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Solid-state electrolytes overcome many challenges of present-day lithium
ion batteries, such as safety hazards and dendrite formation’*. However,
detailed understanding of the involved lithium dynamics is missing due
toalack ofin operando measurements with chemical and interfacial
specificity. Here we investigate a prototypical solid-state electrolyte using
linear and nonlinear extreme-ultraviolet spectroscopies. Leveraging the
surface sensitivity of extreme-ultraviolet-second-harmonic-generation
spectroscopy, we obtained a direct spectral signature of surface lithium
ions, showing a distinct blueshift relative to bulk absorption spectra.
First-principles simulations attributed the shift to transitions from

the lithium1sstate to hybridized Li-s/Ti-d orbitals at the surface. Our
calculations further suggest areductionin lithium interfacial mobility due
to suppressed low-frequency rattling modes, which is the fundamental
origin of the large interfacial resistance in this material. Our findings pave
the way for new optimization strategies to develop these electrochemical
devices viainterfacial engineering of lithiumions.

In the pursuit of finding new solutions to overcome safety hazards  consisting of an alternating arrangement of La-rich and -poor layers
of liquid electrolyte batteries, lithium lanthanum titanium oxide  (or, equivalently, lithiumvacancy-poor and-rich layers)’. Itisknownto
(LisLa,3,TiO5, LLTO) has emerged as a promising candidate material.  have one of the highest ionic conductivities for Li-ion-containing oxides
LLTOisclassified asanABO, perovskite material (AisLi,La;Bis Ti;Fig.1a), (1x107°Scm™),comparabletoliquidelectrolytes, and can participate
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Fig.1|LLTO structure and experimental geometry. a, Basic crystal structure of
LLTO, consisting of alternating Li-rich and -poor layers and Ti and O octahedra.

b, Calculated partial density of states (DOS) for LLTO and indicated transitions
for the XUV-SHG probe. ¢, Overview of the experimental setup used for
measurement of XUV-SHG data in reflection geometry. The inset shows the
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layered sample structure with repeating layers of LLTO and LCO. d, Schematic
representation of an LCO-LLTO stack forming a prototypical battery, with the
XUV-SHG process indicated on the top surface; note that LLTO is polycrystalline
inthe film measured despite the schematic representation. XFEL, X-ray free-
electron laser. MCP, microchannel plate.

inrapidLi*iontransport®. Challenges in regard to effective application
of this class of solid-state electrolytes relate to limitations in physical
contact, interfacial impedances, instability to contact with lithium
metal and mechanical stabilization due to issues including material
fractures and impurities®. In such oxide electrolyte films with thick-
nesses close to the range for lithium ion battery separators, these
challenges may become even more pronounced, further emphasizing
chemo-electromechanics phenomena at the interfaces’. A better
knowledge of both surface and interface characteristics is thus
necessary to aid in determining material compositions and designs
that can effectively overcome these limitations, ultimately improving
battery performance. However, to date there are no experimental
techniques that can directly probe the interface of these complex
materials with atomic specificity. Thus, mechanistic understanding
of the behaviour of lithium ions at the interface can be inferred
only from traditional electrochemical measurements employing
idealized equivalent circuit models®’.
Extreme-ultraviolet-second-harmonicgeneration (XUV-SHG)'’ can
beused toretrieve spectral signatures that specifically contain the con-
tribution of ions at complexinterfaces. Second-harmonic-generation
occurs when two light waves of frequency w, called the fundamental,
areabsorbed by the materialto emit a wave at twice the frequency, 2w

(Fig. 1b). SHG intensity is proportional to the square of light intensity
and the second-order susceptibility, Y2, where Y contains information
related to the dielectric environment". In addition, under the electric
dipole approximation, the second-order susceptibility is only nonzero
for systems lacking inversion symmetry, allowing SHG to probe the
surface characteristics of a material exhibiting inversion symmetry
in bulk, as is the case for LLTO. Measurements in the XUV and soft
X-ray regime are particularly attractive because they enable elemental
selectivity' and have been achieved at free-electron lasers (FELs),
where soft X-ray and XUV-SHG have been successfully employed to
study surfaces™" and bulk anisotropies'". Inaddition, XUV-SHG with
a tightly focused table-top source has recently been reported®.
Of course the measured second-order susceptibility is generally
small, rendering the generation and detection of SHG difficult—
measurements require intense, coherent laser sources.

To understand how specific Li surface and interfacial structures
can impact ion transport at LLTO surfaces, in this work we experi-
mentally compare surface-specific properties of LLTO probed
by XUV-SHG with bulk properties probed by X-ray absorption spectro-
scopy (XAS) derived from reflectivity measurements (see Methods).
This work complements previous studies of Li using bulk-sensitive
techniques such as cryogenic electron microscopy”. Similar to
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Fig.2|Measured and numerically simulated linear and nonlinear response

of LLTO at the lithium K-edge. a, The measured imaginary part of the refractive
index of LLTO (brown shaded area, left axis) agrees well with the numerically
retrieved linear response (dashed brown line, right axis) around the Li K-edge
thatappearsaround 61 eV in LLTO. The calculated curve is an equal-weight linear
superposition of response from both LLTO and LCO. See Supplementary Fig.13
for the effect of including the LCO contribution. The slight disagreement of
thelinear response at higher energies could have stemmed from broadening

due to unrealistic sample structures in the simulation, where anideal crystal
geometry isassumed. b, Experimentally derived second-order nonlinear
susceptibility ¥?(2w) response across the Li K-edge (blue open squares, blue solid
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line for visual clarity). The computationally simulated second-order nonlinear
susceptibility y?(2w) for aLLTO at the surface is denoted by solid triangles, and
isingood agreement with the measurements. Vertical error bars correspond to
errorsin the quadratic fit of the second-order response; horizontal error bars
arearesult of energyjitter of the FEL for which 72,000 shots were collected at
each photon energy. a,b, Double-sided arrow highlights the difference in peak
positions between linear absorption (a) and second-harmonic response (b).
c,d, Representative wave function of the resulting lithium atom core-excited
states inthe XUV-SHG spectrum at-61eV (c) and -64 eV (d). We adopt the
convention that the positive and negative phases of wave function are coloured
beige and teal, respectively.

XUV-SHG, XAS probes transitions between occupied and unoccupied
states, providing information about the local atomic and electronic
structure of Li within the material but with the bulk signal dominat-
ing the response. By comparing the features at w of the XAS spectrum
with those at 2w in the XUV-SHG spectrum—keeping in mind the
different transitions that would occur, governed by the selection rules
ofthese two processes—differences inbulk and surface characteristics
canbedetermined. Spectral shifts at the lithium K-edge for both tech-
niques were observed and interpreted using first-principles electronic
structure simulations. Further ab initio molecular dynamics simula-
tions revealed that lithium dynamics are substantially suppressed
atthe surface due to symmetry breaking, resulting in reduced lithium
entropy and mobility that are visible in the XUV-SHG, and hence the
large interfacial resistance in this material.

The sample considered here consists of alternating layers of
LLTO and lithium-cobalt oxide (LCO) (Fig. 1c), representing a model
solid-state battery (Fig.1d). LCO is one of the most commercially suc-
cessful cathode materials while LLTO is a widely used electrolyte’s.
Bulk absorption spectrain the XUV range were retrieved from linear
XUV reflectivity measurements and contain contributions from both
LLTO and LCO. The surface spectraonthe same sample were measured
using XUV-SHG. The thickness of the topmost LLTO layer (11 nm)
prevents access to the first buried interface of the polycrystalline
LLTO-LCO stack using XUV-SHG. The discussion and analysis in this
work are focused onthe bulk and surface of the top-layer LLTO, relevant

to describing the anode (lithium metal)/electrolyte interface (see
Supplementary Sections 1-6 for additional discussion). For selective
addressing of lithiumions and measurement of the surface spectrum,
the FEL is tuned across the lithium K-edge (61.3 eV) at half-resonance
in the range 29-33 eV. The intensities of the fundamental FEL pulse,
l(w), and the second-harmonicsignal /(2w) are simultaneously recorded
using animaging spectrometer.

We find that the bulk linear absorption spectrum peaks at approxi-
mately 61.5 eV and monotonically decays with increasing energy
(Fig. 2a). By contrast, the ¥ (2w) spectrum features a peak around
64 eV (Fig.2b). Dueto selection rules governing the SHG process, which
can be viewed as the product of two dipole-allowed transitions—Li
1s->np - (n+1)s/d°—itis expected that lithium1scoreelectrons have
allowed transitions only to unoccupied Li s final states, which may be
hybridized with transition metal d states. It is also expected that the
valencebandis occupied and thus not available for transitions. We con-
firmthese hypotheses by performing first-principles, velocity-gauge,
real-time, time-dependent density functional theory (DFT) calcula-
tions?® with anumerical atomic orbital basis set to propagate the elec-
tronic structure of LLTO under an intense laser field (Supplementary
Section 7). Our calculated spectrumis in excellent agreement with the
experimental findings. Specifically, the first low-intensity feature on
the XUV-SHG at 60 eVisdueto transitions to Li2 ssurface states thatare
delocalized due to hybridization with unoccupied Ti3 d states (Fig. 2c
and Supplementary Figs. 7 and 8). Similarly, the main XUV-SHG peak
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Fig. 3 |Restricted lithium dynamics at LLTO surfaces. a, Plot of the barrier for Li
migration along the low-energy pathway (inset), resolved for Li atoms at the surface
(blue curve) andin the bulk (brown curve). Lower barriers are calculated for bulk
diffusion. b, Lithium vDoS energy distribution at the surface and in bulk LLTO. We
found areduction in the population of low-frequency rattling modes (50-100 cm™)
for the surface lithiumion, which resulted in 40% reduction in entropy. The region
inthe dashed rectangle is enlarged in the bottom panel of g. c—f, Visualization of
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bulk LLTO vibrationalmodes at 62 cm™(c),70 cm(d), 89 cm™(e)and 132 cm*

(P). Arrowsindicate the general direction of atom displacement at a particular
frequency. Livibrational dynamics are coupled with cage breathing modes (c,f),
as wellas the optical longitudinal (d) and transverse (e) modes. g, vDoS of the LLTO
cage (top) and Li (bottom) vibrations in the low-frequency range. c-f, The various
vibrational modes are indicated. Surface cages show suppressed or blueshifted
vibrational modes, which compromises Li interfacial dynamics.

at 64 eV is due to transitions to Li 3 s states but has higher intensity
duetogreater overlap between the core-excited state and the Lithium
1s orbital (Fig. 2d). We underscore that the -2 eV blueshift in the
XUV-SHG spectrum is due to the inherent physics of the techniques,
where XUV-SHG selection rules prohibit transitions to the unoccupied
Li p states available to XAS rather than the dichotomy between sur-
face and bulk properties. Indeed our simulations indicate that, were
measurement possible, the XAS of the LLTO surface would be 0.2 eV
red-shifted compared with the bulk spectrum (Supplementary Fig.9).

Previous reports have shown that XUV-SHG spectroscopy is very
sensitive to local chemical environment and bonding chemistry®.
Thus, the low variance in our experimental XUV-SHG spectrum and the
excellent agreement with simulations (Fig. 2b), where we used a DFT
relaxed static structure, indicates that lithium mobility at the surfaceis
substantially restricted. We tested this hypothesis by means of further
ab initio simulations. First, we found that the barrier for Li migration
from one LTO cage to another is substantially higher at the surface
than in the bulk (Fig. 3a). Nudged elastic band calculations reveal
a barrier for Li diffusion, which follows a curved path that avoids
empty A sites of -0.2 eV in the bulk, in good agreement with previous
reports®?, This barrier increases to nearly1eV near the surface. More-
over, ab initio molecular dynamics simulations at 298 K reveal that
Li mobility within the LTO cage is substantially more confined at the
surface thaninthebulk (Supplementary Figs.10-13). In particular, the
phonon vibrational density of states (vDoS) of surface lithium atoms
showsadepopulation of modes of 50-150 cm™(0.67-0.22 ps) compared
withthebulk (Fig.3b). Further analysis of the LLTO vDOS reveals that, in
the bulk, Li motions are strongly coupled with LLTO cage vibrations
(Fig. 3c-g). For example, we find several normal modes that affect

lithium mobility, primarily: (1) amode at 62 cm™ due to TiO4 octahedral
rotation (Fig.3c); (2) various optical modes (near 70 and 89 cm™, respec-
tively) due to La displacement (Fig. 3d,e); and (3) acombined La/TiO,
breathing mode near132 cm™ (Fig. 3fand Supplementary Videos1-4).
At the surface, due to inversion symmetry breaking, several of these
lattice vibrations are either suppressed or shifted to higher frequen-
cies, such as cage modes E and F shown in Fig. 3g. The suppression of
vibrational modes at the material surface, while not a widely explored
phenomenon, has been observed at various clays*. From the Debye
theory of solids*, entropy is inversely proportional to the exponen-
tial of the frequency so that a blueshift of vDoS at the surface corre-
spondsto lower entropy. Quantitatively, the suppression and blueshift
of low-frequency modes at the surface of LLTO led to a calculated
entropy of Liatoms 0f18.1) mol™ K™, -40% lower than the bulk value.
Our findings provide afirst crucial step towards long-sought-after
probes for monitoring of lithium interfacial dynamics in operando.
In particular, the calculated decrease in Li surface mobility and con-
ductivity based on atomic simulations, which is consistent with spec-
troscopic measurements, motivates future studies aimed at probing
more complexinterfacessuchasLLTO-LCO, and presently providesa
rational basis for understanding one of the main obstacles regarding
this class of solid-state electrolytes. LLTO is known to have high grain
boundary resistance®?¢, and difficulties in achieving high interfacial
mobility impede its total ionic conductivity and effective use in bat-
teries. It is commonly assumed that increased interfacial impedance
results from the formation of a highly disordered interphase layer
at the contact point between LLTO and the electrode'®. With this in
mind, various methods of reducing interfacial impedance have been
investigated including surface coating®, buffer layer introductions®
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and interface softening®. Our current results, suggesting reductions
inlithiuminterfacial mobility at the surface due tointrinsic changes in
LLTO cage vibrational modes, provide an additional design principle.
Wealsonote that anode-free solid-state batteries are an area of increas-
ing interest®® and, although the interface between a solid electrolyte
andanonreactive current collector such as Cuis not technically 'free’,
from a chemical standpoint the mobility of Liin LLTO at the LLTO
surface will not be meaningfully perturbed by such a configuration.
Therefore, the mobility of Liat the free LLTO surface is highly relevant
when considered for anode-free operation of solid-state batteries—
in particular, for understanding how this initial mobility will direct
subsequent Li metal plating/stripping reactions. We envision future
optimization strategies based on manipulation of surface phonon
modes, possibly through interface engineering and characterization
ofinterfacial morphology by XUV-SHG. Such anapproach will present
a powerful new paradigm for enhancing the properties of complex
material interfaces in general, which is complementary to other
interface- and surface-sensitive spectroscopic approaches.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
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Methods

Experimental methods

The XUV-SHG measurements were conducted at BL1of the SACLA FEL,
under vacuum at ambient temperature. Data were collected using
a 0.8 um Al filter to prevent sample damage. The FEL p-polarized
pulses with 30 fs pulse duration and energies -13 pJ per pulse
became incident with the LLTO-LCO multilayer at 45° relative to the
surface normal, with a spot size of ~50 um measured in full-width at
half-maximum. Due to the FEL beam being incident at Brewster’s
angle, it was heavily attenuated, with any reflectivity observed due to
either polarization contamination orimperfectionsin beam alignment.
The reflected light, consisting of the weak fundamental FEL beam
and XUV-SHG signal, passed through a 200-pum horizontal slit before
being directed onto a grating at 87° with respect to the surface
normal. The beam was dispersed using a diffraction grating with
1,200 grooves mm ' before collection on a microchannel plate detec-
tor (Rectangular, Hamamatsu Photonics) coated with Csl. Fundamental
photon energies from the FEL were tuned at 28-33 eVin 0.5 eV steps.
The resulting images were captured by camera (IPX-VGA120-LMCN,
Imperx, Inc.). Shot-to-shot fluctuations of fundamental intensity
were used to retrieve second-order susceptibility, and the slight
photon energy jitter (approximately 0.2%) was used to increase
spectral resolution.

The XAS spectra were obtained from XUV reflectivity measure-
ments conducted at the Lawrence Berkeley National Laboratory
Advanced Light Source at beamline 6.3.2. Details can be found in
Supplementary Section 2.

Data processing

The reflected intensity of each FEL shot was measured on the micro-
channel plate detector as a two-dimensional image containing the
specular reflection of the grating, fundamental (/,) and second-
harmonic (/,,) signals. At each photon energy, for a specific attenua-
tion filter, approximately 60,000 shots were collected. After merging
into a single variable, sections containing the primary features from
the two-dimensional detector image were isolated. Pixels were
vertically binned and Gaussian functions fit to the fundamental peak
in each shot. For each peak position, poor-quality shots were identi-
fied as those having an r* value for the fit <0.9. Outstanding shots
were background corrected using the featureless portion of the
spectrum that was averaged and subtracted. After initial processing,
the data were merged and binned with respect to the fundamental
intensity. Within each bin there was a sufficient number of shots used
to extract the average intensity of the fundamental (/,) peaks. The
same procedure was carried out for the second-harmonic signal within
eachbinned spectrum. The trapezoidal rule was used to integrate over
the Gaussian fit of the second-harmonic signal to obtain the respec-
tive intensities. A quadratic function was fit to the data points of (/,,)
versus (/,,) ateachincident pulse energy, to extract nonlinear suscep-
tibility ¥*(2w) as a function of photon energy. Details can be found in
Supplementary Section 6.

Sample

The multilayer sample used in this study was composed of four repeat-
ing units of LLTO and LCO layers grown by pulsed-laser deposition on
Si(100). Using X-ray photoelectron spectroscopy (XPS), it was deter-
mined that the top layer exhibited a composition of Lig oL ¢, TiO;.
However, because XPS has poor sensitivity to Li and small errors in
La:Tiratios yield large errors in Li concentration estimates, a more
accurate test of composition was performed. The films were digested
with aqua regia solution for 3 days to ensure complete dissolution.
The resulting supernatant was diluted with 3% HNO; for analy-
sis by inductively coupled plasma mass spectrometry (ICP-MS).
All measurements used either Thermo iCAP Q ICP-MS or Thermo
iCAP RQ ICP-MS. This resulted in a stoichiometry of Li 4, Liy 53 TiO5

(see Supplementary Section 3 for XPS and ICP-MS measurements and
additional discussion). The top layer is LLTO, which is ~11 nm in thick-
ness.See Supplementary Fig. 4 for hard X-ray reflectivity measurements
that enabled determination of the layer structure represented in
the inset of Fig. 1c. Densities were determined by neutron reflection
(Supplementary Fig. 5).

Simulated XUV-SHG spectrum

The frequency-dependent linear response and nonlinear second-
harmonic susceptibility of LLTO were assessed by real-time, velocity-
gauge, time-dependent DFT?°. A 2 x 2 x 2 super cell (38 total atoms)
of the fundamental unit cell of the LLTO perovskite structure,
Liy sssLa, 5 TiOs, with lattice constants a=7.828 A, b=7.754 A and
c=7.871A, was utilized. The electronic structure was described
asalinear combination of localized atomic orbitals asimplemented in
the Siesta code, using a custom double-{-quality basis set. Real-space
mesh energy cutoff was set to 5,226 eV, and a timestep of 0.04 a.u.
(1.935 as) was used to propagate the system. The system was sampled
ata5 x5 x5T-centred k-point grid. A smallimpulse function was used
toexcite the systemto extractlinear response. The resulting frequency-
dependent dielectric function was then obtained from Fourier trans-
form of current density J(¢). For further details on computational
methods and techniques, the reader is referred to Supplementary
Sections 7-13.

Data availability

All data shown in the main text have been made available through
Dryrad: https://doi.org/10.6078/DIN41X. All other datasets generated
during and/or analysed during this study are available from the
corresponding author on reasonable request. The DFT calculations
presented in the paper were carried out using publicly available
electronic structure codes (Methods).

Code availability

Thermodynamics were obtained by post trajectory analysis of a code
thatimplementsthe 2PT method. This code canbe accessed from our
GitHub repository (https://github.com/atlas-nano/2PT). Structures
and VASP/SIESTA input files used for calculations have been deposited
at https://github.com/atlas-nano/LLTO_XRAY-SHG.
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