of-plane conduc-
tivity 0. (w), comparing DFT+U results for the stoichimetric case (blue) and in the presence of an explicit oxygen vacancy (Vo) (red) to the
experimental data (black [30]), which uncovers very good qualitative and quantitative agreement for the interband transitions. The dashed lines
at low energies represent exclusively the interband contributions. (c) Low-energy anisotropy ozz,yy (w) versus o (w) of LagNi2O7 from pan-
els (a,b). (d) Corresponding optimized geometries, together with the site-resolved Vo formation energies. (e) Selected I'-point wave functions
(absolute square) in LazNi2O7 of the occupied Ni 3d,2_ 2 (top and side view), occupied "bonding” Ni 3d 2, and empty "antibonding’ Ni 3d .2
states, revealing a distinct involvement of the inner apical oxygen ions. (f,g) Energy- and k-resolved transition dipole moments | P2 (n, E) |0-5
(initial and final states depicted in red and blue, respectively) together with the orbital-resolved band structure. Large arrows mark the charac-
teristic transitions shown in panels (a,b). Small arrows highlight key differences in the band structure induced by the explicit Vo. The insets
show the corresponding Fermi surfaces, colored by the Fermi velocity.

II. RESULTS s« D, whereas the energy of peak C is overestimated by 0.3 eV.
ss Furthermore, close inspection uncovers a small fifth peak at
ss w ~ 2.7 eV (E) that is reproduced at ~ 2.8 eV. The simula-
s tion even predicts a finite spectral weight near peak A. Since
ss the experimental in-plane Drude peak is significantly renor-
» malized [30], as one can see by comparing to our simulated
We begin with a detailed analysis of the in-plane opti- w result, such low-energy interband features can be clearly re-
cal conductivity 044 ,,(w) of LagNiO7 at ambient pres- o solved.
sure [Fig. 1(a); C'mcem space group] and close comparison
with recently measured data obtained from reflectivity exper- 2  The convincing agreement of the simulated spectrum for
iments [30]. At least four characteristic interband peaks can 9 LazNi2O7 and experimental observations puts us in a posi-
be identified in the experimental spectrum: A small prepeak o+ tion to trace the microscopic origin of its characteristic fea-
at around w ~ 0.35 eV (A), two dominant peaks at 0.9 eV (B) o tures. The energy- and k-resolved TDMs Pa2 (n, E) in con-
and 1.2 eV (C), and a smaller peak at 2.3 eV (D). Interestingly, o junction with the orbital-resolved band structure [Fig. 1(f)]
we find that the simulated spectrum obtained for U = 3 eV + allow us to identify spectral peaks B and C to in-plane polar-
nicely reproduces these features both qualitatively and quan- o ized transitions between Ni 3d,>_,> and Ni 3d> states. The
titatively. The quantitative agreement (i.e., the peak intensi- « low-energy spectral weight (A) stems from excitations in the
ties and peak energies) is particularly good for peaks B and i immediate vicinity of the Fermi level, particular at finite &,

A. Optical spectrum, dipole transition analysis, and impact of
oxygen vacancies
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which are promoted by the substantial octahedral rotations. At
higher energies, transitions from the O 2p valence states to the
Ni 3d,2 states can be observed (D, E).

The predicted out-of-plane optical conductivity o, (w)
[Fig. 1(b)], while smaller for low energies as expected in a lay-
ered system (see inset), exceeds the in-plane components sub-
stantially for w > 0.35 eV and uncovers a strong anisotropy
of the optical response. The spectrum features a very pro-
nounced peak at ~ 1.1 eV that consists of at least two distinct
contributions (A, B), a smaller peak at ~ 1.9 eV (C), and a
broad peak around 3.2 eV (D). The Drude peak is rather neg-
ligible. We attribute these features to strong transitions be-
tween the occupied "bonding’ Ni 3d.» states and empty ’anti-
bonding’ Ni 3d.,2> states (A, B) as well as unoccupied Ni 3d,2—
Ni 3d,2_,2—O 2p hybrid states around the M point (C), but
also to excitations from the O 2p valence states to Ni 3d,2_2
states (D) [Fig. 1(f)]. Interestingly, comparison of the TDMs
thus reveals that light with varying polarization excites tran-
sitions between highly distinct electronic states in these novel
nickelate compounds.

Figure 1(e) visualizes the I'-point wave functions of se-
lected states in LagNi» Oy that contribute prominently to the
optical spectrum. We see that the states extend over the en-
tire bilayer due to the substantial Ni 3d-O 2p hybridization.
In the Ni-3d,>_,>-derived states in the valence band, only
the basal oxygen ions are involved. In stark contrast, the Ni-
3d,2-derived states in the valence and conduction band show a
strong hybridization with the apical oxygen ions, but simulta-
neously minor contributions from the basal oxygen ions. No-
tably, the charge density at the inner apical oxygen site is con-
siderably higher for the final than for the initial states; there-

> fore, even an excitation with out-of-plane polarization is as-

sociated with a certain degree of charge transfer. This is con-
sistent with the band structure [Fig. 1(f)], which uncovers an
increasing involvement of oxygen in the Ni ¢, states with in-
creasing energy.

A further interesting unknown at the present time is the role
of oxygen vacancies (Vp’s) in the physics of bilayer nicke-
lates [28, 31, 38]. It has been reported that the normal-state
properties of LagNioO7 depend sensitively on the oxygen con-
tent; in particular, oxygen appears to control the metallicity of

> the samples [44—46]. In order to obtain a first-principles im-

pression of the trends in the optical spectrum, we consider
an explicit single Vg in the unit cell. Surprisingly, we iden-
tify inner apical oxygen [site 3; see Fig. 1(d)] as the lowest
formation energy site (E}/O = 2.99 eV/Vy), which has been
confirmed independently by high-resolution electron ptychog-
raphy [47]. Still, this formation energy is higher than e.g.
in perovskite LaNiOg (~ 2.8 eV [48]). The formation ener-
gies of basal Vg’s (site 2, 3.53 eV/V() and outer apical Vo’s
(site 1, 5.06 eV /V() are even further enhanced and reach val-
ues reminiscent of SrTiO3 [49, 50], which suppresses these
defects exponentially.

Figure 1(a) shows that the presence of an explicit Vg leaves
the overall structure of the in-plane optical spectrum invari-
ant, but enhances the spectral weight below 0.6 eV and re-
duces the intensity of the two main peaks B and C, rendering
values closer to experiment. Furthermore, the right slope of
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peak C becomes less steep and the spectral weight beyond
w > 2.6 eV is increased, which also brings the simulated
curve closer to experiment. Simultaneously, peak D can no
longer be resolved, which indicates that the present Vg con-

s centration (corresponding formally to LagNisOg 75) is higher

than in the experimental sample. For out-of-plane polarization
[Fig. 1(b)], the intensity of peak B is significantly reduced,
while peaks C and D are broadened and shifted to higher en-
ergies.

Inspection of Fig. 1(g) shows that the overall band structure
and the TDMs stay similar to the stoichiometric case, partic-
ularly in the ideal bilayer without Vq. Interestingly, two de-
fect states with strong Ni 3d,2 character emerge at —0.8 and
—1.5 eV. One of these states is split off from the conduction
band and accommodates the two released electrons. Slight
variations of Er can be attributed to states with Ni 3d,2_,
character around the M point, which experience a lifting of
the degeneracy along the Brillouin zone boundary in the de-
fective bilayer. Concomitantly, the Fermi surfaces show a
strongly reconstructed shape and reduced Fermi velocity (i.e.,
increased resistivity; blue colors) in the defective bilayer, par-
ticularly near the M point [Fig. 1(g)].

This mechanism confines the impact of Vg’s largely to the
defective bilayers, while the remaining system shows an elec-
tronic structure close to the stoichiometric compound at only
modest electron doping. This is reflected in the renormaliza-
tions of the optical spectrum, which we find to be moderate in
view of the rather high V¢ concentration considered here. We
therefore speculate that the general nesting properties of the
stoichiometric compound are relatively robust and may carry
over to the Fermi surface in slightly oxygen-deficient samples,
resulting in a similar superconducting pairing.

B. Correlation dependence of the optical spectrum

Next, we investigate how the ambient-pressure optical spec-
trum of LagNi Oy varies with the Coulomb repulsion param-
eter, and estimate the strength of the electronic correlations in
this system by comparison to recent experimental data.

Figure 2(a) shows that U has a very strong impact on the
in-plane optical conductivity, affecting both its intensity and
shape. Specifically, we observe a reduction in overall inten-
sity from U = 0 to 5 eV, probably due to decreasing TDMs,
and a simultaneously raising energy of peak C due to an in-
creasing separation of the Ni 3d,> and Ni 3d,>_,> states (see
Supplementary Information). For higher U values, the energy
of peak B is concomitantly decreased.

We identify the best overall agreement with recent exper-
imental data [30] for U = 3 eV [Fig. 2(a)]. While the B-
C energy difference is even more accurately described for
yet smaller U values, the peak intensities are up to twice as
high as the experimental curve, whereas the spectral weight
for photon energies between w ~ 2-3 eV is considerably un-
derestimated. Good quantitative agreement is also found for
U = 4 eV, albeit with overestimated B-C energy difference.
For U > 5 eV, we find a clear disagreement with experiment
that particularly manifests in the strongly overestimated B-C
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Figure 2. Correlation dependence of the optical spectrum of LazNi> O~ at ambient pressure. (a) Optical in-plane conductivity ozz,yy (w)
as a function of the on-site Coulomb repulsion parameter, exhibiting strong variations with U and very good quantitative agreement with
experimental data (black [30]) around U ~ 3 eV. In addition to spectra obtained for consistently optimized lattice parameters (magenta),
the panels show results for the experimental cell geometry (cyan). (b) Evolution of the corresponding out-of-plane component o, (w).
(c) Optimized lattice parameters (+0.5% error bar) compared to x-ray diffraction data [46], demonstrating very good agreement for U ~ 1.5-

3.5eV.

energy difference. This poses an upper limit to the static cor-

s relation effects in LazNiO7.

Additionally, Fig. 2(b) displays the correlation dependence
of the out-of-plane component o,.(w). The characteristic
peak around ~ 1.1 eV exhibits only a minor energy shift and
predominantly becomes narrower with increasing U. In sharp
contrast, peak C follows a pronounced nonlinear trajectory to-
wards higher energies with increasing U, reflecting the con-
tinuous lowering of the occupied Ni 3d.= states and the con-
comitant raise of the Ni 3d,>_,» states, particularly the empty
ones around the M point (see Supplementary Information).

s At present, we are not aware of available experimental data

for the out-of-plane component of the optical conductivity.
Future measurements, particularly for peak C, would provide
intriguing additional information about the correlation effects.

The quality of the estimated U value can be tested by an-
alyzing the predicted cell geometry. Figure 2(c) shows that
the in-plane lattice parameters a, b decrease monotonically
from 5.41, 5.50 A (U = 0 eV) to 5.30, 5.36 A (7 eV). In

s sharp contrast, the out-of-plane lattice parameter c increases

simultaneously from 20.32 to 21.41 A. Consistent with the
analysis of the optical spectrum, we find that U ~ 1.5-3.5 eV
renders close agreement (within £0.5% error bars) with the
experimental lattice parameters a = 5.396, b = 5.449,
¢ =20.516 A from x-ray diffraction (XRD) [31, 46].
Moreover, recent angle-resolved photoemission spec-
troscopy (ARPES) on LaszNisO7 identified the formation of
Ni-3d,2-derived states ~ 50 meV below the Fermi level [34].
For U 3 eV (4 eV), we observe the Ni 3d,> states

23 ~ 60 meV (150 meV) below the Fermi energy (see Supple-
mentary Information), an important agreement given current
debates about the electronic structure of bilayer nickelates.
This corroborates our conclusion in favor of U ~ 3 eV.
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By comparing the Drude weight obtained from experiments
to DFT calculations, previous work found that LazNi; O fea-
tures strong electronic correlations that significantly reduce
the kinetic energy of the electrons and place the bilayer nick-
elate in terms of Mottness close to the parent compound of
cuprate superconductors LasCuOy4 [30]. The present quanti-
tative analysis of the optical interband transitions, which re-
flect the relative energies of the active Ni e, orbitals and their
distance to the O 2p states in the valence band, as well as the
consistency with ARPES and XRD rather establish the notion
of moderate electronic correlations in this novel high-7 su-
perconductor.
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19 The rare-earth nickelates [51] including the infinite-layer
compounds [52-55] are known to exhibit a more cova-
lent nature and distinct Ni-O hybridization than related
cuprates. Consequently, the latter are often described by
23 higher Hubbard-U values such as 6.5 eV [56, 57] than nick-
elate systems (1-4 eV [58-64]). It has been reported that the
bilayer nickelates show a strong involvement of the oxygen
system as well [23, 31]. The resulting more delocalized wave
27 functions rationalize the trend of reduced electronic correla-

s tions relative to the paradigmatic cuprate superconductors.
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Figure 3. Evolution of the optical spectrum of LazNi>O7 un-
der high pressure. Optical conductivities 04z (w), oyy(w), and
0.-(w) of LagNi2O7 (a) at ambient pressure, (b) at 30 GPa, and
(c) at 50 GPa. The insets show a larger energy range. (d) Corre-
sponding Fermi surfaces, colored by the Ni orbital character (d,2 —
dy2_y2)/(d,2 + dy2_,2). (e) Energy- and k-resolved transition
dipole moments at 30 and 50 GPa (cf. Fig. 1) provide a microscopic
explanation for the changes observed in the optical spectrum.

C. Evolution of the optical spectrum under high pressure

Based on these insights, we now predict the pressure depen-
dence of the optical conductivity of LagNioO7 consistently at
U = 3 eV and thereby track the changes in the electronic
structure across the structural phase transition.

Figure 3(a) shows 0., (w), oyy(w), and o,,(w) for the
orthorhombic C'mem geometry at ambient pressure. In
sharp contrast to the pronounced in-plane versus out-of-plane
anisotropy, the in-plane anisotropy o, (w) # oy, (w) is rather
small. The inset shows that the optical spectrum exhibits a dis-
tinct "hump’ of moderate anisotropy between ~ 4 and 12 eV.
We assign it predominantly to transitions from O 2p (below
—2eV) to La 5d (above 1.8 eV) [Fig. 1(f)]. Since the corre-
sponding TDMs are relatively low, its considerable magnitude
is a cumulative effect related to a high density of states.

At 30 GPa [Fig. 3(b)], the in-plane anisotropy vanishes
due to the orthorhombic-to-tetragonal phase transition. The

ss in-plane peaks B (1.3), C (1.7), and D (2.45 eV) as well
as the out-of-plane peaks A (0.9), B (1.4), and C (2.3 eV)
are shifted to higher photon energies. This can be under-
stood from a pressure-enhanced energy difference between
the lower and upper Ni 3d.= states that is accompanied by an
increased energy of the Ni 3d,2_,2 states, specifically around
the M point [31]. The in-plane peak A vanishes for finite
pressure (not visible) due to the quenched octahedral rota-
tions. Simultaneously, the Drude peak is considerably inten-
s sified due to the metallization of the Ni 3d,> states [y pocket,
Fig. 3(d)]: The DFT+U plasma frequencies increase from

W2 zyy ~ 975 t0 16.65 eV? and from w? . ~ 0.02 to

0.20 eV? (see Supplementary Information). The hump ex-
periences a substantial broadening and now extends towards
higher energies owing to the pressure-induced increase of the
O 2p band width (lowering of the energy onset of the O 2p
states) in the valence band [31].

At 50 GPa [Fig. 3(c)], the in-plane peaks B (1.4), C (1.8),
and D (2.7 eV) as well as the out-of-plane peaks A (0.95),
B (1.45), and C (2.4 eV) are shifted to even higher energies.
Concomitantly, the out-of-plane Drude weight is further in-
creased (wg’zz ~0.31eV?).

Interestingly, we observe a pressure-induced intensity re-
duction of the out-of-plane peak B, which directly reflects
the partial depletion of the 'bonding’ Ni 3d.» states in the
valence band [Figs. 3(e) and 1(f)]. Simultaneously, a new
transition from ~ —1.2 eV to these depleted states becomes
active [Fig. 3(e)]. Together with the Drude peak enhance-
ment, this allows us to experimentally track the proposed
emergence of a hole pocket ~ [1, 11-14, 23, 28]), which
plays a key role in the suggested s* superconductivity mech-
anism [12, 13, 22, 23, 28]. Therefore, the results promote op-
tical spectroscopy as powerful technique to track transitions
of the Fermi surface topology in high-pressure experiments.
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320 D. Optical signature of different magnetic phases

Recent measurements suggested the presence of a spin-
density wave (SDW) in LasNiyO7 at ambient pressure [38,
»3 65]. However, nuclear diffraction and nuclear magnetic res-
»4 onance studies found no long-range magnetic order [66, 67].
»s Motivated by this topical discussion, we explore the optical
»6 spectra for different magnetic phases in Fig. 4, which have
37 been obtained by performing simulations for large supercells.
»s We find a unique optical signature with strong in-plane ver-
a9 sus out-of-plane anisotropy for each magnetic phase. For
0 instance, the prominent peak in o..(w) (A, B) is shifted to
s higher energies (2.6-2.8 eV) for the (7, 0) antiferromagnetic
s (AFM) stripe order suggested in Ref. [23] and the AFM-A
s order (with and without site disproportionation, i.e., an in-
;4 plane checkerboard charge and spin modulation [31]) and is
15 less pronounced than in the nonmagnetic case. For all AFM
s phases [Fig. 4(c)-(f)], the o, (w) Drude peak is negligible or
s fully quenched, and the interband onset of . (w) is found at
s higher energies than for 045 4, (w).

The (7/2,7/2) bi-stripe AFM order superimposed by
10 Ni2+/Ni3T charge order [Fig. 4(f)] has been proposed recently
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Figure 4. Optical signature of different magnetic phases in
LasNi2O7 at ambient pressure. Compared are 0z yy(w) and
0..(w) for (a) the nonmagnetic phase, (b) ferromagnetic order,
(c) (m,0) antiferromagnetic (AFM) stripe order, (d) AFM-A or-
der, (e) AFM-A order with in-plane site disproportionation, and
(f) (7/2,7/2) AFM charge-spin bi-stripe order as recently sug-
gested SDW model. The structural models show the spin densities
(yellow: positive; blue: negative). The interlayer coupling is AFM
for (c)-(f), and only a single layer is shown in top view for (c),(e),(f).
The experimental in-plane spectrum obtained at 7" ~ 150 K is dis-
played as black solid line [30].

by experiment [68] and theory [69] as good representation of
the SDW in LagNi»O7. Similar to AFM-A order with site
disproportionation, the ¢ , (w) Drude peak is absent due to
the emergence of a finite band gap.

Interestingly, the experimental curve, which has been mea-
sured at T' ~ 150 K [30] above the SDW transition, agrees
best with the result of our nonmagnetic simulation, judging
from the overall shape and peak positions of the interband
spectrum together with the presence of a Drude peak. Notably,
the sample remains metallic down to low temperatures [30].
These results will be helpful in the interpretation of future
low-temperature studies.

E. Role of the layer stacking and comparison with related
Ruddlesden-Popper nickelates

Finally, we discuss the results for the bilayer com-
pound LasNiyO; [Fig. 5(c)] in the broader context of re-
lated Ruddlesden-Popper (RP, A,,11Ni,,O3,1) and reduced
Ruddlesden-Popper (RRP, A, +1Ni,, 02, 12) nickelates.

We observe comparable shapes of the optical conductiv-
ity for the three RP members [Fig. 5(a-c)] shown. The tri-
layer nickelate LasNi3O19 [n = 3, Fig. 5(a)] has recently
been proposed to be superconducting [71, 72]. The char-
acteristic out-of-plane peak, which is found to universally
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stem from transitions between Ni-3d,2-derived quantum-well
states [cf. Fig. 1(f)], is lowered to w ~ 0.75 eV due to the re-
duced quantum confinement relative to the bilayer compound.

An interesting variant of the n = 2 bilayer geometry is the
recently observed 1-3 stacking [42, 43] [Fig. 5(b)]. We find it
to be metastable and 82 meV /f.u. above the 2-2 ground state.
The simulated spectra strongly resemble their n = 3 analogs.
In particular, the characteristic out-of-plane peak appears at
the same energy as in LayNi3Og, yet with reduced intensity.
Unique manifestations of the single-layer ~ 24 Ni states in
the spectrum are not observed.

We find the best agreement of the experimental spectrum
with our theoretical results for LagNioO7 in the bilayer 2-2
stacking [Fig. 5(c)]. In contrast, in the predicted spectrum for
the 1-3 stacking, the in-plane peak B is significantly lower
than the experimental data and peak D is not visible at all,
whereas peak C and the spectral weight below 0.6 eV are over-
estimated. We speculate that 2-2 and 1-3 phases may coex-
ist in experimental samples. Intriguingly, the results establish
0..(w) as ideal observable to quantify their relative volume
fraction due to the highly characteristic peak energies.

Complete reduction of the apical oxygen in LagNis O re-
sults in the RRP structure LagNiaOg [73, 74] [Fig. 5(d)].
The formal Ni valence jumps from 2.5+ to 1.5+ due to the
released electrons, which we find to be largely accommo-
dated by the Ni 3d,= states. Hence, the spectral weight up
to w ~ 2 eV is strongly suppressed; specifically, the charac-
teristic peaks in 0, yy(w) and o, (w) vanish. A double peak
appears in o, (w) between 2-3 eV, which is far less intense
than in the RP nickelates and of different origin; we attribute
it to transitions between Ni 3d,2 and La 5d states.

The n = oo end member of the RRP series is the infinite-
layer geometry [Fig. 5(e)], in which the Ni 3d.- states are
fully occupied [53, 75]. Here we consider NdNiOs, [Fig. 5(e)],
which hosts superconductivity in film geometry [4]. The
in-plane optical conductivity agrees reasonably with earlier
DFT+DMFT simulations for LaNiO5 [70] (inset), particular
in the interband regime, which corroborates the validity of our
approach. In addition, we predict the out-of-plane component,
which uncovers a further reduced anisotropy. With respect to
LasNiyOg, the interband onset of o, (w) shifts to lower en-
ergies and now coincides with 0,4, (w) at ~ 1 eV. While
the characteristic peaks are absent, we find the higher-energy
spectral weight to be enhanced in the RRP versus RP com-
pounds.

These observations mirror fundamental differences in the
electronic structure between the two Ruddlesden-Popper fam-
ilies. The successive occupation of the Ni 3d,, 2 states provides
each material with its unique optical signature. This mani-
fests predominantly in the out-of-plane component, but also
for in-plane polarization due to the pronounced Ni 3d,2_2-
3d.2 coupling (cf. Fig. 1). The optical spectra of the RP nick-
elates exhibit characteristic peaks with substantial anisotropy.
In sharp contrast, since the Ni 3d,= states are largely filled
in the RRP compounds, the corresponding spectra are dom-
inated by the hump, which is complemented by excitations
from Ni 3d to rare-earth 5d states and extends to lower ener-
gies due to the higher Fermi level.
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Figure 5. Role of the layer stacking in LazNi>O~7 and comparison with related Ruddlesden-Popper nickelates. Optical conductivity (in-
plane and out-of-plane) for different members of the Ruddlesden-Popper versus reduced Ruddlesden-Popper nickelates at ambient pressure,
ordered by formal Ni valence (indicated by the color palette): (a) The n = 3 trilayer nickelate, (b) the n = 2 nickelate with 1-3 stacking,
(c) the n = 2 bilayer nickelate (experimental spectrum from Ref. [30], black solid line), (d) the n = 2 reduced bilayer nickelate, and (e) the
n = oo infinite-layer nickelate (in-plane DFT+DMFT spectrum from Ref. [70], black solid line in the inset).

III. DISCUSSION

The optical properties of LazNi2 Oy bilayer nickelates were
investigated by performing density functional theory simu-
lations including a Coulomb repulsion term. We analyzed
specifically the microscopic origin of the interband transi-
tions, which reflect the relative energies of the active Ni e,
orbitals and their distance to the O 2p states in the valence
band, and uncovered a surprisingly strong anisotropy of the
optical response that reverses with frequency. The optical
spectrum was found to be considerably impacted by on-site
correlation effects, and very good agreement with experiment
at ambient pressure is attained for U ~ 3 eV. This value si-
multaneously provides Ni 3d > energies consistent with recent
angle-resolved photoemission spectroscopy as well as lattice
parameters that are in close agreement with x-ray diffraction.

The renormalizations of the optical spectrum due to oxygen
vacancies, which were found to predominantly occur at the
inner apical sites, further improve the agreement with experi-
ment. Their explicit treatment revealed that the released elec-
trons are largely accommodated by an emergent defect state,
as opposed to charge doping the sample.

We found that the structural transition occurring under high
pressure is accompanied by a significant enhancement of the
Drude weight and a concomitant reduction of the out-of-plane
interband component, which act as a fingerprint of the pro-
posed Ni 3d.2 hole pocket formation. This promotes optical
spectroscopy as powerful technique to track transitions of the
Fermi surface topology in high-pressure experiments.

Moreover, we identified the unique optical signature of dif-
ferent magnetic phases in LagNi»O; at ambient pressure, in-
cluding very recent models of spin-density waves. These
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insights will be helpful in the interpretation of future low-
temperature studies.

Furthermore, we discussed the topical question of the 2-2
versus 1-3 layer stacking in LagNioO7. The out-of-plane op-
tical conductivity emerges as ideal observable to quantify the
relative volume fraction of these possibly coexisting phases
due to their highly characteristic peaks.

Finally, we broadened the perspective by comparing the
bilayer nickelate to LasyNizO1g, LasNiyOg, and NdNiO,,
which unveiled that each material exhibits its unique opti-
cal signature. We identified fundamental differences between
Ruddlesden-Popper and reduced Ruddlesden-Popper nicke-
lates, but also general trends that relate to the formal Ni va-
lence.

In conclusion, the present comprehensive study estab-
lishes the notion of rather moderate electronic correlations in
La3Ni2O7. The uncovered trends and their microscopic anal-
ysis may guide future experiments, support the quest towards
understanding the origin of superconductivity in this high-T,
nickelate, and accelerate the discovery of related compounds
with enhanced properties.

METHODS
Density functional theory calculations

We performed first-principles simulations in the frame-
work of (spin-polarized) density functional theory (DFT [76])
as implemented in the Vienna Ab initio Simulation Pack-
age (VASP) [77, 78], employing a wave-function cutoff of
520 eV. Exchange and correlations were described by using
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the generalized gradient approximation as parameterized by
Perdew, Burke, and Ernzerhof [79]. Static correlation effects
were considered within the DFT+U formalism [80, 81], using
U = 3 eV at the Ni sites unless stated otherwise.

To account for octahedral tilts and oxygen vacancies, the
LagNixO7_s bilayer nickelates (6 = 0,0.25) were modeled
by using orthorhombic 48-atom unit cells. The Brillouin zone
was sampled employing 12 x 12 x 4 Monkhorst-Pack [82]
and I'-centered 19 x 19 x 5 E—point grids in conjunction with
a Gaussian smearing of 5 mRy. The lattice parameters a, b
and c as well as the internal ionic positions were accurately
optimized in DFT4-U under zero and finite external pressure,
reducing ionic forces below 1 mRy/a.u. We proceeded analo-
gously for LayNi3O;9, LagNisOg, and NdNiOs.

The oxygen vacancy formation energies are related to the
DFT+U total energies via

E}° = E(LagNiyO7_5) — E(LagNigO7) + 6o, (1)

where yio = 1FE(0,) models the oxygen-rich limit. The
well-known overbinding of gas-phase Oy molecules in DFT
necessitates a correction of E(O3), which we performed
such as to reproduce the experimental Oy binding energy of
5.16 eV [48, 50, 83-86].

We obtain the imaginary part of the frequency-dependent
ESB) (w) + is(azé (w) from the
cell-periodic parts of the Kohn-Sham states |n, k) and the cor-

dielectric function ¢, 5(w)

s responding eigenenergies € > by evaluating [87]

47r
hm
q—0 q

Z 2wz 6( ek Gk T w)

cuk

x(c, k+ g€ v, E>(v, E\c, k+ qés). (2)

Here, o, 8 € {x,y,z} label the different spatial directions,
() denotes the unit cell volume, and ¢ and v enumerate the
conduction and valence band states, respectively. These inter-
band contributions are complemented by the Drude peak:

2
r “p,ap

(2) _
Saﬁ(w) T ww? 2

3)

We predict the plasma frequency squared wg,a 5 directly from
the DFT+-U electronic structure (see Supplementary Informa-
tion). In contrast, the lifetime I is considerably more difficult
to obtain. We employ I' = 10 meV here, motivated by re-
cent experimental Drude peak analysis for LagNi»O7 [30] and
DFT+DMFT results for LaNiOg [70]. Subsequently, the real
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part of the optical conductivity is obtained via

Tap(w) = gwel) () @)
Ganyle0) = 22D H T) 5)

2

To disentangle the individual contributions to the optical spec-
trum, we calculate the transition dipole moments (TDMs),

(Gn’g - 671’,1_6") m
which determine how the system interacts with an electromag-
netic wave of a given polarization. The sum of squares P? is
the transition probability between two states. To visualize the
TDM:s in a compact, yet energy- and k-resolved form, we con-
struct the following cumulative quantities for each valence and
conduction band state from the squares of the distinct vector
components:

P2(v,k) =Y P2(v,k — c,k), (7)
c
P2(c,k) =Y P2(v,k — c,k) (8)
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