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1. DETAILS OF THE THZ/X-RAY PUMP PROBE EXPERI-
MENT

The THz/x-ray pump-probe experiments were performed at the
THz beamline of the free electron laser FLASH at DESY. Figure
2(a) in the main text schematically displays the experimental
setup. THz radiation is generated by an undulator in series
with the main x-ray undulator [1, 2]. THz and x-ray pulses
are synchronized down to a temporal jitter of 5 fs since they
are generated by the same electron bunch [3]. The effective
repetition rate was 2.5 kHz (250 bunches/bunch-train, rep. rate
10 Hz). In the present experiment the central THz undulator
frequency was set to 2 THz (λ = 150 µm) and the fundamental
wavelength of the x-ray pulses was 24.6 nm. The 3rd harmonic
was filtered out to be the dominant x-ray contribution by means
of a noble gas attenuator, metallic absorber foils [1, 4] and a
multi-layer mirror. The corresponding x-ray photon energy is
151.2 eV.

Before entering the ultra-high vacuum (UHV) endstation,
the x-ray light is back-reflected and focussed at a near-normal
incidence spherical multilayer mirror ( f = 3.5 m). The super pol-
ished glass substrate with a diameter of 25.4 mm was coated in
DESY’s multilayer laboratory with a custom developed Ru/B4C
multilayer (110 bilayers) and characterized at the PTB beam-
line (Bessy II, Berlin). It showed a peak reflectivity of 18% at

8.12 nm (3◦ off-normal) with a bandwidth of 0.08 nm (FWHM).
The above mentioned geometry is necessary to account for the
inherent optical path difference between THz and x-ray beams
[5]. The THz beam is redirected through the THz beamline hutch
with the possibility of EO sampling and further through a delay
stage with optional band-pass filtering.

Figure 2(b) in the main text shows the experimental geometry
inside the UHV endstation [6]. The incoming THz light is tightly
focused onto the sample by means of a gold-coated, 30◦ off-
axis parabolic mirror ( f = 27.2 mm). The angle of incidence
onto the sample is 60◦. The x-ray light enters the interaction
region from the backside of the parabolic mirror through a small
hole. The spot-size estimated for the x-ray pulse at the sample
position is about 200 µm (FWHM) and the spot-size of the THz is
about 500 µm (FWHM). The duration of individual light pulses
is estimated to be shorter than 100 fs for the x-ray and about
5 ps for the THz light. The polarization of the clean undulator
radiation is oriented parallel (p-polarized) to the plane of light
incidence (yz-plane in Fig. 2(a) of main text) in case of x-ray
and perpendicular (s-polarized) for the THz light. The emitted
electrons are collected in a hemispherical analyzer with a wide
acceptance angle. The angle-dispersive axis of the analyzer was
parallel to the polarization of the THz pulse (x-axis).
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2. ELECTRIC FIELD RECONSTRUCTION

The polarization-sensitive reconstruction of all field components
based on angle-resolved photoemission data was previously de-
veloped in our group and verified by Monte-Carlo simulations.
We thus only briefly discuss the essential steps here and relegate
to our earlier work [7] for the details. Under the influence of
an external electric field, i.e. the time-varying field of the pump
pulse, the individual electron momentum changes according to
the canonical momentum relation

~p = ~p0 + q~A(τ). (S1)

In addition to their initial momentum ~p0 due to the photoe-
mission process, the electrons undergo a momentum modifi-
cation ∆~p = q~A(τ) in the external electric field. Here, q is the
charge of the electron and ~A(τ) the vectorpotential of the exter-
nal field at the time of photoemission τ. Since ~A(∞), i. e. the
vectorpotential at the time of detection, vanishes, ~A(τ) can be
directly related to the electric field by a simple derivative with
respect to the photoemission time:

~E(t) = ∂τ ~A(τ) |τ=t . (S2)

Since the electrons start with finite initial momenta the total
momentum change ∆~p is acquired at different locations on a
path along which the electrons move in the complex distribution
of the external electric field. An electric field reconstructed in this
scheme is an effective field that is averaged along the electron
path.

Electric field components linearly polarized parallel (E‖) or
perpendicular (E⊥) to the sample surface lead to distinct mod-
ifications of the photoelectron momentum distribution. Fig-
ure S1(a) schematically displays these modifications of the initial
distribution ~p0 by a pure parallel field component. The momen-
tum gained in the external field ∆~p leads to an antisymmetrical
shift of the momentum distribution with respect to the normal
emission direction. In Fig. S1(b) the same situation is presented
for the case of a pure perpendicular field component. The final
distribution ~p′ is the result of a symmetrical shift along the sur-
face normal. Schematic analyzer images are presented in Fig. 1(c)
(main text) in order to illustrate the reconstruction scheme of the
electric field components. At every time delay between pump
and probe pulse the acquired analyzer image is analyzed with
regard to momentary modifications of the electron momentum
distribution. The energetic center of mass (COM), e.g. the center
position of an elastic photoemission line, is experimentally de-
termined in each angular channel of the analyzer. The relative
COM shift as compared to an undisturbed distribution, i. e. the
momentum distribution at large negative delays (t � t0), is a
measure of the streaking field strength. The tilt angle of the
COM distribution with respect to the angle-dispersive axis of
the analyzer serves as measure of the parallel field component
whereas the kinetic energy offset in the normal emission chan-
nel is a measure of the perpendicular field component. With
an algebraic addition of initial and gained momenta an analyt-
ical relation between the observed kinetic energy offset along
normal emission and the perpendicular field component can be
established:

|∆~p| = |~p0| · (
√

1 +
2me∆E
|~p0|2

− 1) =
√

2meE(

√
1 +

∆E
E
− 1).

(S3)

Here, E is the initial kinetic energy, ∆E the kinetic energy off-
set at normal emission and me is the free electron mass. In case of
the parallel field component the unknown initial emission direc-
tion precludes an analytical solution. However, the tilt direction
of the COM distribution is a hallmark of the parallel field direc-
tion and the amplitude can be obtained by a fitting procedure.
The temporal shape of the experimentally determined tilt angle
is used as the initial vector potential input of the parallel field
component. A fitting parameter is used to obtain the best match
between the experimentally observed and the model-predicted
tilt angle at each time delay.

Fig. S1. Field-induced modification of electron momentum.
(a) Illustration of the effect of a purely parallel electric field
(E‖) on the initial photoelectron momentum distribution. The
initial electron momentum ~p0 is modified by ∆~p due to interac-
tion with the electric field. The final momentum is ~p′.(b) The
effect of a perpendicular electric field (E⊥) on the initial photo-
electron momentum distribution.

3. SAMPLE PREPARATION AND CHARACTERIZATION

The investigated thin film samples consist of a 10 nm (nomi-
nal thickness) layer of Pt grown along the (111) direction in an
island-like fashion. The films were grown on top of a 0.5 mm
Si(111) wafer with a 40 nm YSZ interlayer [8]. Figure 2(c) in
the main text presents a sketch of the layered thin film struc-
ture. SEM images of the sample suggest individual Pt islands
with sizes smaller than 300 nm. X-ray photoelectron diffraction
(bottom, left) and low energy electron diffraction (LEED) data
(bottom, right) confirm the (111) orientation of the Pt islands
with low mosaicity and twinning. Both the thin film samples and
the Pt(111) bulk single crystal were subject to standard cycles of
Ar+ sputtering and annealing prior to the experiments. Clean-
liness and surface quality were verified by x-ray photoelectron
spectroscopy and LEED.

4. ALIGNMENT OF THE OFF-AXIS PARABOLIC MIRROR

A slight misalignment of the off-axis parabolic mirror leads
to a modified polarization of the incoming THz light at the
sample surface. Figure S2 shows the effect of a slight tilt of
the parabolic mirror about two axes: the direction of detection
(z) and the direction of propagation of the THz light entering
the endstation (y). The effective polarization in the xz-plane
is presented by the position in the polar plot. Each individual
color in Fig. S2 represents a certain value of γ, i. e. the tilt angle
around the z-axis that has been varied in steps of 0.5◦. For each
γ the value of δ, i. e. the tilt angle about the y-axis, has been
varied between 0 and 5◦ in steps of 0.5◦. While a tilt δ around the
y-axis does not lead to major changes in the overall polarization
direction, the effect of a tilt γ leads to profound changes in
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Fig. S2. Effect of slight Misalignment of parabolic mirror
about two axes y and z. The definition of the axes refers to
those used in the main article. The calculated polarization in
the xz-plane as a function of two distinct tilts of the parabolic
mirror is represented in a polar plot.

the polarization direction even for small changes of 0.5 − 1◦.
The decreasing radius with larger γ indicates an increase of
polarization components perpendicular to the xz-plane.

5. BACK-REFLECTION AT THE SAMPLE HOLDER

The incoming light is reflected at different interfaces in the mul-
tilayered thin-film structure that is schematically depicted in
Figure S3(a). The THz grating is a result of the superposition of
the incoming THz field with an amplitude E0

‖ (Fig. S3(a), black)
and the light that is directly reflected at the vacuum/YSZ and
YSZ/Si interfaces. The amplitude of this directly reflected field
is ER
‖ (Fig. S3(a), green). Due to the large THz wavelength com-

pared to the dimensions of the YSZ-layer there is no geometrical
phase shift between the two reflections. The part of the incoming
light that is transmitted into the Si-slab is back-reflected at the
Mo sample holder and leaves the sample surface with a time
delay of 11.7 ps and an amplitude ET

‖ (Fig. S3(a), red). Using
the experimental value of the amplitude of the back-reflected
pulse, the incoming and directly reflected THz amplitudes can
be calculated by

ET
‖ = tvac,YSZ

‖ · tYSZ,Si
‖ · tSi,YSZ

‖ · tYSZ,vac
‖ · E0

‖ (S4)

ER
‖ = (rYSZ,vac

‖ + tvac,YSZ
‖ · rSi,YSZ

‖ · tYSZ,vac
‖ ) · E0

‖. (S5)

Here, the superscript indices of the Fresnel reflection (rj,i
‖ ) and

transmission (tj,i
‖ ) coefficients refer to the interface and direction

of the incoming wave, i.e. tYSZ,vac
‖ describes the transmission

coefficient of a wave entering a vacuum/YSZ interface from the
vacuum. The Fresnel coefficients depend on the refractive index
of the materials at the respective THz frequency [9]. For the
YSZ layer this value is not precisely known and depends on
the method by which this layer was grown [10–12]. Taking the
experimental value of 6 · 106 Vm−1 for ET

‖ , i. e. the amplitude

of the back-reflected (2nd) pulse on the thin-film sample, the

amplitude values obtained in Figure S3(b) are in good agree-
ment with the experimentally determined values of the parallel
field component in the first pulse reconstructed on the thin-film
sample. Hence the assumed model of the thin-film structure is
consistent with the experimental data.

Fig. S3. Sketch of THz back-reflection at the multilayer thin-
film structure. The amplitudes of the incoming and reflected
THz fields are depicted in different colors. The refractive in-
dices of the YSZ- and Si- layers are also shown.

6. ELECTRIC FIELD SIMULATIONS

Simulations of the electric field distribution in Figure 4 in the
main text were performed with the wave optics module of the
COMSOL Multiphysics software. The thin film sample is mod-
eled as a dielectric layer of YSZ on a slab of Si. The thin Pt film
is modeled by a single island, 200 nm in width and 10 nm in
height. Optical parameters for the platinum island at 2 THz
are taken from the extrapolation of the Brendel-Bormann model
[13] for bulk metals. Metal clusters of more than 10 nm size are
expected to show bulk conductivity [14]. The total field in close
proximity to the island is presented at a specific phase of the
external driving field. The initial power flow was identical in all
simulations.
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