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Fourier-transform inelastic X-ray scattering from time- and
momentum-dependent phonon-phonon correlations

I. OPTICAL-LASER AND X-RAY CONFIGURATION

The experiment used 70 fs x-ray pulses at 10 keV from the LCLS in the high-charge (250
pC) mode at 120 Hz. The x-ray beam was focused and slitted to a spot with cross section 20
x 250 pm 2 near the sample position. The x-ray fluence was kept below 0.2 mJ/cm? to avoid
sample damage. The sample was a 1 x 1 ecm? (100)-oriented single crystal of Ge oriented
at grazing incidence with the normal approximately parallel to the x-ray polarization. The
grazing incidence angle was a = 0.5 deg. The x-ray bandwidth was AE/E ~ 1073, typical of
the natural “pink” beam of the fundamental emmission of the FEL. The sample was held in
vacuum to avoid air scattering. The scattering pattern was collected with the Cornell-SLAC
Pixel Array Detector (CSPAD)[1] positioned 210 mm behind the sample.

Few mJ, 50 fs infra-red (IR) pulses centered at 800 nm were derived from a Ti:sapphire
multi-pass amplifier and were focused to a spot with a transverse cross section 60 x 400 pm?
at the sample position. Typical incident fluences were < 20 mJ/cm? at 2 deg incidence. The
laser was polarized in the plane of incidence. Laser-off images were collected by dropping
every 24th laser pulse. The fine timing between laser and x-ray pulses was established by

the initial decrease in the 111 diffraction peak in a laser-excited Bi film[2].

II. DATA ANALYSIS

Each laser-on image is an average of 50 — 300 single exposures. Laser-off images were
averages of ~ 2500 exposures. The time-resolved images were first subtracted to obtain
AI(t) and then binned down to 515 x 512 pixels (supplemental moviel). This improves the
pixel noise and it makes the data more manageable without significant loss in momentum
resolution. The images were sorted based on the arrival time of the electron bunch measured
by the phase cavities at the end of the undulator hall, which improves the timing resolution
down to ~ 250 fs[3].

The CSPAD area detector consists of 32 individual rectangular tiles. In order to correct
for the strong background fluctuations of each tile, a series of tungsten wires in front of the
detector served as a zero-photon calibration. The shadow cast by the wires were used to
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FIG. 1. The first three singular vectors in the SVD of the time resolved data. The top panel shows

the U matrix and the lower panel shows the corresponding rows of sV?.

correct for the fluctuating offsets of each tile independently and a flat-field image from Cu

fluorescence was used to correct for gain variations across the detector before binning.

A. Data filtering by singular value decomposition

The procedure for removing the slowly varying background is based on singular value
decomposition (SVD). This method has been successfully applied to the analysis of time-
resolved data[4, 5]. Although subtracting a moving average yields similar results, we found
that truncating the SVD as shown below is more effective at removing the FEL wavelength
fluctuations.

Each frame in the time-resolved data is arranged as a column vector x; of size N, - N, x 1,
where N, - N, is the number of pixels. These vectors are stacked into the columns of matrix
X of size N, - N, x N, with IV; the number of time points. The decomposition of matrix X
in its singular vectors yields X = USVT, where U and V are orthogonal matrices and S is
a diagonal matrix with the singular values s; arranged in descending order in its diagonal.
The columns of matrix U denoted by u; represent time-independent image patterns (when
rearranged to size N, x N,) that contain the partial q-dependence of the scattering, while

the columns of V' are of size N; x 1 and contain only time dependent information[4, 5].
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FIG. 2. Correlation between the second right singular vector in Fig. 1 and the electron beam

energy which gives a measure of the x-ray wavelength.
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FIG. 3. Comparison of the two methods to remove the slowly varying background: SVD and
a moving average. The top panel shows the filtered time-dependence and the bottom panel its

Fourier transform.

Figure 1 shows the first three singular vectors (SVs) in the SVD decomposition of the
time-domain data. The top row represents the column vectors u; (rearranged to 512 x 512)

and the bottom row is the corresponding column of the product S-V*. The first SV represents
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the average signal and can be removed by subtracting the average of each pixel, however the
intensity shift observed in the second SV [blue and red areas in Fig. 1 (b) top panel] is a
clear signature of the x-ray wavelength drift. There is a clear correlation between the right
singular vector, V', of the second component (Fig. 1 (b) bottom panel), with the measured
electron energy loss (which is a measure of the x-ray wavelength), as shown in Fig. 2. This
shows that a large part of the variance in the data is due to x-ray wavelength fluctuations
(which result in the scattering pattern shifting). These fluctuations are uncorrelated with the
pump-probe response of the sample, and since the SVD is a diagonalization of the covariance
matrix, it separates these uncorrelated variables into different singular vectors[6].

Figure 3 (top panel) shows the time-dependence of a representative pixel and its Fourier
transform (bottom panel) after reconstructing the signal (the matrix X) ignoring the first
two SVs shown above. This procedure is compared with the result of subtracting a moving
average to the time-dependent data. Clearly the signal is not degraded while the SVD can
remove most of the FEL fluctuations, especially at ¢t < 0. The filtered data (supplemental
movie2), and those shown in Figs. 2 and 3 of the main text are obtained by reconstructing

the matrix X ignoring the first two singular vectors.

III. THEORY

The thermal diffuse scattering intensity at momentum transfer Q due to one-phonon

scattering is [7, §]

Q) x X g 5 () + 5) Im@F )

J
where Q; is the phonon frequency and n; = [exp(—#€;/kpT) — 1] is the Bose-Einstein
phonon population for branch j at temperature 7. The inelastic structure factor F;(Q) is

given by a sum over all atoms in the unit cell[7-9]

FQ) =% e (@ o) Q

here fs, m,, Wy and ry are the atomic scattering factor, the mass, the Debye-Waller factor
and the position of atom s in the unit cell, K is the closest reciprocal lattice vector to Q.

The phonon polarization, e, ; 4, and frequency, €;(q), in Eq. (1) and (2) were obtained
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FIG. 4. (a) - (c¢) Fourier-transform data shown in the upper panel on Fig. 3 of the main text. (d)

2

- (f) calculations of the inelastic structure factor |F;(Q)|* using a Born model of the forces.

from the dynamical matrix constructed using a Born-von-Karman model with harmonic

forces up to six nearest neighbors[10, 11].

A. Inelastic structure factor contribution

Figures 4 and 5 show the measured intensity distribution at various frequencies (top
rows show the same data as Fig. 3 of the main text), compared with |F;(Q)[* as defined by
Eq. (2) (bottom rows). The contours in the lower panels of Figs. 4 and 5 show the calculated
|F;(Q)|? for positions of ¢-space and branch j where the phonon dispersion intersects the w

plane indicated.
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FIG. 5. (top row) Fourier-transform data shown in the lower panel on Fig. 3 of the main text.
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(bottom row) calculations of the inelastic structure factor |F;(Q)|* using the Born model of the

forces discussed in the text.
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