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Processing Experimental Data

Figure Sla depicts a logarithmic image of 146 accumulated single shots of a binned (512 x 512
pixel) camera image. A non-trivial background that increases vertically is observed, which is
particularly strong above pixel 40 on the angular axis. Additionally, diffraction spots above the O™"
and + 1% order peaks along the vertical axis were observed in the raw images. Both of these effects
were challenging to remove during the experiment, since a background correction without the
sample in the beam path would have been misleading due to the intensity jitter of the SXRL. A
post-processing algorithm was implemented to correct for the background that involved manually
selecting a sufficient amount of n pixels on the image corresponding to the background, fitting a
two-variable polynomial of power n to the selected pixels, and subtracting the result from each
image. A logarithmic image of 248 accumulated and background-corrected single shots of an un-
binned camera image (1024 x 1024 pixels) is shown in Figure S1b, with red boxes indicating the
regions of analysis. The + 1% order peaks are displayed to the left and right of the central peak. The
larger peaks on the far right and left correspond to the incident fundamental beam, whereas the
smaller peaks second from the left and right correspond to the SHG peaks. A CCD image of the
spectrum with no sample present is shown in Fig. S2. Apparent is the lack of SHG signal in
between the +/- 1% orders of the fundamental signal, thus confirming that what is deemed SHG is
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not an artifact of the instrumentation. Accumulating the 248 raw images was necessary to visualize
the SHG peak, as this peak was not apparent in single shot images (Figure S3a — raw image, Figure
S3b — background corrected). We note the logarithmic scales of Figs. S1-S3.

To extract the ® response according to equation (1) in the main text, the spectra were
sorted into bins based on the number of photon counts within the areas corresponding to the +1%
order of the fundamental. Within each bin, the spectra were accumulated and normalized, and the
photon counts within areas corresponding to the +1% order of the SHG peaks were obtained. The
error of the fundamental and SHG vyield was calculated assuming Gaussian distribution within
each bin and determining the one ¢ width. For the binned data set, the SHG intensity is on the
order of the un-binned data, but with a less intensive fundamental beam. This can be explained by
the numerical background correction, since binning increases the yield for each pixel. The
simulated background is therefore also higher and reduces the input yield of the fundamental,
which makes it harder to compare the both data sets. The square of the pulse energies obtained for
the fundamental and that of the SHG peaks were plotted with respect to each other. A linear
equation was fit to the data with R?=0.87. The dependence of the SHG-yield is offset corrected
with the y-intercept from the fit function to ensure that zero input intensity of the fundamental
corresponds to zero SHG output. A negative yield in this graphs would be caused by this offset
subtraction.

The conversion of photon counts on the CCD to on-target pulse energy was performed by
measuring the shot-to-shot statistics of the SXRL with a footprint camera in place of the
experimental setup and correlating the fluctuations with those observed on the CCD camera. For
measuring the pulse energy with the footprint camera, two 0.45 pum thick Al filters (transmission
~ 2%) and a reflective mirror with an angle of incidence of 45° (reflectivity = 30%) were used to
attenuate and steer the SXRL beam onto the camera (quantum efficiency at 37.8 eV = 70%). The
beam characterization camera setup was then replaced with one 0.15 pm thick Al filter
(transmission = 50%) and an Au ellipsoidal mirror (reflectivity = 70%) and the remainder of the
experimental setup as seen in Figure la. From this, the average energy of the SXRL was
determined to be 111 + 23 nJ. The pulse energies of the SHG were determined by considering the
different optical losses from the beam path taken by the SHG photons from sample to CCD camera
(Table S1).

First-Principles Simulation of Linear and Nonlinear Susceptibility

We first assessed the frequency-dependent linear optical response and nonlinear second harmonic
susceptibility @ of the Ti surface by means of density functional perturbation theory (DFPT)
calculations using the exciting®® all-electron software package. Structures representing the
hexagonal close packed (hcp) Ti bulk and an asymmetric slab were used to simulate the bulk and
surface second harmonic response respectively. The Ti surface was modeled as a slab supercell of
6 hcp Ti layers on top a monolayer of Zn with dimensions a = 2.93 A and ¢ = 27.94 A along with
over 14 A of vacuum normal to the slab. The Zn monolayer is employed to nominally break
inversion symmetry. Here, the formalism by Sharma? implemented within exciting was used to
determine the second-order response. A total of 250 empty states were included in the ground state
calculation to account for the excited states, which was deemed enough to increase the number of
energy eigenvalues to extend above 27w, while still being computationally feasible. The Brillouin
zone was sampled with a 40x40x1 7-point centered k-point grid. A rigid shift of 3.2 eV was
necessary to align the DFT linear response to the experimental spectral features.



Real-Time TDDFT Simulation of Linear and Nonlinear Response

The material response of a monochromatic laser field incident on a Ti foil was simulated with real-
time velocity gauge**? TDDFT using a linear combination of localized atomic orbitals
implemented within SIESTA.3143 The linear response of Ti was calculated first as a benchmark
for calibrating the laser field energy.** Here, we employed a semi-core norm-conserving
pseudopotential including Ti 3s and 3p states in the valence band to include the response at the
desired Ti-M edge. An 8 layer Ti slab geometry is employed to model the surface. The symmetry
of the system was artificially broken by excluding from the bottom 4 layers Ti semi-core 3s and
3p electrons from the valence electron self-consistent field and instead placing them in the core
region. Thus Ti M-edge semi-core SHG response is expected to arise from only the top 4 layers of
the slab. The Brillouin zone of the slab was sampled with a 7-centered 20x20x1 k-point grid.
Exchange-correlation effects within TDDFT were simulated at the level of the Perdew-Zunger
local density approximation (LDA-PZ).*> We employed a basis set of double-¢ quality consisting
of {3s({), 3p({), 4s(20), 3d(20), 4p({)} orbitals for a total of 19 atomic orbitals per Ti atom. The
real space mesh cutoff was set to 400 Ry. A timestep of 0.04 a.u. (1.935 as) was used to propagate
the system.

The current response J(t) of bulk Ti induced by a weak impulse electric field of 0.001 a.u.
along x- and z-axes at time zero is shown in Fig. S4. Due to the symmetry of bulk Ti, the material
response in the x- and y-directions responded identically to the incident field, whereas a different
current response was observed along the z-axis. The frequency-dependent dielectric response
function e(w) was then obtained from Fourier transformation of J(t). Here, a maximum in the
linear response at 41.6 eV was identified. This was used as the external energy of the laser for
simulating the nonlinear light-matter interaction.

To verify that the linear response near 41.6 eV originated from the 3p electrons, we
performed a linear response simulation using the same parameters with and without the inclusion
of Ti 3p electrons in the valence electron SCF loop. Here, the main feature at 42 eV and the
subsidiary feature at 37 eV are suppressed by nearly 66% and 75%, respectively (Fig. S5). Thus,
excitations near 37 eV in the linear regime are confirmed to primarily involve Ti 3p to conduction
band transitions.

Next, we investigated the interaction of the Ti slab with a monochromatic laser of field of
varying intensity ranging from 1x10%° to 1x10® W/cm?. Under our experimental conditions, we
expected an SHG response only at the surface of the Ti as the centrosymmetric bulk extends
effectively to infinity. Due to the finite length of the slab in simulations, special care needed to be
taken to ensure the SHG response was not predicted from both the front and rear ends of the slab
that would cancel each other out and attenuate the SHG signal. Practically, only one Ti surface
was made SHG-active by modeling the top half of the supercell with a semi-core electron basis set
and the bottom half with a valence pseudopotential that excluded Ti 3s and 3p semi-core states.
Further details on this approach can be found in the supplementary information of /. Due to the
extended nature of highly excited electronic states, ghost atoms were added to the top and bottom
of the slab to improve the quality of the nonlinear response. These ghost atoms do not impact the
position of spectral peaks and were added to account for potential transitions to states in the
continuum that would otherwise be absent in our localized orbital basis set approach. The light-
matter interaction was then simulated with a 41.6 eV, 5 fs driving pulse with a sine-squared
envelope oriented along z-axis perpendicular to Ti slab supercell. Though 5 fs is significantly
shorter than the experimental pulse duration, it is sufficiently long to resonantly probe Ti M-edge
excitations. This chosen energy of 41.6 eV corresponds to the maximum in the linear spectral



response from the TDDFT approach. The slab model was propagated in time with different driving
laser fields in the 10°-10% W/cm? intensity range.

In Fig. S6, we plot the z-component of the time profile of the laser field and the induced
current response of the Ti slab. The corresponding Fourier-transformed current J(w) (Fig. S7)
demonstrates that the second harmonic response at 2w is stronger with stronger laser intensity. The
generalized nonlinear susceptibilities can be given by the Taylor-expansion in equation (1) in the
main text. This equation is valid in the nonlinear regime and it shows the response at 2w scales
with the square of the field strength. As shown in the log-log plot in Fig S8 we find that J2w)
exhibits a nearly quadratic dependence with respect to the applied field strength with an R? value
to the linear fit with slope 1.873 +/- 0.043 of 0.996.

Figures and Tables

Table S1: Parameters used for determining the on-target intensity of the SXRL beam
Quantum Efficiency of CCD (fundamental) 0.68
Quantum Efficiency of CCD (SHG) 0.82
Grating Efficiency (fundamental, SHG) 0.1
Fraction of beam reflected off toroidal mirror (fundamental) 0.88
Fraction of beam reflected off toroidal mirror (SHG) 0.86
Fraction of beam transmitted through Ti foil (fundamental) 0.019
Fraction of beam transmitted through Ti foil (SHG) 0.48
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Fig. S1: Raw accumulated and background corrected spectra. a) Logarithmic image of 146
accumulated single shots of a binned camera (512 x 512 pixel). A SHG signal is in between zeroth
order and £1st order visible. b) Logarithmic image of 248 accumulated and background corrected
single shots of an unbinned camera (1024 x 1024 pixel). Red boxes indicate the area for the
analysis of the fundamental and SHG yield of the single spectra.
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Fig. S2: CCD image of signal with no sample present with 10 shots averaged together. No SHG
signal can be seen in the +/- 1%t order of where the SHG should be as in Fig. S1. Horizontal streaks
appearing on the periphery of the peaks are a result of “ghosting”, a well-known phenomenon that
can occur with transmission gratings that are imperfectly ruled.
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Fig. S3: Impact of background correction. On the left, single shot spectra with noisy background
in a logarithmic representation. Applying the numerical background correction, described above,
leads to spectra as can be seen on the right. A SHG signal is not clearly visible.
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Fig. S6: Interaction of laser pulse with titanium slab (left) Magnitude and time profile of applied
laser pulse with intensities ranging from 10%°-10' W/cm? (right) z-component of time dependent
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Fig. S7: Frequency domain of z-component current function.
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Fig. S8: A log-log plot of the current response at the second harmonic versus field strength
exhibits nearly quadratic behavior with a linear best fit slope of 1.870 +/- 0.043, thus confirming
that the response at 2w is indeed second order.
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Fig. S9: (a,b) The absolute value of the second order nonlinear susceptibility @ is shown for bulk
titanium and an asymmetric slab model comprised of 6 layers of Ti on a Zn monolayer. An
asymmetric slab (shown in panel (c)) is needed in the simulation to nominally break inversion
symmetry. It is seen that the bulk y@ (a) is 9 orders of magnitude smaller than that of the model
Ti surface (b). Also shown separately in (b) is the Ti M-edge resonant contribution to x® which
accounts for roughly 20% of the susceptibility.
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