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The discovery of ultrafast X-ray induced optical reflectivity changes enabled the development of

X-ray/optical cross correlation techniques at X-ray free electron lasers worldwide. We have now

linked through experiment and theory the fundamental excitation and relaxation steps with the tran-

sient optical properties in finite solid samples. Therefore, we gain a thorough interpretation and an

optimized detection scheme of X-ray induced changes to the refractive index and the X-ray/optical

cross correlation response. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4907949]

Ultrafast X-ray induced optical reflectivity changes are

used at X-ray free-electron lasers worldwide as a powerful

tool for femtosecond X-ray/optical cross-correlation.1–5,26,27

This method is essential to enable scientific research, for

example, in the fields of phase transition dynamics,6,7,28 and

of photo-catalysis and chemistry.8,9,29 X-ray/optical cross

correlation has produced rich and sometimes seemingly con-

tradictory behavior depending on the experimental condi-

tions regarding X-ray and optical wavelength, excitation

densities, as well as sample material and detection geome-

tries. In order to exploit the full potential of this approach, it

is crucial to predict and quantitatively describe the funda-

mental physics of X-ray induced modifications in a given

sample probed in optical reflectivity measurements.

In this work, we introduce a conceptual model in direct

relation to experimental findings for the ultrafast dynamics

of the refractive index of solids after intense X-ray irradia-

tion. We gain a consistent description of the transient optical

properties of solids under intense femtosecond X-ray excita-

tion. Due to its favorable material properties, silicon nitride

(Si3N4) has been chosen as sample material in an optimized

detection geometry.

The response of the material to the X-ray irradiation

evolves on different time scales.

First, core excited states result from the absorption of

X-ray photons in a sample. Choosing the X-ray photon energy

close to core level resonances yields high absorption cross

sections and hence increased excitation densities. Soft X-ray

(SXR) excitation at the nitrogen K-shell absorption resonance

creating core-excitations in silicon nitride will be considered.

More than 99% of the nitrogen core excited states decay via

the emission of high energy auger electrons within the core

hole lifetime of 5 fs.10,11 Their high kinetic energy is trans-

formed to valence excitations at other lattice sites in a scatter-

ing cascade within the excited sample. The deposited energy

of the X-ray pump pulse is thus converted at early timescales

into low-energy electron-hole pairs across the band gap.12

Second, energy is transferred from the electronic to the

phonon system through electron-phonon coupling. The heat

capacities of electrons and the lattice determine the equili-

brated temperature which is reached within picoseconds after

the excitation in this two temperature model.13

The optical response of an excited sample depends on

both the initial electronic excitation14 and the following

picosecond dynamics of the hot lattice.15 The optical reflec-

tivity as a function of material, incidence angle, and film

thickness is given by an extension of the Fresnel formula de-

pendent on the complex refractive index of layers within the

sample and the used probe wavelength.16 We therefore study

the transient modifications of the complex refractive index ~n
in a sample which depends on the optical probe wavelength

k and a given excitation density q,

~nðq; kÞ ¼ ½nðkÞ þ Dnðq; kÞ� þ i½kðkÞ þ Dkðq; kÞ�:

The changes of the refractive index and hence the reflec-

tivity of X-ray excited insulators can be related to the dy-

namics described above.17 Within the first picosecond after

the excitation, hot, mobile carriers in the sample alter the re-

fractive index through Drude-like free carrier absorption.

Additionally, band filling effects result in altered optical

absorption cross sections for inter- and intraband transitions

while correlation effects between the inserted carriers induce

a shrinkage of the band gap in the insulator.

Within the first picosecond after the excitation, the lat-

tice is also substantially heated through electron-phonon

coupling. Thermal band gap shrinkage (�3.7� 10�4 eV/K

for Si3N4
18) alters the index on longer timescales.
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By studying the reflectivity of a supported thin film sam-

ple, we can analyze the impact of these dynamics on changes

of the complex index of refraction. The low absorption for

probe photon energies below the band gap of the sample ma-

terial [k(k)¼ 0 and disregarding band tail absorption] enables

long path lengths of radiation within thin film insulating

samples. Interference between radiation which is reflected at

the two interfaces of the thin sample layer with a thickness d
can be exploited to highlight changes of the real part of the

refractive index. We focus on k dependent reflectivity min-

ima for p-polarized probe radiation shown in Figure 1 where

the reflectivity as a function of incidence angle and layer

thickness is given. The minima occur for a wide range of

incidence angles and optical path lengths of odd multiples of

k/2 within the film and at the Brewster angle (64� for Si3N4).

Choosing the optimized geometry at these minima yields

high sensitivity to changes in the real part of the refractive

index and overall enhanced relative changes in reflectivity.

Experimentally, we reach an optimized geometry at a

reflectivity minimum within our 185 nm Si3N4 film on a sili-

con substrate at 20� angle of incidence utilizing 470 nm radi-

ation (Figure 1(b) square). Poor detection conditions are

created under identical geometry using 400 nm probe radia-

tion (Figure 1(a) circle).

The reflectivity changes were induced by unmono-

chromatized X-ray pulses originating from 120 fs (FWHM)

short electron bunches with photon energies at the nitrogen

1s absorption resonance at the SXR materials beam line of

the LCLS in Stanford.19 The experiments were conducted

on the time tool in the liquid jet endstation (LJE).20 The

deposited energy density within the silicon nitride layer

ranges from 1.5 to 4.8 kJ/cm3.21 The optical 470 nm and

400 nm probe pulses had p-polarization with 50 fs (FWHM)

duration.

The resulting X-ray induced relative optical reflectivity

changes of the sample are presented for the poor and the

optimized geometry and X-ray excitation below and above

(solid and empty markers) the nitrogen 1s absorption

threshold within the Si3N4 film in Figures 2(b) and 2(c),

respectively. We observe a 5 fold increased contrast in the

optimized detection geometry.

The temporal evolution of the reflectivity changes can

be separated in two domains. Short lived reflectivity changes

are present within the first 500 fs after the excitation of the

sample. They decay into a metastable state with an altered

FIG. 1. Optical reflectivity of a Si3N4 film on a silicon substrate. The detec-

tion geometry reaches optimized at reflectivity minima at the Brewster angle

of 64� and at incidence angles with optical path length of odd multiples of k/2

within the Si3N4 film. Detection geometry at 20� incidence angle and a

185 nm Si3N4 film are marked for (a) k¼ 400 nm, resulting in a reflectivity

maximum, and (b) k¼ 470 nm, resulting in a reflectivity minimum.

FIG. 2. Role of the experimental configuration in measurements of relative

reflectivity changes DR/R0. (a) X-ray attenuation length in silicon nitride for

photon energies at the nitrogen K-edge. Bars with associated markers indi-

cate bin ranges for the data in (b) and (c) and in Figure 3. The inset illus-

trates the experimental geometry. (b) The poor geometry yields relative

reflectivity changes up to (1.3 6 0.2)%. (c) The optimized conditions yield

relative reflectivity changes up to (7.9 6 0.3)%. Short and long lived features

are indicated by grey regions. Those are correlated with the equilibration

between initially excited electrons and the lattice.
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reflectivity and a lifetime much longer than the probed pico-

second timescale. For optimized conditions, both the long

and short lived reflectivity changes are pronounced in Figure

2(c). For the poor detection geometry at a probe wavelength

of 400 nm in Figure 2(b), the short lived component is pro-

nounced while the long lived part is absent. The short lived

features increase in amplitude for higher incidence photon

energies (see Figure 2). We correlate the short lived features

in the reflectivity measurements with both the altered real

and imaginary parts of the refractive index in the silicon

nitride layer [Dn(q, k) 6¼ 0, Dk(q, k)> 0], and we conclude

that the long lived component is dominated by real index

changes [Dn(q, k)> 0] which we probe with high selectivity

in the optimized geometry. Similar behavior of the complex

refractive index at high excitation densities has been reported

recently by Casolari et al.22

Let us link the detected evolution of the complex refrac-

tive index with the dynamics within the excited Si3N4 layer.

The initial exclusively electronic excitation causes changes of

both the real and the imaginary parts of the refractive index.

Energy transfer by electron phonon scattering on longer time-

scales yields a temperature increase in the excited layer of

1.6� 103 K at an excitation density of 3.9 kJ/cm3 in the per-

formed experiment.23 An X-ray attenuation length of 135 nm

for photon energies above the nitrogen absorption edge is

assumed. The resulting band gap shrinkage theoretically

causes an increase of the real part of the refractive index in

the Si3N4 layer on the order of 10�2, modeling the long lived

reflectivity changes in Figure 2(c). Note that band gap shrink-

age is the only process inducing an index increase for probe

photon energies below the band gap of the sample.14

For this reason, Si3N4 with 4.5 eV band gap24,25 is a

very well suited material. Both the long and short lived

reflectivity changes are strong in an optimized experimental

geometry. In contrast to that metallic samples lack the long-

timescale component.5 The absence of a band gap leads to

the absence of a long-lived reflectivity change related to

band gap shrinkage through thermal heating.15

Now we turn to the dependence on the exciting X-ray

fluence. The excitation density within the sample has been

altered by changing the X-ray energy across the nitrogen

absorption edge. The corresponding effective excitation

depth is illustrated in Figure 3(a).

Short temporal as well as long lived components of the

reflectivity change saturate as the effective excitation depth

is on the order of the nitride layer thickness. The phase shift

and the total attenuation of the optical wave which is trans-

mitted through the nitride layer are proportional to the inte-

gral change of the refractive index in the probed volume.

Hence, the detected reflectivity change is dependent on the

total pulse energy only as long as the nitride layer thickness

exceeds the attenuation length of the pump photons.

Summarizing the correlation between the presented

effects one should take the following aspects into account to

optimize the detection efficiency of X-ray induced refractive

index changes in layered samples. The insulating sample ma-

terial should feature a high absorption cross section for the

X-ray pump photon energy used. The dominant process

causing the change of the refractive index strongly depends

on the band structure of the sample. The probe photon

energy should be chosen as close to the band gap as possible

where bandfilling and band gap shrinkage effects peak.14

The reflectivity should be minimized exploiting interference

effects that depend on the probe wavelength, the refractive

indices of the sample, the layer thickness, and the angle of

incidence. A universal applicability can be gained by choos-

ing the nitride layer thickness larger than the attenuation

length of the X-ray photons used for the excitation.

We demonstrated the adjustable selectivity for the

detection of altered refractive indices induced by X-rays in

a thin silicon nitride layer. The dynamics in X-ray excited

insulating materials on ultrashort timescales and correlated

reflectivity changes were interpreted by taking the purely

electronic excitation and the subsequent coupling to the lat-

tice into account. Additionally, we presented an optimized

experimental layout for the detection of X-ray induced

changes of a material’s refractive index in the context of

X-ray/optical cross correlation.
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FIG. 3. X-ray pump excitation density dependence of the X-ray/optical

cross-correlation DR/R0 for optimized and poor detection geometry. (a)

Schematic illustration of the depth dependent excitation density q for strong

and weak absorption yielding effective excitation depths (grey) below and

above the nitride layer thickness. Reflectivity changes on short (b) and long

timescales (c). Saturation occurs for attenuation lengths below the nitride

layer thickness, whereas the optimized geometry yields a much higher total

reflectivity change. Markers indicate the probe wavelength. Saturation func-

tions have been fitted to the data to guide the eye.
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