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Optical-domain transient grating (TG) spectroscopy is a ver-
satile background-free four-wave-mixing technique that is 
used to probe vibrational, magnetic and electronic degrees 
of freedom in the time domain1. The newly developed coher-
ent X-ray free-electron laser sources allow its extension to 
the X-ray regime. X-rays offer multiple advantages for TG: 
their large penetration depth allows probing the bulk proper-
ties of materials, their element specificity can address core 
excited states, and their short wavelengths create excitation 
gratings with unprecedented momentum transfer and spa-
tial resolution. Here, we demonstrate TG excitation in the 
hard X-ray range at 7.1 keV. In bismuth germanate (BGO), the 
non-resonant TG excitation generates coherent optical pho-
nons detected as a function of time by diffraction of an opti-
cal probe pulse. This experiment demonstrates the ability 
to probe bulk properties of materials and paves the way for 
ultrafast coherent four-wave-mixing techniques using X-ray 
probes and involving nanoscale TG spatial periods.

Four-wave mixing (FWM), in which three 


coherent pulsed 

beams with controlled wavelengths, polarizations, wavevectors and 
arrival times are crossed at the sample2,3, is one of the most used 
optical configurations in time-resolved nonlinear spectroscopies. 
The nonlinear response of the sample to excitation induced by the 
crossed light fields generates a fourth beam that emerges with a 
wavevector determined by the incident wavevectors. A specific 
outcome of nonlinear spectroscopies is two-dimensional spectros-
copies4, which can directly measure matter coherences and disen-
tangle homogeneous and inhomogeneous contributions to spectral 
lineshapes.
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A widely used optical configuration in time-resolved nonlinear 
spectroscopy is the transient grating (TG) geometry (Fig.  1a), in 
which two simultaneous pulses are crossed in the sample to gener-
ate an optical interference pattern that leads to a grating of spatially 
modulated excitation. A controlled time-delayed probe pulse is then 
diffracted by this grating. The time dependence of the signal reveals 
the sample dynamics. The spatial period of the interference pattern 
is Λ = λ/2sinθ, where λ is the pump wavelength and 2θ the relative 
angle between the two pulses. In reciprocal space, the TG wavevec-
tor q, with magnitude q = 2π/Λ, is the difference between the two 
excitation wavevectors k1 and k2. The diffracted signal wavevector 
ks is given by the phase-matching condition ks = k1 − k2 + k3, where 
k3 is the probe beam wavevector. TGs have been used to investigate 
dispersive excitations such as acoustic waves5, phonon-polaritons6, 
transport phenomena in solids, including heat, charge, chemical 
species, excitons and spins7–10. These measurements are often con-
ducted in a range of Λ matching the frequency of acoustic waves in 
the sample11. TG can be further used to distinguish between dif-
fusive or ballistic transport as it allows for discrimination between 
long and short mean free path scattering events in the quasiparticle 
transport. For example, thermal transport can be readily measured 
in various materials by a TG following the temporal evolution of 
the signal. A TG density modulation in a bulk material produces a 
refractive index change that diffracts the probe light. The diffracted 
signal intensity diminishes in time as heat moves from the TG peaks 
to minima, ultimately suppressing the TG pattern and hence the 
scattered signal. Note that, in the case of an opaque material, for 
the excitation frequency a TG modulation corresponds to a surface 
modulation rather than a bulk modulation.
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In high-quality crystals, thermal transport was observed to be 
diffusive for TG periods of tens of micrometres, with ballistic con-
tributions leading to deviations from diffusive kinetics at TG peri-
ods below 15 μm (that is, comparable to the mean free path of some 
of the heat-carrying acoustic phonons12,13). At such a spatial range, 
the TG signal decay timescale τ due to transport is proportional to 
the square of the spatial period, which determines the transport 
length D, that is, D ∝

√
τ . In most materials, submicrometre spa-

tial periods are necessary to observe non-diffusive thermal kinet-
ics, and nanoscale periods are required to resolve the ballistic limit. 
New information and insights about other transport properties can 
also be provided by measurements with nanometric TG periods. 
Gigahertz and terahertz acoustic modes can be observed, even if 
they are highly damped, as is common at high frequencies in imper-

fect or disordered materials. TG periods matching or approaching 
those of charge or spin–density waves or structural modulations 
might result in excitation of amplitude or phase modes. There is 
thus great incentive to develop a nanoscale TG methodology that 
requires short wavelengths. The availability of X-ray free-electron 
lasers (XFELs) makes it possible to generate gratings with periods 
down to a few nanometres. In the hard X-ray region, TG measure-
ments could explore material wavevector ranges currently reached 
in inelastic X-ray scattering and inelastic neutron scattering14. We 
believe that this will add a complementary tool in many research 
fields, just as optical TG and FWM measurements have provided a 
wealth of information that could not be extracted from light scatter-
ing methods in the same spectral range.

Recently, TG in the extreme ultraviolet (EUV) regime was suc-
cessfully demonstrated15,16. However, EUV light penetrates matter 
at most a few tens of nanometres and restricts resonant excitation 
to light elements. Extending TG into the hard X-ray range (XTG) 
would allow probing of bulk


 material behaviour17,18, further increas-

ing the range of TG wavevectors that could be reached, as well as 
giving access to the resonant excitation at the absorption edges of a 
broader range of elements.

Crossing the beams to generate and probe a TG becomes very 
challenging in the hard X-ray range. Having recently demonstrated 
the ability to use the Talbot effect to produce permanent spatial 
gratings in gold, we demonstrate, here, its use in the weak inter-
action limit in bismuth germanium oxide, Bi4Ge3O12 (BGO). This 
offers an optimal approach to investigate ultrafast transport with 
XTG with very high line density, while avoiding the use of a graz-
ing incidence geometry on the reflective optics, which leads to 
substantial losses and complicated geometries. The experimental 
layout at the SwissFEL19 Bernina endstation20 is shown in Fig. 1a. 
This employs a diamond phase grating with a period of 960 nm in 
the X-ray beam path (Fig. 1b). Diamond is used for its resilience to 
high-intensity X-ray pulses. The diffraction on the grating gener-
ates spatially and temporally overlapped phase-locked interfering 
beams, avoiding the complex procedure of splitting and crossing 
X-ray beams. A variably delayed optical probe pulse is incident at 
the Bragg angle for diffraction from the TG material response. The 
XTG was created using 7.1-keV pulses with duration of 40 fs (r.m.s.) 
from the SwissFEL19,20, without a monochromator. The defocused 
X-ray beam produced an elliptical 250 × 150-μm (full-width at 
half-maximum, FWHM) spot at the sample, a room-temperature 
crystal of BGO. The diamond phase grating was placed 150 mm 
upstream of the sample to generate XTG excitation gratings with 
period of 770 nm, as seen on a gold target, using intensities above 
the damage threshold, in Fig. 1c. This agrees perfectly with the sim-
ulated Talbot carpet pattern. A 400-nm, 80-fs (r.m.s.) laser pulse 
(3.1 eV, second harmonic of a Ti:sapphire laser) was delivered onto 
the sample with a spot size of 190 μm × 150 μm (FWHM). The ener-
gies of the FEL and probe laser pulses at the sample were 1.5 μJ and 
1.2 μJ, respectively. The diffracted probe beam was recorded by a 
visible charge-coupled device (CCD) camera mounted on a dif-
fractometer. The signal was obtained by integrating the diffracted 
light intensity at each probe delay over a detector positioned at the 
diffraction (phase-matching) angle. Figure 2 shows typical camera 
images detected before (Fig. 2a), at (Fig. 2b) and 150 fs after (Fig. 
2c) the overlap time between the XTG and the probe (time zero). 
To reduce background, a lens was installed in front of the CCD and 
the observed spot shape results from both our imaging set-up and 
the spread due to the detector angle of the sample. Further details 
on the experimental procedures are provided in the Supplementary 
Information.

BGO is an optically isotropic material with cubic crystalline 
structure (eulitine) that is widely used for applications21,22 such as 
scintillation detection for high-energy physics23,24, holographic 
data storage24, high-resolution positron emission tomography25, 

Q8
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Fig. 1 | Insert text here. a, Schematic of the X-ray TG (XTG) set-up. 
The incoming XFEL pulse (in blue) is diffracted by a transmission phase 
grating. Interferences between the diffracted orders generate a Talbot 
carpet, that is, a region of self-images of the 




originating phase grating. 

The sample experiences a TG excitation with smaller spatial periodicity 
due to the convergence of the X-ray beam. A delayed optical pulse (in 
red) probes the dynamics stimulated by the XTG via transient diffraction, 
which are detected by an array detector (charge-coupled device, CCD). b, 
Scanning electron microscopy (SEM) image of a diamond phase grating. c, 
Permanent grating imprint on a gold surface placed at the sample position 
and illuminated with an intense XFEL pulse.

Q7

Nature Photonics | www.nature.com/naturephotonics

http://www.nature.com/naturephotonics


A B

DispatchDate:  25.03.2021  · ProofNo: 797, p.3

130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195

LettersNature Photonics

solid-state laser hosting when activated with trivalent rare-earth 
ions26,27 and as an electro-optic material for optical voltage, current 
and electric power sensors28.

Figure  3 shows the dependence of the signal intensity IXTG on 
the X-ray pump intensity IFEL at a probe time delay of 2 ps. The qua-
dratic dependence confirms the expected signal nonlinearity5:

IXTG ∝

∣

∣

∣

∣

χ
(3)IFELI1/2probe

L
λ
sinc(Δk L/2)

∣

∣

∣

∣

2
(1)

where χ(3) is the effective third-order susceptibility, IFEL and Iprobe 
are the FEL pump and probe light intensity, respectively, L is the 
interaction length in the sample, λ is the probe wavelength and 
Δk is the phase-matching condition. Our diffraction efficiency is 
considerably higher than in the EUV regime (for further details 
see Supplementary Section 5.5) because of the greater penetration 
depth (~6 μm) of hard X-rays (BGO is transparent to the near-UV 
probe wavelength), highlighting the capability of XTG to measure 
the bulk properties of matter.

In Fig. 4a, the XTG time trace displays a sharp rise at time zero 
(t0), followed by oscillations and a decay to a steady-state signal. 
The non-oscillatory part of the signal can be fit by the following 
time-dependent form via least-square minimization:

I(t) =
∣

∣

∣

∣

1
2
(

1+ erf
( t− t0

σ

))(

c1e−
t−t0

τ + c2
)

∣

∣

∣

∣

2
(2)

where c1 is the amplitude of the electronic to A1 optical pho-
non mode energy transfer, which decays with t = 970 ± 30 fs, and 
c2 accounts for a thermal signal that is constant on the displayed 
timescale. The quantity σ = 92 ± 6 fs is the rise time, reflecting the 
convolution between the X-ray pulse duration and the probe pulse 
duration as well as the non-collinear geometry. The periodic oscilla-
tion (emphasized in the inset of Fig. 4b) corresponds to the A1 opti-
cal phonon mode of BGO at a frequency of 2.6 ± 0.1 THz, which is 

in very good agreement with the literature29,30 and with the phonon 
dispersion curve at the XTG wavevector (Supplementary Section 
3). The optical phonon and the single exponential decay of the 
steady-state signal have also been reported in an EUV experiment31. 
Data extending to a delay of 300 ps are shown in the Supplementary 
Information and demonstrate 24-GHz oscillations. These oscilla-
tions, which are assumed to have a thermal origin, require further 
investigation. XTG signals are able to follow the material response 
from tens of femtoseconds to tens of nanoseconds, thus spanning a 
broad range of physical phenomena.

The relatively simple XTG approach used here can easily be 
implemented at any XFEL facility on solids or liquids, and to probe 
a broad range of materials such as magnetic systems, heterostruc-
tures, and excitonic systems32 such as light-harvesting complexes, 
to name a few. Indeed, the use of hard X-ray TG offers various 
advantages compared to optical or EUV TG. First, extremely small 
excitation grating periods (high TG wavevectors) are now achiev-
able. In the present case, the main limitation is the wavelength of 
the optical probe, which puts a lower bound on the periodicity of 
the TG that can be probed. However, a hard X-ray probe can eas-
ily detect periods at the nanometric scales or even down to the 
ångström.  Further limitations could arise from the phase grating 
pattern. Here, nanolithography techniques for the fabrication of dif-
fractive hard X-ray lenses with periods of tens of nanometres have 
been developed33,34. It may also become possible to use superlattice 
structures for the phase grating35 to move to even smaller periods, 
or to design other means of crossing the X-ray beams such that large 
angles θ can be achieved. The present phase grating period range 
can already provide access to bulk nanoscale heat, charge and spin 
transport regimes that are difficult to access through conventional 
methods. The capability for rapidly changing the XTG wavevector 
by switching the phase grating patterns, as routinely done in optical 
TG experiments, will enable incisive transport measurements in the 
nanoscale range where macroscale diffusive kinetics may no longer 
apply36,37. Elemental specificity will be extremely useful for elec-
tronic and spin measurements. With the ultrashort pulses of new 
X-ray sources (few femtoseconds or below), measurements of the 
coherent relaxation of core-hole states can become accessible, add-
ing valuable information for core excited-state dynamics. The signal 
sensitivity could also be greatly improved by using self-heterodyne 
detection schemes that make use of the probe diffracted beam 
from the phase grating as a local oscillator38,39. Finally, the Talbot 
approach can be readily extended to multi-colour FEL pulses for 
different excitation and probe wavelengths. This will facilitate the 
implementation of condensed phase analogues of theoretically pro-
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Fig. 2 | Footprints of the signal beam on the CCD detector. a, Before time 
zero, no signal is observed. b,c, At time zero (b), the XTG signal rises and 
reaches a maximum after 150 fs (c).
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Fig. 3 | The XTG signal at 2-ps time delay as a function of the X-ray 
intensity at the sample. The experimental results (red) are consistent with 
a quadratic trend (blue).
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posed methods40 for the study of the delocalization of electronic 
excited states, electronic coherences and charge transfer processes, 
with ultrafast time resolution and atomic selectivity.

Online content
Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/
s41566-021-00797-9.
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Methods
Experimental set-up. The incident X-ray beam is focused with bendable 
Kirkpatrick–Baez (KB) mirrors and impinges on a phase grating. The Talbot effect 
creates a periodic pattern (Talbot carpet) at periodic distances (Talbot distances) 
through the interference of the diffracted orders. Moreover, the convergence of the 
X-ray beam ensures that the excitation grating has a smaller pitch than the phase 
grating (demagnification factor) and this pitch is controlled by the X-ray focusing, 
the distance between the focus and the phase grating, and the relative distance 
between the grating and sample. For a π/2-phase grating, the transmitted zeroth 
order is present; it also induces some interaction in the sample, but it does not 
contribute to the diffracted XTG signal due to the phase-matching condition. This 
effect is not present in a perfect π-phase grating.

In our experiment, the gratings and the sample were mounted on the 
General-Purpose Station of the Bernina endstation at SwissFEL with a separation 
of 150 mm. For a π-phase grating of 1,650-nm pitch, this configuration led to an 
excitation grating with pitch of ~660 nm at the sample position. In this case, the 
relative separation of the Talbot planes in the sample area was ~5 mm.

X-ray pump–beam preparation. High-intensity horizontally polarized X-ray 
pulses were delivered by SwissFEL with a time duration of ~40 fs (r.m.s.) and a 
repetition rate of 50 Hz. The FEL was tuned to 7.1 keV, and the emitted radiation 
had a bandwidth of ~0.3% and was used without a monochromator (pink 
beam condition) for all BGO measurements. The FEL beam was focused on 
a scintillator coupled with a CCD camera through a microscope (X-ray eye) 
750 mm downstream of the grating, by tuning the curvature of the focusing KB 
mirrors. The vertical focus was then adjusted to finally obtain a horizontal strip 
of excitation (250 mm × 150 mm) on the sample matching approximately the size 
of the non-collinear projection of the optical probe on the sample surface at all 
phase-matching angles. The beam intensity provided by the SwissFEL ranged from 
300 mJ to 800 mJ and the intensity at the sample was ~1.5 mJ. The phase gratings 
in the X-ray path were tilted to adjust their effective heights and then match the 
desired phase shift condition.

Optical probe preparation. The optical probe laser was generated from a 
Ti:sapphire laser delivering 35-fs pulses at 800 nm (10 mJ). A barium borate crystal 
was used to generate the second harmonic (400 nm) with an intensity of ~1.2 mJ. A 
bandpass filter (40-nm bandwidth) was used to remove the unwanted fundamental 
harmonic and a waveplate was used to control the intensity. Further filtering was 
passively done by several bandpass reflecting mirrors. The spot size at the sample 
was tuned to 190 × 150 mm2 (FWHM) by means of a lens. The arrival time of 
the probe laser was tuned by a delay stage upstream of the sample and the final 
reflection to the sample was carried out by a D-shaped mirror to accommodate 
small phase-matching angles. This D-shaped mirror was mounted on a linear 
stage (Fig. 2) to change the phase-matching angle when different gratings were 
being used. The time overlap between the X-ray pump and the optical probe was 
readjusted for every phase-matching angle.

Diffraction gratings fabrication. Phase gratings were made of polycrystalline 



chemical-vapour-deposited diamond (Diamond Materials) and used to excite 
transient gratings in the samples. The gratings were fabricated using an approach 
similar to that reported by Makita and colleagues41. Ten-millimetre-thick diamond 
membranes supported by a silicon frame were first cleaned in an H2SO4:H2O2 2:1 
solution at 120 °C to remove any organic contamination. The membranes were 
then sputter-coated with a 10-nm-thick Cr layer and subsequently spin-coated 
with a 1-mm-thick negative tone resist (FOX16) followed by baking at 100 °C for 
3 min on a hotplate. The resist was patterned in an electron-beam lithography 
system (Raith EBPG 5000PlusES) using an accelerating voltage of 100 kV. After the 
exposure, the samples were developed for 8 min in Microposit 351:H20 1:3 solution 
at room temperature, then rinsed in deionized (DI) water and isopropanol. 
The patterned resist gratings were hard-baked at 300 °C for 1 h on a hotplate to 
increase etch selectivity between the resist and diamond. The unmasked Cr layer 
was removed in Cl2/O2 plasma, revealing the underlying diamond for subsequent 
etching. Finally, the 




hydrogen silsesquioxane grating pattern was transferred into 

the diamond by oxygen plasma etching in an Oxford PlasmaLab 100 machine with 

Q10

Q11

the following etching parameters: chamber pressure of 10 mtorr, 30-s.c.c.m. O2 
flow rate, powers of inductively coupled plasma (ICP) and radiofrequency (RF) of 
750 W and 100 W, respectively. After the etching, the remaining mask was stripped 
in 10% HF solution and the samples were cleaned in Cr etchant and H2SO4:H2O2 
2:1 solution, followed by rinsing in DI water and isopropanol.

Detectors. The optical beams were measured by a CCD PCO-edge camera. A 
2f–2f lens (half distance of 200 mm) was installed in front of the CCD imaging the 
sample at the chip. This allowed us to reduce the background at the detector on the 
CCD camera. To control the angle of detection for different phase-matching angles, 
the CCD camera was mounted on a heavy-load δ–γ diffractometer at ~800 mm 
from the sample position and moved in the diffraction plane of the experiment. 
The q angle was scanned to locate the diffracted XTG signal near the calculated 
value. The results for a typical diffracted XTG spot recorded with the detector 
are displayed in Fig. 4. The signal amplitude was obtained by integrating over the 
signal area, and the weak background was subtracted using an area where the 
signal was absent. This weak background originated from the isotropic scattering 
of the optical beam from the sample. Dark shots (unpumped signal) were recorded 
too and used for normalizing the data as well as to check that the sample was not 
printed during the measurements. Finally, an ultrafast diode was positioned in 
transmission along the optical probe path with the purpose to measure the laser 
transmitted through the sample.

Data availability
The raw data used in this study are available from the corresponding authors upon 
request.
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