Supplemental Material for: Electronic layer decoupling driven by density-wave order
in La4Ni3010

Zigiang Guan,' Sophia F. R. TenHuisen,'»? M. Tepie,! Yifeng Zhao,®> Ezra Day-Roberts,? Harrison LaBollita,>
Alexander M. Young,! Xiaomeng Cui,! Xinglong Chen,* Filippo Glerean,!® Carl Audric Guia,! Mark P. M.
Dean,® Philip Kim,"2 J. F. Mitchell, Antia S. Botana,?> Christopher C. Homes,® and Matteo Mitrano®

! Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
2 John A. Paulson School of Engineering and Applied Sciences,
Harvard University, Cambridge, Massachusetts 02138, USA
3 Department of Physics, Arizona State University, Tempe, Arizona 85287, USA

4 Materials Science Division, Argonne National Laboratory, Lemont, Illinois 60439, USA
5 Condensed Matter Physics and Materials Science Department,
Brookhaven National Laboratory, Upton, New York 11973, USA

S National Synchrotron Light Source II, Brookhaven National Laboratory, Upton, NY, USA

(Dated: April 28, 2026)

S1. SAMPLE PREPARATION, OPTICAL EXPERIMENTAL METHODS, AND FULL
TEMPERATURE-DEPENDENT DATASET

High-quality single crystals of LasNizO1¢ were grown using a vertical optical-image floating zone furnace operating
at high Og pressure according to the procedures described in Ref. [1]. The quality and orientation of the single crystals
were confirmed by x-ray Laue diffraction. We note that, as in many oxygen-rich Ruddlesden-Popper nickelates, subtle
deviations from ideal oxygen stoichiometry and/or occasional intergrowths cannot be excluded a priori, even when
the average-structure diffraction is of high quality. However, in crystals grown nominally in the same way, the oxygen
nonstoichiometry was found to be below the 1% level [1]. We note that our conclusions rely on robust optical
observables and do not depend on resolving the fine details of the DW-modulated structure.

Two large single crystals (approximately 3 x 2 x 2 mm?) of LasNizO1o were polished to expose an ab-plane and
an ac*-plane, respectively. The near-normal-incidence reflectivity R(w) at ambient pressure was measured in the
frequency range of 60-22,000 cm ™! using a Bruker Vertex 80v Fourier-transform infrared spectrometer (FTIR) and
referenced with in situ gold evaporation [2].

We used unpolarized light to measure the ab-plane reflectivity on an ab-plane-polished sample. Polishing introduced
a small misorientation of the crystal surface (~2°), as verified by subsequent x-ray diffraction on the same sample. This
misorientation slightly mixes c*-axis signatures into the ab-plane FTIR measurement with unpolarized light, which in
practice appears as a small reduction of the overall reflectivity and weak phonon-like peaks at the same frequencies
as in the c¢*-axis spectrum [3]. We correct for this mixing by subtracting the c¢*-axis reflectivity contribution and
renormalizing the result. This correction does not affect the conclusions of this article. Owing to the high ab-plane
conductivity and reflectivity, we use a Hagen-Rubens extrapolation below the lowest measured frequency.

We used out-of-plane-polarized light to measure the c¢*-axis reflectivity on an ac*-plane-polished sample. For this
configuration, we also performed polarization-resolved terahertz time-domain spectroscopy (THz-TDS) to extend the
low-frequency data down to 30 cm~!. We employed an echelon-based single-shot THz-TDS system [4, 5] pumped by
800 nm, 35 fs pulses from a 1 kHz Ti:sapphire amplifier. THz pulses were generated in a 0.5-mm-thick (110) ZnTe
crystal and electro-optic sampling of the light reflected from the sample was carried out focusing on a 0.2-mm-thick
(110) ZnTe sensor optically contacted to a 1-mm-thick (100) ZnTe substrate. The THz reflectivity was obtained by
normalizing the THz spectrum of the sample to that of a gold reference measured under identical conditions. The
entire THz-TDS apparatus operated under vacuum. The ac* face was polished shortly prior to the optical experiment
using a 0.1 pum final grit to ensure a fresh, high-quality surface. To determine the principal optical axes and suppress
possible ab-plane leakage, we performed a polarizer-angle calibration on the ac* face by measuring the ratio of FTIR
interferogram amplitude from the sample to that from a reference mirror as a function of polarizer angle and fitting
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the result to a sin? @ dependence; the fitted minimum defines the extinction angle used for the ¢*-axis measurement
(uncertainty < 1°), and residual leakage from a small angular error is proportional to sin? (A0), making the extracted
c* response insensitive to a few-degree mis-setting. Polarizers with high extinction ratios were used in all spectral
ranges to minimize polarization leakage. Because the c*-axis conductivity and reflectivity are lower and the low-
frequency region contains many Lorentz modes, we fit the low-frequency reflectivity with a Drude model including a
background dielectric permittivity (a simple e,,+Drude approximation) and use it to extrapolate below the lowest
measured frequency [6].

The complex optical conductivity was determined via a Kramers-Kronig analysis of the measured reflectivity. For
both the ab-plane and c¢*-axis reflectivity, we use an x-ray atomic scattering factor for the high-frequency extrapola-
tion [6]. We also tested different high-frequency extrapolation methods, such as assuming a constant reflectivity up to
10 em™! (~ 124 eV) followed by a free-electron (w~=*) response. The complex optical conductivity calculated based
on different methods shows no qualitative difference in the measured frequency range.

Fig. S1 shows the full temperature-dependent reflectivity and conductivity data set of both in-plane and out-of-
plane polarization. The ab-plane response shows robust metallic behavior as the reflectivity approaches unity in the
zero-frequency limit and keeps rising with decreasing temperature in the far-infrared range (<400 cm~!). Suppression
in the mid-infrared range (400-1000cm™1!), together with the spectral weight transfer to higher frequency range,
indicate the onset of a density wave energy gap below the transition temperature of 140 K. For the out-of-plane
response, the low frequency (< 100cm™1!) reflectivity shows an upturn for temperatures above the DW transition,
suggesting a finite Drude component. However, the Drude component is suppressed at low temperatures and remains
relatively small compared to the Lorentzian phonon modes or the interband transitions as seen in the conductivity.
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FIG. S1. Reflectivity (a)(b) and real part of optical conductivity (c)(d) over a broad frequency range at all measured temper-
atures. Out-of-plane (E k ¢ ) and in-plane (E k ab) are shown on the left and right, respectively. Dotted lines indicate the
low-frequency extrapolations as described in experimental method Sec. S1.

S2. DFT ELECTRONIC STRUCTURE AND OPTICAL PROPERTIES

The electronic structure and optical properties calculations were performed using all-electron, full-potential DF'T
code WIEN2K [7]. We used the Perdew-Burke-Ernzerhof version of the generalized gradient approximation as the
exchange-correlation functional [8]. All calculations were performed using the experimental structure with P2;/a
symmetry at ambient pressure [1] in the nonmagnetic state. A 5%13%13 k-point grid was used for the Brillouin
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FIG. S2. Comparison of optical conductivity measured experimentally (exp) and calculated with DFT.

sampling in self-consistent calculations, while a denser k-point grid of 11%29%30 was used to accurately describe the
optical properties. An RK .« = 7 and muffin-tin radii of 2.38, 1.91, and 1.70 a.u. were used for La, Ni, O, respectively.
The broadening factor (scattering rate) used to compute the interband contribution to the optical conductivity is set
to be 0.1 eV. For the intraband contribution, the plasma frequency is directly obtained from DFT calculations, while
the scattering rate (Drude width) is taken from fitted parameters in the experimental optical conductivity o(w) at
160 K. The in-plane optical conductivity is obtained by averaging the two inequivalent in-plane components.

Figure S2 presents the comparison between experimentally measured and DFT calculated real part of the optical
conductivity. The DFT calculation shown here did not include a Hubbard U. Similarly to the experimental result, the
DFT calculation also reveals a strong anisotropy reversal as a function of frequency. The DFT calculated out-of-plane
optical conductivity exceeds the in-plane components substantially around 0.6 eV. However, the anisotropy crossover
appears near 0.3eV, much lower than the experimentally observed crossover energy. This discrepancy is to some
extent expected as general DFT calculations usually underestimate the interband transition energies [9]. Electronic-
correlation-induced mass-renormalization could also contribute to the underestimation of the interband transition
energy, as suggested by previous ARPES results[10]. Further, the calculations were performed in the nonmagnetic
state only and not in the DW state (where the Ni-O planes are decoupled via the nonmagnetic mirror layer).

Next, we analyze the orbital contribution to the anisotropic optical conductivity. Figure. S3 shows the DFT
calculated band structure with Hubbard U = 0. Near the Fermi level, Ni dy2_y2 and d,> bands dominate the optical
transitions. By comparing the band structure with the optical conductivity, we identify that the main contributions to
the in-plane interband conductivity arise from transitions between bands with dominant dyz_y2 character, while the
out-of-plane interband conductivity is mainly associated with transitions between bands of dominant d,2 character.
This orbital dependence of the optical conductivity can be understood from the spatial orientation of the two 3d
orbitals of the Ni atom. The dyz_y2 orbitals lie in the Ni-O plane and mainly contribute to electronic coupling within
the plane, while the d,2 orbitals extend along the c*-axis and mainly contribute to the charge transport between
layers. The difference in the orbital orientations naturally leads to the strong polarization dependence in the optical

response.
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FIG. S3. DFT calculated band structure and optical conductivity of La 4NizO19. Panels (a) and (c) display identical band
structures, colored to highlight the dominant orbital character: Ni  dy2 ,» components in red and d,= components in blue.
These bands give rise to the distinct optical conductivities along the in-plane and out-of-plane directions, shown in (b) and
(d), respectively. The total optical conductivity, along with its interband and intraband components, is presented for both
polarizations. The arrows in (b) and (d) indicate the principal optical transitions, corresponding to the interband processes
labeled in the band structures. The Fermi level is set to be 0 eV in panels (a) and (c).

S3. DENSITY WAVE ENERGY GAP EXTRACTION

The DW optical gap appears in the in-plane conductivity as a transfer of spectral weight from lower frequencies
to higher frequencies. To visualize this redistribution without logarithmic compression, we also show 1.55(! ) on a
linear scale in Fig. S4, where the crossing near 1000 cm ! is readily visible. We extract the gap by analyzing the
conductivity di erence spectrum, 1(M)= (5T <Tpw) 1(5Tpw). We take the spectrum just above the DW
transition (140 K) as the normal-state reference to minimize unrelated temperature-dependent e ects.

Fig. S5(a) compares the in-plane optical conductivities at 8 K and 140 K. The spectra show a suppression in
the mid-infrared and an enhancement at higher frequencies, crossing near 1000 cf We attribute this spectral-
weight transfer to the opening of the DW gap, since a simple narrowing of the Drude peak cannot account for
the high-frequency enhancement. Fig. S5(b) shows the 8 K di erence conductivity 1(! ); the zero-crossing point
(black arrow) de nes the optical gap, 2 = 112 meV. The resulting DW gap, = 56 meV, agrees with a previous
FTIR report on the same material (61 meV) [11]. For Tpw = 140 K, this yields 2 =kg Tpw 9:3, far above the
weak-coupling value of 3.52, highlighting the unconventional nature of the DW transition in LagNi3O1p.
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FIG. S4. Linear-scale view of the in-plane real optical conductivity 1.4 (! ) of LasNizO10 over 0-6000 cm *, with low- T spectra
shown in cooler (blue-like) colors and high-T spectra shown in warmer (red-like) colors. A clear DW-induced spectral-weight
transfer is visible: below 1000 cm ! the high-T curves lie above the low-T curves, while above 1000 cm 1 the trend
reverses (lowT curves exceed highT curves), producing an approximate crossing near 1000 cm *.

The temperature dependence of energy gap [Fig. S5(c)] follows a mean- eld behavior. We obtain the mean-
eld curve by solving the self-consistent BCS gap equation and normalizing by the maximum gap and the DW
transition temperature. To estimate uncertainties, we conservatively assume a relative re ectivity error of 0:5%
between temperatures, rescaldr(! ) at all temperatures by factors of 1.005 and 0.995, recompute the corresponding
conductivities, and re-extract ; we take the di erence between the gap values from the scaled re ectivities as the
error bar, providing a conservative estimate of uncertainty from re ectivity errors. While the number of data points
near Tpw is limited, the observed ( T) suggests that the DW transition is close to continuous and likely driven by
an SDW instability, consistent with the Landau analysis of Ref. [12].
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FIG. S5. Density wave energy gap and mean- eld behavior. (a) and (b) display the in-plane optical conductivities and their
di erence at the lowest measured temperature 8 K, and just above the DW transition at 140 K. The opening of the DW energy
gap 2 is illustrated by the spectral weight transfer and crossing close to 1000cm !. The evolution of energy gap with
temperature is shown in panel (c). The solid blue line denotes the mean- eld behavior.

S4. ELECTRONIC CORRELATION CALCULATION

We quantify electronic correlations in LayNizO;p using the ratio of experimental to band-theory kinetic energy,
Kexp=Kprr [13{15]. To avoid contributions from interband transitions and phonons, we relate the kinetic energy
to the Drude plasma frequency and computeK ey =Kprr = ! f,;exp =l gm . Because standard DFT does not capture
DW e ects, we use the experimental optical conductivity at 160 K (just above the DW transition) as the reference
experimental spectrum. We perform the DFT calculation without including a Hubbard U. For the in-plane direction,
a Drude+"; ttothe measured 1ay(!) yields! 3%, = 9855 cm ! (1.222 eV), while DFT gives! &, = 2:511 eV,
resulting in KggszggT = 0:237, consistent with previous reports [11, 15]. For the out-of-plane direction, we obtain
| S.exp =402 cm ! (0.050 eV) and! 5., = 0:278 eV, givingK &, =K gy =0:032.

Based on kinetic-energy ratios extracted from the optical plasma frequencies, L#izO19 is a moderately correlated
metal in the in-plane direction, with Kg)?p:KgET = 0:237, while the out-of-plane response is strongly suppressed,
yielding K&, =Kggr = 0:032. As summarized in Fig. S6, these values place LBli3O;0 in an intermediate regime
relative to other layered nickelates and correlated oxides. The in-plane response is comparable to Balfes,, where
multiorbital physics is important, whereas the out-of-plane response resembles LfNi,O; and La,CuO,4, which lie
close to the Mott-insulating limit. This pronounced anisotropy re ects the layered crystal structure and the strongly
reduced interlayer charge dynamics.
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FIG. S6. Kinetic-energy ratio Kexp =Kpana for LasNizO1o along the in-plane and out-of-plane directions, compared with the
related nickelates LazNi>O; and LaNiO 3, and with other representative materials. For clarity, nickelates are shown as solid
symbols and other materials as open symbols. LaNizO1o is highlighted by a solid red star (out of plane) and a solid orange
circle (in plane). Values of Kexyp =Kpana are taken from Refs. [13, 15, 16] and references therein.

S5. DRUDE-LORENTZ FITTING

We use the multi-component Drude-Lorentz model to quantitatively analyze the temperature dependence of free
carrier density, scattering rate, and phonon modes. The optical response of the material is modeled using a standard
Drude-Lorentz formalism for the dimensionless complex dielectric function [6, 17],

X 1z X 12,
M= it (S1)

12 i1 | |
j.+IJ. K Ok ! I k:

where the rst summation describes the free-carrier response using one or more Drude terms, characterized by Drude
plasma frequencied ,; and Drude scattering rates ;. The second summation represents bound excitations modeled
as Lorentz oscillators with resonance frequencie$ g, , oscillator strengths ! ,,, and damping constants |, which
captures infrared-active phonons, interband transitions, and other nite energy excitations. The term ; is the
high-frequency dielectric constant accounting for polarization processes that occur at energies well above the spectral
window explicitly modeled by the Drude and Lorentz terms. Physically, ; incorporates mostly the cumulative
contribution of core-electron and high-energy valence-electron screening that respond essentially instantaneously on
the timescale of infrared excitations. As such, ; provides a constant background that ensures the correct high-
frequency limit of the dielectric function and should not be interpreted as the static dielectric constant.

The complex optical conductivity (! ) is directly related to the dielectric function via

)1

()= o058 (S2)

where the frequency! is expressed in units of cm? and the resulting conductivity is obtained in units of lem 1.
The numerical factor 59958 60 arises from unit conversion and corresponds t&@,=2 , where Z; is the vacuum
impedance [6, 17]. We use this formula to simultaneously t the real and imaginary parts of the complex optical
conductivity.
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FIG. S7. The in-plane experimental 1(!) (black curve) at 8K and the Drude-Lorentz tting result (red curve). Individual
Drude and Lorentz components are shown as shaded areas.

We performed Drude-Lorentz ts at all temperatures for both the in-plane and out-of-plane optical conductivity;
as an example, Fig. S7 shows the Drude-Lorentz t to the in-plane optical conductivity at 8 K. We model multiple
interband transitions with a set of Lorentz oscillators and include a phonon-like feature near 600 cm!. The tted
interband structure broadly follows DFT, although the oscillator strengths di er quantitatively, and fewer distinct
modes are resolved experimentally, consistent with substantial spectral broadening.

In RP nickelates, the low-frequency response is sometimes parameterized with multiple Drude components to
re ect multiband character and possible orbital-dependent scattering [11, 16]. When these intraband contributions
are not spectroscopically resolved, however, such decompositions are not unique and increase correlations among
parameters. Here, the low-frequency conductivity is a single, smooth Drude-like component, without clear signatures
that uniquely require multiple Drude terms. Hence, we adopt a minimal intraband description to capture the essential
charge dynamics while limiting model dependence.

To make the temperature evolution of the in-plane Drude-Lorentz analysis more transparent, we also compare
representative ts above and below the DW transition in Fig. S8, showing the decomposition of 1(!) at 8 K
and 160 K. We focus on the low-frequency rangé < 5000 cm !, where the DW-related changes are most evident,
while the higher-energy interband structure remains largely unchanged. In both cases, the conductivity is captured
by a single Drude term together with a set of Lorentz oscillators that represent the low-energy phonon-like features
and higher-energy interband transitions. Upon cooling into the DW state, the Drude response becomes weaker and
sharper, with spectral weight transferred to nite frequency. The corresponding t parameters of 1.a(! ) in the
low-frequency range are summarized in Table S1. In particular, the phonon-like structure near 600 cnt appears as a
single broadened Lorentz component at 160 K, but resolves into two distinct components at 8 K as the low-temperature
response sharpens.

To obtain a robust estimate of the in-plane dc resistivity from optics, we also analyze the low-frequency response
using a simpli ed Drude+"; model. This approach is applied only within a restricted low-energy window that lies






