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S1. Extraction of refractive index from reflectivity measurements

The refractive index of a material consists of real and imaginary parts that allow for linking our
measurements to the electronic structure of the multilayer system. This is especially useful in obtaining
element-specific information regarding spin-states, orbital character, and optical properties of materials.’
The complex refractive index can be described as /i = n + ik with n corresponding to the real part and k to
the imaginary part. For s-polarization, the total reflectance can be derived from the Fresnel equations to:
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where the incident angle measured w.r.t. the surface normal is defined as 6;, and e~?°%’is the Debye-Waller
factor describing the attenuation of the reflected beam due to scattering. To extract the refractive index, a
numerical nonlinear least-squares algorithm was employed using Eq. (1), as described by Kaplan et al.!
Since the material properties of the sample are described by n and k, which are components of the complex
refractive index (A), they are not a function of the angle and the values are not solvable using a single
measurement. Therefore, the total reflectivity (R) was measured at the ALS as a function of the incident
angle (10°, 20°, 30°, 45°) and photon energy so that the system becomes overdetermined allowing for the
retrieval of n and k at each photon energy. While theoretically two angles are sufficient to solve the set of
equations, using four different angles was chosen to reduce the error.

S2. Experimental setup for reflectivity measurement

The absolute reflectance of LLTO was gathered at beamline 6.3.2 at the Advanced Light Source (ALS) at
Lawrence Berkeley National Laboratory, with the setup summarized in Fig. S1. XUV s-polarized light first
passes through a 4-jaw aperture and is then focused in both the horizontal and vertical directions, before
becoming incident onto a series of 80 mm plane varied-line spacing (VLS) gratings. This specific type of
grating was chosen based on our desired energy range of 25-73 eV. After exiting a slit, the then
monochromatic beam continues to a three-mirror order suppressor. The beam was focused down to a spot
size of 10 ym x 300 ym (FWHM) onto the sample contained under vacuum in the reflectometer. The
reflected X-ray yield is measured using a large area photodiode connected to a low-noise amplifier and an
analog-digital converter. To obtain a reflectivity spectrum, the monochromator is scanned in 0.1 eV steps
and the reflected yield is recorded. A spectrum of the beam directly incident on the photodiode was collected
and used for background removal.

S3. Quantification of the Li content by X-ray Photoelectron Spectroscopy and Inductively Coupled
Plasma Mass Spectrometry.

XPS measurements were performed using a Specs PHOIBOS 150 hemispherical energy analyzer with a
monochromated Al K« X-ray source (Fig. S3A). Charge neutralization was carried out for insulating LLTO
samples using a low-energy flood gun (5 eV electron energy and 50 pA emission current). Survey spectra
were measured using a pass energy of 40 eV at a resolution of 0.2 eV/step and a total integration time of
0.1 s/point. Core-level spectra were measured using a pass energy of 20 eV at a resolution of 0.05 eV/step
and a total integration time of 0.5 s/ point. Quantification was performed using Scofield cross-sections with
Shirley-type background subtraction. The O 1s core level was further deconvoluted using 70-30
Gaussian-Lorentzian peak shapes to isolate the oxygen content from the LLTO film and exclude additional
signal from surface contaminants. As Li concentrations cannot be accurately measured due to overlap with
the Ti 3p core level, the Li concentration was estimated using the ratio of La:Ti concentration and the
nominal material stoichiometry of LisxLaw@sxTiOs. This yielded an approximate LLTO stoichiometry of
Lio.ooLao.s4TiO3, which is lower than the initially targeted composition of Lio.ssLao.ssTiOs. However, the Li
content from the LLTO formula relies on a factor of 3 multiple relative to the La vacancy content, and small
errors in the measured La stoichiometry relative to Ti will result in large errors in the estimated Li content.
As a result, XPS is insufficiently accurate to appropriately quantify the Li content of these LLTO films. To



more accurately measure the Li content in the thin films, we performed additional experiments utilizing ICP-
MS of single layer, amorphous LLTO thin films grown using the same PLD target and growth conditions as
the LLTO layers in our LLTO-LCO superlattices. Several replicates were performed, yielding an average
Li:La ratio of 0.766 (Fig. S3B). This corresponds to a nominal film stoichiometry of Lio41LaossTiOs,
consistent with the target stoichiometry of Lio.3s3sLa0.55TiOs.

S4. XUV reflectivity spectra and attenuation length in LLTO

An important consideration given the sample structure is the possibility of contributions from the first buried
interface to the observed XUV-SHG signal. To estimate the penetration depth at half resonance to the Li K
edge, i.e. photon energies ranging from 28-33 eV as used in the measurements, we assume a density of
LLTO of 5.13 g/cm?®. This value is the average value of all relaxed LLTO structure currently available in the
materials project repository? with densities ranging from 4.68 to 5.99 g/cm? for variations of this structure.
Using neutron reflectivity measurements, we determined that the topmost LLTO layer had a density of
4.4 g/cm?® (see Section S5), hence we use a density of 4.5 g/cm® to estimate the penetration depth using
the CXRO database® with the nominal stoichiometry measured using XPS (Section S3). We find that the
penetration depth is in the range of 9 nm considering 45° angle of incidence on the sample around 30 eV.
With the first layer exhibiting 11 nm thickness, the intensity impinging at the first interface at half resonance
can be estimated to be in the order of 10% of the intensity incident at the surface. Due to the quadratic
scaling law of XUV-SHG, additional attenuation of the outbound XUV-SHG wave propagating back through
the topmost LLTO layer, and likely overall lower XUV-SHG efficiency due to less broken symmetry it is
reasonable to neglect contributions of the first buried layer to the observed XUV-SHG signal. However, in
the linear response X-ray reflectivity mild contributions from the first buried LCO layer can be observed due
to the increase in the XUV penetration and escape depth (~25 nm) at around 60-70 eV (Fig. S2B).

The observed Li-K absorption edge (Fig. S2A,B), is comparable to several reported literature
values for lithium-containing electrolyte materials ranging from 58 to 62 eV.*° However, a larger shift (~6
eV) is observed in comparison to the Li metal K-edge at 54.7 eV reported by the CXRO database,?
consistent with the formal oxidation state of lithium being Li*, as expected for LLTO. Bader charge analysis
shows that the Li ion carries a +0.903e charge. The reduced electron density around the Li atom results in
higher excitation energies.® At lower photon energies, the Ti M2 3 edge has a small contribution to the overall
spectrum from the peak located at 39 eV describing the transition from the 3psi2,12 core states to the
unoccupied higher level energy states.® The Co M3 edge also appears to have a modest contribution to
the spectrum with a peak located at 59 eV, close to the 58.9 eV reported by the CXRO database.® The
broad spectral feature at approximately 48.3 eV is likely a result from the O L1 edge typically located near
41.6 eV." It has been found that decreased metal-oxygen bond covalency is directly related to decreased
effective nuclear charge, with observed O L1 edges for other metal oxides from 42 eV for NiO to 44 eV for
Fe203.2 The reported Bader charges for metal and oxygen pair in NiO are +1.30e/-1.30e while that of Fe-
O pair charges in Fe203 are +1.84 e/-1.21e [Ref. 9,10]. Our calculation for the Ti-O pair in LLTO shows that
the Bader charges are +2.10e/-1.20e but due to asymmetry in Li rich and poor region. The large deviation
observed in LLTO would be consistent with the decreased covalency by a smaller effective nuclear charge
from Tiin LLTO, compared to that of Fe in Fe20s, continuing in the trend of increasing O L1 edges observed.
The O1 edge of La has a small contribution to the spectrum with a peak located at 36 eV, close to its 34.3
eV recorded value.

We did not observe any sample damage either from within a single shot or upon repeated exposure.
We believe these samples at these relatively low flux do not undergo changes due to radiation.

S5. Neutron reflectivity measurements

Neutron reflectivity experiments on a nominally identical LLTO/LCO multilayer were performed at room
temperature on the Liquids Reflectometer (BL-4B) of the Spallation Neutron Source at Oak Ridge National
Laboratory. The reflectivity as a function of momentum transfer Q (= 4 sind/1), as shown in Fig. S5A, was
measured by choosing a select number of incident angles 6 and using time of flight analysis of a range of
neutron wavelengths A. The wavelength band, with a fixed width of 3.4 A, was adjusted between 2.55 A
and 16.7 A. The measured reflected neutron intensities were normalized on direct beam intensity
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measurements to obtain the reflectivity. Fitting the experimental reflectivity provided a depth profile of the
neutron scattering length density, as shown in Fig. S5B. From the neutron scattering length density the
density of the top LLTO is determined to be 4.4 g/cm?.

S$6. Nonlinear susceptibility extraction

From each XFEL shot, the 0™ order, 15 order and 2" order diffraction are all recorded. A Gaussian peak
was then fit to each shot. Looking at the FWHM of the first diffraction, if it was outside of 1.5 standard
deviations of the mean the shot was discarded. The location of the Gaussian peak was used to place each
shot into bins by energy. The integral of the fundamental shot was used to sort shots into bins by incident
intensity. The grating equation was used to find the absolute values of energy.

To extract the nonlinear susceptibility scaling with fundamental intensity for each energy, the shots
in each bin were sub-binned based on incident fundamental intensity and then averaged. Then the average
second harmonic intensity was found from each bin, and the corresponding intensities were calculating by
integrating the Gaussians using the trapezoidal rule. Then the nonlinear susceptibility was extracted by
fitting the second-order response.

The inherent photon energy and pulse intensity jitter of the SASE-FEL creates a dataset where FEL
shots with similar photon energy can be grouped together following the procedure outlined in Ref. 11. The
pulse intensity jitter at each grouped energy is then used to extract second-order susceptibility x?(2w) by
fitting a second order function to /(2w) over I(w). This extraction protocol permits us to relate the nonlinear
response of the material to the dielectric environment at the surface of the topmost LLTO layer.

S7. First-Principles Simulation of Linear and Nonlinear Susceptibility of LLTO

The frequency-dependent linear response and nonlinear second harmonic susceptibility of LLTO was
assessed by means of real-time velocity-gauge time dependent density functional theory simulations.'?-"°
A 2x2x2 super cell (38 total atoms) of the fundamental unit cell of LLTO perovskites structure,
Li-o.375La0.625TiO3,® with lattice constant a = 7.828 A, b = 7.754 A, ¢ = 7.871 A, was utilized. The electronic
structure was described as a linear combination of localized atomic orbitals as implemented in the Siesta
code.'” A semi-core norm-conserving pseudopotential, that include the semi-core level electrons relevant
to XUV excitation, was employed using as basis set of double-{ quality:

Atom Basis set

Li {1s(20), 25(20), 2p(20), 3s(20), 3d(20)}
La {5s(20), 65(20), 5p(20), 5d(20)}

Ti {3s(20), 3p(20), 4s(20), 3d(20), 4p(20)}
o {2s(29), 2p(2)}

The real space mesh energy cutoff was set to 5226 eV and the timestep of 0.04 a.u. (1.935 as) was used
to propagate the system. The system was sampled at 5x5x5 [-centered k-point grid. For the linear
adsorption calculations, a small impulse function was used to excite the system. The resulting frequency-
dependent dielectric function was then obtained from a Fourier transform of the current density J(f) (Fig.
S6A). For the second order susceptibility, a 2.5 fs sine-squared envelope monochromatic pulse with varying
frequency ranging from 28-32 eV, and intensity ranging from 10"'-10"® W/cm?, were used to propagate the
system. First, we propagated the bulk LLTO system under 30 eV pulse at 10" W/cm? and observed no
second harmonic response (Fig. S6B, red line). This is consistent with the expectation that a second
harmonic response will only occur at the surface of LLTO, where the inversion symmetry is broken. Next,
we simulate the surface response of LLTO by constructing a slab geometry, i.e., adding a 10-A vacuum in
the z-direction. In addition, we artificially broke the symmetry, to ensure that the SHG emerges only at the
surface, by excluding the semi-core electrons from all layers except the top layer. Further details on this
approach can be found in the work by Lam et al.'®

Fig. S6B depicts the second harmonic response under 30 eV monochromatic perturbation
(Fig. S6B, blue lines), which demonstrates that the second harmonic generation results from the surface
LLTO layer only. To extract the second order susceptibility, the Fourier transformed current density J(w) at
2w was fitted to a quadratic equation of field strength, based on a Taylor expansion of the generalized
nonlinear susceptibility equation:
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The simulated SHG spectrum in the main text Fig. 2B is derived by varying the monochromatic perturbation
and perform this fitting procedure. Additional simulations were performed to verify that there was no SHG
signal from Li atoms in the center of our LLTO slab, while another simulation revealed that the intensity of
the SHG signal varied almost linearly with the Li atom surface concentration.

S8. Determination of the Lithium Diffusion Barrier

We performed Nudged Elastic Band (NEB) calculations'®?° along the Li migration path and compared the
results between Li migration within the bulk and toward surface. All calculations were performed using the
Vienna Ab-initio Simulation Package (VASP) using the NEB algorithm implemented with the software.?! A
total of 11 images were used to simulate the lithium migration path.

$9. Ab-initio Molecular Dynamics Simulations

Molecular dynamics simulation of bulk and slab LLTO was performed using VASP. The system was
propagated with k-point sampling grid of 2x2x2 (2x2x1 for the slab system) with the temperature of the
system controlled at 300 K using a Nose-Hoover thermostat. The equations of motion of the ion were
numerically propagated forward in time using the Verlet algorithm, within at integration timestep of 0.5 fs.
The system was allowed to equilibrate for 1 ps, followed by an additional 100 ps simulation for post-
trajectory analysis. Snapshots 0.5 ps apart were also used to calculate the Bader charge of each different
atoms in the system.??> An additional system was simulated to provide further details of Li dynamics at the
LLTO/Li metal interface. Here, 6 layers of Li metal (24 atoms) are placed in contact with the original LLTO
slab, and the system was propagated in time in the same way as the LLTO bulk and LLTO slab systems.

$10. Lithium Power Spectrum and Entropy Quantification

Using the trajectories from our AIMD simulations, we quantified the Lithium entropy using the Two Phase-
Thermodynamics (2PT) code. The details of the 2PT method have been presented elsewhere?>-?°; here we
outline the salient points. We first calculated the density of states (DOS, also known as the spectral density)
function as a Fourier transform of the atomic velocity autocorrelation function.?32¢ We then calculated the
entropy by separately considering the diffusive and vibrational motions of the atoms. Notably, since the
DOS is obtained directly from MD, the resulting entropy inherently contains contributions due to harmonic
vibrational, as well as anharmonic liberational and self-diffusional motions.

S$11. Phonon analysis

To get a better understanding of the LTO lattice vibrations, we performed phonon frequencies calculation
using perturbation theory with VASP.2"28 Here, the Hessian matrix was first determined, and the dynamical
matrices were solved for dependent frequencies and eigenvectors. We considered lithium atom in the bulk
(3D geometry) and at the surface (slab 2D geometry). We visualized each of the modes using VESTA?®
and the VASP-plot-modes®® procedure.

$12. Lithium Dynamics and Thermodynamics at LLTO Interface Analysis

To provide further understanding to Li atoms dynamics at LLTO interfaces, we analyzed the trajectories
from our AIMD simulations. We calculated the in-plane and out-of-plane Li atoms displacement in bulk and
at the interface, where “out-of-plane” refers to the crystallographic c-axis. We found that the motions of Li
in bulk are identical between in-plane and out-of-plane directions. On the other hand, out-of-plane motion
of Li at the interface is greatly hindered (see Fig. $11). To quantify this effect, we calculated the entropy of
Li and found that the entropy is lower at the interface, compared to the bulk. This corresponds to a
“hardening” of vibrational modes, which manifested as a blueshift of the vibrational DOS. Lastly, we verified
that the Li at interface of LLTO/Vacuum model was similar to LLTO/Li (the expected interface in a real
battery) by calculating the entropy profile along the c-axis (see Fig. $12). We find that the entropy of the
two models is identical, hence justifying our choice of the model in the linear and non-linear response
calculations.



$13. First-principles Calculation of Linear Susceptibility of LCO/LLTO composite

Linear response of LCO was simulated at the same level of theory employed in Section S7. The lattice
constant of LCO unit cell was chosen as 4.99721 A. We then performed a linear combination between the
resulting linear response spectra of LCO and LLTO (See Fig. S13). The resulting spectra was found to be
in better agreement to the experiment, as expected since the experiment probes both material at the same
time and therefore provide signal that is collective response of the two materials.
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Figure S1. Beamline 6.3.2 at the Advanced Light Source (ALS). lllustrated above is the
experimental geometry of the reflectivity experiments conducted at ALS. The incoming beam passes
through a 4-jaw aperture prior to being steered by dual focusing mirrors onto a rotatable plane varied-
line spacing (VLS) grating. Continuing, the reflected beam passes through a slit before entering an
order suppressor setup. The XUV beam enters the reflectometer chamber and hits the sample at
varying angles of incidence where the subsequent signal is collected on a detector perpendicular to
the reflectometer surface. The grating-slit arrangement acts as monochromator for the broadband

undulator radiation emerging from the ALS.
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Figure S2. Retrieved complex refractive index of LLTO. Data was obtained from reflectivity
measurements conducted at the ALS beamline 6.3.2. A, Retrieved real part of the refractive index n. B,
Retrieved imaginary part of the refractive index k (orange). The dashed lines on each plot show the resonant
photon energy of the Ti M23 edge (39.0 eV), O L1 edge (48.3 eV) Co M2 3 edge (58.9 eV), and the Li K-edge

(61.3 eV), respectively.
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Figure 83. Quantification of Li Content in LLTO Films. A, The surface concentration of Li in the LLTO
films were estimated by XPS. Because lithium overlaps with titanium at low binding energy, the amount of
lithium must be calculated using the relative fraction of lanthanum vs. titanium. The total stoichiometry was
determined to be Lio.osLao.s4TiO3 at the surface. B, ICP-MS measurements overlaid with variation in La, Li
and vacancy content according to the formula LisxLa@3-TiOs. ICP-MS measurements indicate the true thin
film stoichiometry is closer to Lio.41Lao.s3TiOs.
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Figure S4. Hard X-ray reflectivity of the sample. The low-angle reflectivity shows oscillations from both
the total film thickness (narrow fringes) and superlattice structure (wide fringes). The reflectivity was fit to
determine the layer thicknesses shown in Figure 1 of the main text. X-ray reflectivity was measured on a
Bruker D8 diffractometer with Cu Kq radiation. After performing geometrical corrections®', the results were
fit with the GenX program?2,
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Fig S5. Neutron Reflectivity of the Sample. A, Neutron reflectivity data (circular markers) measured on
the Liquids Reflectometer as a function of momentum transfer Q and fit (line) with the GenX program.3?
Error bars indicate the statistical error. B, The neutron scattering length density as a function of height
above the surface of the substrate determined from fitting the experimental neutron reflectivity. Only the
real part of the scattering length density is shown as the imaginary part is three orders of magnitude weaker
than the real part and does not play a significant role in determining the reflectivity. During fitting, the
parameters (thickness, roughness, scattering length density) describing of the three central LLTO/LCO
bilayers were fixed to be identical to each other, while the parameters for the bottom LCO and top LLTO
were allowed to be different from the other LCO and LLTO layers, respectively.
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Figure S6. First-principles simulation of linear and nonlinear response of LLTO in the extreme
ultraviolet. A, Calculated linear response spectrum of LLTO in the XUV. B, Spectrum of the current density
J(w) at a monochromatic perturbation at 30 eV at varying intensities showing the increasing second order
(2w) response for the inversion symmetry broken surface Li atoms (blue lines) at field strengths of 1x10"",
1x10'2, 1x10" and 1x10™ V/cm (bottom to top) that is not observed in bulk LLTO (red line — at a field
strength of 1x10'* V/cm). C, Quadratic fit to field dependent for extraction of second order susceptibility.
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Figure S8. Projected density of state for LLTO, showing the energy distribution of the Lithium s (dashed
lines) and p (solid lines) states. As before we separately consider and resolve the response from lithium
atoms in the bulk (blue lines) and slab (red lines) geometries.
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Figure S9. Calculated x-ray linear adsorption spectra of LLTO. We separately consider and resolve the
response from lithium atoms in the bulk (3D) and slab (2D) geometries. We find that the slab spectrum is
red-shifted by 0.2 eV compared to the bulk.
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lithium atoms in the bulk (3D geometry) and surface (2D slab geometry) are presented. The color bar
indicates the relative probabilities.
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Figure S11. Population analysis of lithium displacement from the center of the LTO cage from AIMD
simulations. The dynamics of Lithium atoms in the bulk (blue) and at the surface (orange) is presented for
displacement in the XY plane (left panel) and out-of-plane (right panel).
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Figure S12. Displacement of bulk and surface lithium in LLTO from AIMD simulations. The Li mobility
in the bulk (left) and surface (right) are compared for both in-plane (blue) and out-of-plane (brown) motions,
where “out-of-plane” refers to the direction parallel to the crystallographic c-axis. In the bulk, Li motion is
very similar between in-plane and out-of-plane motion. On the other hand, the Li at the interface sees
reduction in its ability to travel. Additionally, the out-of-plane motion (motion perpendicular to the surface)
is greatly hindered relative to the bulk.
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Figure S13. Comparison of the Li dynamics at the LLTO/Vacuum and LLTO/Li metal interface. The
dynamical behavior of Li at the LLTO interface is similar between the LLTO/Vacuum and LLTO/Li metal
systems by computing the entropy profile of the Li atoms along the slab. As shown, the entropy of Li, and
thus the dynamical behavior, near both interfaces is nearly identical, justifying our SHG measurements at
the LLTO/Vacuum interface as being relevant for understanding the properties of the Li(anode)/LLTO
interface in a real solid-state battery. Of note, we find that the entropy of Li atoms in the Li-metal quickly
converge to the experimental value of ~29 J/mol/K.
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Figure S14. Effect of considering LCO in the linear absorption spectrum. In Fig. 2A in the main text,
the theoretical linear absorption curve (reproduced here as dashed curve) considers the contribution from
both LLTO and the underlying LCO layer, giving an excellent match in the peak position as the
experimentally measured absorption peak. Here, we show the calculated absorption for the LLTO layer
only (blue curve), which has a slight blue shift of the peak. This comparison indicates that it is necessary to
consider both LLTO and LCO contributions in reproducing the experimental value in Fig. 2A.

Supplementary Videos (supplied as separate files). Animated illustrations of low energy LLTO
vibrational modes. The vibrational frequency of each mode is indicated, and the arrows indicate the main
direction of displacement, to guide the eyes.

Supplementary Video 1: Rotations of the TiOs octahedra at 62 cm™.
Supplementary Video 2: An in-plane optical TO mode at 70 cm™.
Supplementary Video 3: An out-of-plane optical LO mode at 89 cm™.
Supplementary Video 4: LTO breathing mode at 132 cm™.
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