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Abstract
Second harmonic generation (SHG) spectroscopy ubiquitously enables the investigation of sur-

face chemistry, interfacial chemistry as well as symmetry properties in solids. Polarization-resolved

SHG spectroscopy in the visible to infrared regime is regularly used to investigate electronic and

magnetic orders through their angular anisotropies within the crystal structure. However, the

increasing complexity of novel materials and emerging phenomena hamper the interpretation of

experiments solely based on the investigation of hybridized valence states. Here, polarization-

resolved SHG in the extreme ultraviolet (XUV-SHG) is demonstrated for the first time, enabling

element-resolved angular anisotropy investigations. In non-centrosymmetric LiNbO3, elemental

contributions by lithium and niobium are clearly distinguished by energy dependent XUV-SHG

measurements. This element-resolved and symmetry-sensitive experiment suggests that the dis-

placement of Li ions in LiNbO3, which is known to lead to ferroelectricity, is accompanied by

distortions to the Nb ion environment that breaks the inversion symmetry of the NbO6 octahe-

dron as well. Our simulations show that the measured second harmonic spectrum is consistent

with Li ion displacements from the centrosymmetric position by ∼0.5 �A while the Nb-O bonds are

elongated/contracted by displacements of the O atoms by ∼0.1 �A. In addition, the polarization-

resolved measurement of XUV-SHG shows excellent agreement with numerical predictions based

on dipole-induced SHG commonly used in the optical wavelengths. This constitutes the first ver-

ification of the dipole-based SHG model in the XUV regime. The findings of this work pave the

way for future angle and time-resolved XUV-SHG studies with elemental specificity in condensed

matter systems.
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Nonlinear spectroscopies have become an indispensable tool to characterize material prop-

erties and dynamics. Second-order optical nonlinearities proportional to the second-order

susceptibility, χ(2), are especially relevant due to their distinct selection rules beyond the

angular momentum selection rule. Factors such as the bulk symmetry of the crystal and

the presence of an inversion center determines whether second-order susceptibilities are

nonzero[1]. Owing to these properties, second-order nonlinear spectroscopies, such as sec-

ond harmonic generation (SHG) with optical and infrared wavelengths, is widely used as an

interfacial and surface probe of electronic properties of solid state materials [2].

Due to the nonlinear process, a high electric field strength is needed to generate exper-

imentally detectable SHG signals. In this regard, advances in pulsed laser sources with a

high peak field strength greatly accelerated the adoption of this technique. In the optical

regime, besides direct measurement of SHG, the angular anisotropy of SHG is often used

to characterize electronic and magnetic orders in solids, offering an ultra-sensitive probe of

crystalline symmetry [3]. For example, SHG angular anisotropy has been used to charac-

terize the symmetries of ferroic materials [4, 5], multipolar order [6], and chiral structures

[7, 8]. In systems with strong electron correlations – from unconventional superconductors

to quantum spin liquid – the sensitivity afforded by SHG has also revealed important phases

that elude previous investigations [9–11]. Free-electron lasers (FELs) present a similar op-

portunity to extend the capabilities of SHG into the extreme ultraviolet (XUV) and soft

X-ray regime [12]. Recently, nonlinear X-ray and XUV spectroscopies have been the sub-

jects of both theoretical [13] and experimental [14–18] works as a result of the available high

intensity light sources. Among these techniques, XUV-SHG is particularly attractive as the

core-level specificity of XUV radiation and the unique selection rules of SHG can be united.

Further, short pulse durations pushing to the attosecond regime that are available at the

current and upcoming generation of FELs is expected to enable XUV-SHG studies with ex-

ceptional time resolution [19]. Experimentally, distinct elemental edges can be probed using

XUV-SHG [12, 20]. Following these proof of principle works, XUV-SHG was also shown

to probe material properties with high sensitivity to the chemical environment around the

select elements [21] and was demonstrated as a spectroscopic tool capable of probing buried

interfaces [22].

In contrast to optical SHG that measures an average response across the elements forming

the valence orbitals, XUV-SHG probes the element-specific core level states, allowing the
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separation of elemental contributions in the measured anisotropies. The elemental specificity

of XUV-SHG is particularly attractive for materials where emergent behavior is rooted in

single ion displacements in the unit cell. For instance, in ferroelectric materials, a sponta-

neous polarization forms as a result of unit cell distortions that break the inversion symmetry.

In particular for the ferroelectric material studied in this article, LiNbO3, the spontaneous

polarization establishes as a result of Li displacement relative to the Nb-O octahedron in

the unit cell.

Here, polarization-resolved XUV-SHG is demonstrated for the first time and applied to

study the nature of symmetry-breaking ion displacement in ferroelectric LiNbO3. Spec-

troscopy measurements covering the Li K and Nb N edges were conducted in concert with

polarization-resolved studies at an FEL. Resonant features relating to the two elements are

observed and assigned using ab initio density functional perturbation theory (DFPT). The

angular anisotropy of a selected resonance is resolved which is well reproduced by the theory

of nonlinear polarization based on the DFPT calculation.

The experiments were performed at the BL1 of SACLA in Japan [23]. A ∼30-fs p-

polarized FEL pulse was tuned to energies between 28 eV and 33 eV with 0.5 eV steps and

incident on an x-cut LiNbO3 crystal (Fig. S5) at 45◦ with respect to the sample surface.

The incoming photon energies are referred as the fundamental in the remaining text. The

second harmonic response of the sample was analyzed in two separate experiments.

In the first experiment, as illustrated in Fig. 1(a), the second harmonic and the reflected

fundamental were dispersed by a grating (1200 groove/mm, 30-002, Shimadzu) and captured

using a microchannel plate detector (MCP) (Rectangular, Hamamatsu Photonics) coated

with CsI. The images of the detector were captured with a camera (IPX-VGA120-LMCN,

Imperx Inc.). This measurement was used to retrieve the second order susceptibility spec-

trum, χ
(2)
eff (ω). We emphasize that both the fundamental and the second harmonic light were

simultaneously recorded on the detector, allowing a comparison of the shot-to-shot variation

in the photon flux and energy. The photon energy jitter was approximately 0.2% of the fun-

damental frequency and was leveraged to increase the spectral resolution (see Supplementary

Material Section S1). Shot-to-shot fluctuations in the photon flux of the fundamental was

used to extract the second-order susceptibility [Fig. S2(b)].

In the second experiment [Fig. 1(b)], the polarization of the second harmonic was inves-

tigated with an XUV polarizer. Specifically, the second harmonic emitted from the sample
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was reflected off a multilayer mirror at Brewster’s angle, such that only the s-polarized por-

tion of the incident light was reflected. The reflected light was then detected by an MCP.

The multilayer mirror and the MCP were rotated azimuthally around the beam axis [φ in

Fig. 1(b)] between −15◦ to 115◦ in 3◦ steps with respect to the laboratory frame. As the

multilayer mirror was rotated, the portion of light p-polarized with respect to the mirror

surface with the new orientation is refracted into the mirror substrate and absorbed, while

the s-polarized component is reflected. The multilayer mirror was coated such that the sec-

ond harmonic is preferentially reflected over the fundamental, making the separation of the

two possible [24]. Nonetheless, a small fraction of fundamental was able to reach the MCP

due to non-perfect extinction on the multilayer mirror. Inspecting Fig. S3, one can estimate

that the fundamental and second harmonic intensities are approximately the same order of

magnitude. As a result of the residual fundamental at the detector, the polarization of the

fundamental and the second harmonic can be resolved simultaneously.

A detailed analysis procedure for the spectral data is presented in the Section S1 of the

Supplementary Material. Briefly, each FEL shot imprints a 2D image on the MCP detector.

Each image contains peaks associated with the incident fundamental and the emitted second

harmonic at their respective frequencies. The quality of each shot was determined by fitting

a Gaussian to the fundamental peak and assessing the quality of the fit. Approximately

5% of all shots at each energy were discarded on the basis of R2 values less than 0.9. The

remaining shots were binned with respect to the fundamental energy and intensity. The

second order susceptibility at each energy was extracted using the quadratic relationship

between the fundamental intensity and its second harmonic.

The detector in the polarization-resolved experiment measures both the reflected funda-

mental and the emitted second harmonic as a function of angle φ as shown in Fig. 1(b). A

detailed procedure for the data analysis steps for the polarization experiment is presented in

the Supplementary Material Section S2. Briefly, the fundamental and the second harmonic

response were separated by a linear background subtraction. At lower incident fundamental

intensities, the measured voltage was linear with respect to the intensity of the incident

fundamental while at higher incident fundamental intensities a quadratic relationship is

observed.

These experiments were corroborated by theoretical calculations. The linear response of

LiNbO3 was simulated with first-principles density functional theory [25] using the excit-
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ing[26] full potential all electron augmented linearized planewave package. Both centrosym-

metric and noncentrosymmetric structures of LiNbO3 were investigated. The Brillouin zone

was sampled with a 15 × 15 × 15 Γ-point centered k-point grid within the local density

approximation [27]. The Li core 1s and Nb semi-core 4s and 4p electrons were included

in the self-consistent field calculation loop to extract their respective linear responses. The

excited states of the system were accessed through time-dependent density functional theory

(TDDFT) simulations using the random phase approximation (RPA) kernel implemented

within exciting[28, 29] with a q-point chosen to be the same as that of the aforementioned

k-point grid. Plots of imaginary part of dielectric function are shown in Fig. S12. No char-

acteristic differences to the linear dielectric response were found between the non-polar and

polar phases. The experimental and theoretical results show good agreement except the

overestimation of the first peak at 36 eV as shown in Fig. S12, which is a common trait in

the level of theory used here. To properly sample the t2g peak, many-body effects would

need to be included, but is beyond the scope of the present work and not necessary for the

current level of analysis. The level of theory employed in the linear response calculation was

kept at the same level as the second harmonic response calculation for consistency and ease

of comparison. The second harmonic response formalism by Sharma[30] implemented within

exciting[26] was used to calculate the second order susceptibility of LiNbO3. Here, lifetime

broadening was also employed to account for the high oscillatory behavior of high-energy

states as detailed in the work of Lam[12]. A total of 120 empty states were included to

account for excitation up to double of the incoming photon frequency. Molecular dynamics

simulations were performed to correctly reflect the finite temperature of the system (see SI

Section S4 for details).

Considering the electronic density of states, the core level transitions that can be accessed

by XUV-SHG is schematically shown in Fig. 2(a). Half resonant transitions from Li 1s core

states to the conduction band states with majority Nb 4d character, along with resonant

transitions originating from Nb 4p core-like states fall within the range of the fundamental

energies studied. Though the availability of density of states is vital for observing XUV-SHG,

it is not the only factor that governs the transition probability. Experimentally, the measured

second order susceptibility spectrum, χ
(2)
eff , is a direct measurement of the allowed transitions

within the selection rules of XUV-SHG. In Fig. 2(b) the measured χ
(2)
eff is overlaid with the

theoretically calculated spectrum for LiNbO3. The theoretically calculated spectrum is
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derived as a weighted sum of the individual χ(2) tensor elements of the C3v point group

under consideration of the experimental geometry (see SI Section S3 for details). The two

half-resonant features around 58 eV correspond to transitions from Li 1s to conduction band

states of majority Nb 4d character. These features report on the ferroelectric displacement

in the unit cell involving the Li ions. Our TDDFT calculations (SI Section S4) are consistent

with an inversion symmetry breaking displacement of Li ions by ∼.5 �A. The resonant feature

at 58 eV is similar to the feature observed in a previous XUV-SHG study on LiOsO3[21].

The previous study reported an enhancement of the χ(2) amplitude with inversion symmetry

breaking in the unit cell by Li displacements. In fact, the behavior of the two Li containing

compounds with ferroelectric displacements, LiNbO3 and LiOsO3 is very similar at this

energy range. The key difference in the χ
(2)
eff spectra is highlighted in Fig. 2(b) as transition

#3. This highlighted feature in Fig. 2(b) stems from half-resonant transitions from the Nb

N edge, pointing towards inversion symmetry breaking not only around the Li ion but also

the Nb ion. Molecular dynamics simulations of the Nb ion environment in the presence of

the ferroelectric displacement show that the amplitude of χ
(2)
eff at 2~ω = 66 eV is consistent

with a modulation of the Nb-O bonds by ∼0.1�A. The molecular dynamics simulations also

show that antiferrodistortive rotations of the NbO6 does not substantially contribute to the

amplitude of the χ
(2)
eff spectrum shown in Fig. 2(b). This result is consistent with a picture

of ferroelectric displacement of the Li ion that is stabilized by distortions to the NbO6

octahedra that break the inversion symmetry around the Nb ion in the unit cell [31–34]. No

evidence of such inversion symmetry breaking around the Os ion in LiOsO3 was observed

[21]. This contrast between the two cases demonstrates the strength of the unique selection

rules of XUV-SHG and is a direct visualization of element specificity of the method.

To further demonstrate the capabilities of energy-resolved SHG, we conducted polarization-

resolved measurements at a single energy. Along with the fundamental (~ω = 33 eV) that

initiates SHG, the polarization of SHG at 2~ω = 66 eV is resolved and shown as a polar

plot in Fig. 3. The expected p-polarization of the fundamental is recovered while the second

harmonic is measured to be s-polarized. Using the well established arguments for the crystal

symmetry and a detailed tensor analysis, the polarization of the second harmonic can be

calculated and decomposed into four distinct channels characterized by the polarization of

the incident fundamental and the detection channel of the polarization. All four cases are

shown in Fig. S8 as a function of in plane rotation of x-cut and z-cut LiNbO3. The calcu-
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lated polar plots for the 4 distinct channels of polarization (p in p out, p in s out, s in p out,

s in s out) show distinct patterns demonstrating the symmetry of the crystal. Note that, as

expected, the 3-fold symmetry of the bulk crystal is reproduced by the polar plots for the

z-cut of the crystal. For x-cut LiNbO3, when it is incident with a p-polarized fundamental,

the majority of the emitted second harmonic is calculated to be s-polarized [Fig. S7(b) &

(c)] at 2~ω = 66 eV, in excellent agreement with the measured polarization of the second

harmonic. The emitted s-polarized SHG constitutes the emission of the orthogonal polar-

ization to the polarization of the fundamental. The emission of the orthogonal polarization

can be attributed to the energy dependent χ(2) tensor as the emission of p-polarized SHG

is indeed symmetry allowed as shown in Fig. S7(b) & (c) for a different XUV energy. The

observed s-polarized SHG, thus cannot be solely explained by symmetry considerations and

highlights the nonlinear nature of the light-matter interaction in this regime.

The findings presented here demonstrate the feasibility of an XUV-SHG study with an-

gular resolution and the possibility to extend SHG rotational anisotropy studies into XUV

wavelengths. The long established theory of nonlinear polarization up to the dipole con-

tributions is shown to be adequate to explain the measured polarization for a bulk non-

centrosymmetric material in the extreme ultraviolet. Our spectral findings suggest that

inversion symmetry breaking in the ferroelectric phase of LiNbO3 may not be limited to

Li ion displacements. Contributions to the χ
(2)
eff spectrum from Nb ions suggest inversion

symmetry breaking around the Nb ions is important as well. We envision that the demon-

strated principles can be fully extended to time-resolved studies that leverage the excellent

time resolution afforded by the short XUV pulses, paving the way towards attosecond non-

linear spectroscopies on surfaces or buried interfaces with element specificity.
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FIG. 1. Schematic overviews of the two experiments. In both experiments the p-polarized fun-

damental is incident on an x-cut LiNbO3 sample at 45° with respect to the crystal surface. 45°

incident angle is the Brewster’s angle for XUV energies. SHG is also detected at 45° with respect

to the crystal surface. a) Schematic illustration of the spectral measurement. The FEL beam is

incident on the LiNbO3 in a reflection geometry. The residual fundamental and the emitted second

harmonic of the incident FEL are analyzed by dispersing with a grating and imaging with an MCP

detector. Inset shows the unit cell of LiNbO3 in its ferroelectric state. b) Schematic illustration of

the second harmonic polarization measurement. The residual fundamental and the emitted second

harmonic are reflected off of a multilayer mirror tuned to 66 eV. The polarization of the residual

fundamental and the second harmonic are simultaneously measured.
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FIG. 2. Resonant transitions for LiNbO3 within the range of fundamental energies studied in

the spectral experiment. (a) Schematic illustration of the possible transitions with respect to the

electronic density of states. Two prominent transitions that involve the Li 1s and Nb 4p core states

are labeled. For the Li 1s states (Transitions 1 and 2), SHG occurs through a half resonant scheme

and it is facilitated by a virtual state, while the transition originating from Nb 4p (Transition 3)

is facilitated via the conduction band states of majority Nb 4d character. (b) Measured and

theoretical values of the effective χ
(2)
eff (ω) spectrum for LiNbO3 showing three prominent features

corresponding to the labeled transitions from panel (a).
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FIG. 3. Results of the polarization-resolved experiment on x-cut LiNbO3. Measured polarization

of the incident FEL (blue dots) at 33 eV with the characteristic Malus’ Law fit (blue dashed lines)

and the polarization of the SHG (orange dots) at 66 eV with the fit to the Malus’ Law (orange

dashed lines). p-polarization with respect to the laboratory frame is 90° while s-polarization is 0°.

Scale bar shows the amplitude of the polarization in arbitrary units.
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