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APPLIED PHYSICS REVIEWS—FOCUSED REVIEW

Ultrafast time resolved x-ray diffraction, extended x-ray absorption fine
structure and x-ray absorption near edge structure

Ali Oguz Er,1 Jie Chen,2 and Peter M. Rentzepis1,a)
1Department of Chemistry, University of California, Irvine, California 92697, USA
2Key Laboratory for Laser Plasmas (Ministry of Education) and Department of Physics, Shanghai
Jiao Tong University, Shanghai 200240, China

(Received 23 February 2012; accepted 14 May 2012; published online 2 August 2012)

Ultrafast time resolved x-ray absorption and x-ray diffraction have made it possible to measure, in

real time, transient phenomena structures and processes induced by optical femtosecond pulses. To

illustrate the power of these experimental methods, we present several representative examples

from the literature. (I) Time resolved measurements of photon/electron coupling, electron/phonon

interaction, pressure wave formation, melting and recrystallization by means of time resolved x-ray

diffraction. (II) Ultrafast x-ray absorption, EXAFS, for the direct measurement of the structures

and their kinetics, evolved during electron transfer within molecules in liquid phase. (III) XANES

experiments that measure directly pathway for the population of high spin states and the study of

the operating mechanism of dye activated TiO2 solar cell devices. The construction and use

of novel polycapillary x-ray lenses that focus and collimate hard x-rays efficiently are described.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4738372]
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I. INTRODUCTION

The development of ultrafast lasers has brought new

capabilities in time resolved studies not only in optical spec-

troscopy, but also in other areas of science such as x-ray and

electron beam spectroscopy. Powerful femtosecond (fs) laser

pulses generated by tabletop laser systems are employed to

produce femtosecond electron and x-ray pulses1–4 in the

form of characteristics emission lines as well as x-ray con-

tinua in the keV range, that have been used to detect and

measure directly transient structures with sub-Angstrom and

subpicosecond resolution. One important advantage of the

laser driven x-ray systems is the precise synchronization of

the pump optical pulses with the probe x-ray or electron

beam pulses. Thus, the basic ultrafast pump and probe exper-

imental technique that was utilized for ultrafast time resolved

optical studies5 is now implemented in the hard x-ray region.

In the time resolved transient structure experiments pre-

sented in this article, an optical pump pulse, is used to excite

the sample and an accurately synchronized X-ray probe

pulse monitor the formation and decay of transient species,

their structure, and dynamics. XANES, X-ray near edge

structure, EXAFS, X-ray absorption fine structure, and X-ray

diffraction are the most commonly used time resolved X-ray

methods.

The number of time resolved X-ray absorption studies

published so far is quite limited compared to the number of

optical studies. The time resolved X-ray studies include gas

phase ultrafast X-ray absorption experiments6 of gaseous SF6
and time resolved X-ray absorption spectroscopy (XAS)

experiments, with 14 ns resolution that describe the transient

molecular structure in the liquid phase.7,8 The chemical shift

of photo-excited aqueous [Ru(bpy)3] was also measured with

�100 ps resolution9 and later a similar tabletop x-ray system

was utilized to determine the structure of photo-excited

Fe(CN) in water with 30 ps resolution.10 The XANES associ-

ated with the photoinduced Fe(II) spin crossover reaction has

been investigated by means of 70 ps, 7.1 keV, tunable X-ray

pulses derived from the advanced light source.11a)E-mail address: pmrentze@uci.edu.

0021-8979/2012/112(3)/031101/16/$30.00 VC 2012 American Institute of Physics112, 031101-1

JOURNAL OF APPLIED PHYSICS 112, 031101 (2012)



Ultrafast time-resolved EXAFS imaging techniques

have been employed to study the dynamics of the femtosec-

ond laser ablation of aluminum in an energy range well

above the ablation threshold. They have shown that photo-

mechanical fragmentation and vaporization were the domi-

nant mechanisms for the production of liquid nanoparticles

and neutral atoms.12 Time-resolved X-ray liquidography has

also been applied to study structural dynamics and spatio-

temporal kinetics of many molecular systems including dia-

tomic molecules, haloalkanes, organometallic complexes,

and protein molecules over timescales from picoseconds to

milliseconds.13 Furthermore, time-resolved x-ray diffraction

and optical studies investigations of out-of-equilibrium

switching dynamics of a molecular Fe(III) spin-crossover

solid have has determined the dynamics initiated by subpico-

second local photoswitching, volume expansion, and thermal

switching processes.14 Recently, the local structure of the cop-

per phase of a CuO–CeO2/Al2O3 catalyst and its activity on

the total oxidation of propane has been studied using time-

resolved XAS in the transmission mode coupled with on-line

mass spectrometry.15 A recent femtosecond time resolved

XANES study showed that after fs excitation of the singlet

metal-to-ligand-charge-transfer band (MLCT), the lowest

quintet state of aqueous iron(II) tris(bipyridine) was formed.16

Electron transfer in iron and cobalt liquid complexes, in

solution, has also been studied using time resolved EXAFS

with subpicosecond and sub-Angstrom resolution.17,18 These

studies determined that the mechanism of the electron trans-

fer processes, initiated by photo-excitation in the charge

transfer band, can be either intra or intermolecular depending

on the structure of the molecule and degree of freedom of

rotation of the ligand. In addition, several electron and x-ray

ultrafast time resolved experiments have reported on the

transient changes in the lattice structure of single crystals af-

ter excitation with an fs optical pulse.3,19–31

In this paper, we present the experimental data for three

different processes that illustrate how these methods make it

possible to determine, in real time, transient structures and

very short lifetimes phenomena that in conjunction with

density functional theory (DFT) calculation determine the

operating mechanism of many basic processes and reactions.

The experiments described were performed by using a tab-

letop laser system that generated femtosecond optical pump

pulses and subpicosecond hard 6-22 keV x-ray probe pulses.

Of the vast number of topics that can be investigated

with these techniques, we will restrict this review to x-ray

diffraction, extended x-ray absorption fine spectroscopy

(EXAFS) and X-ray near edge structure (XANES) time

resolved studies aimed at illustrating the versatility of these

techniques and capability for direct detection and measure-

ment of transient structures and the dynamics of transient

excited states and intermediate species evolved during the

cause of processes induced by fs optical pulses.

Ultrafast time-resolved x-ray diffraction experiments

have been performed with nanosecond and picosecond resolu-

tion,32 and lately, it has become possible to measure the struc-

ture of transients with subpicoseconds and sub-Angstrom

resolution. These experiments provide the means for meas-

uring directly ultrafast transient phenomena, induced on a solid

by femtosecond optical or other type of pulses. Intermediate(s)

and short-lived phenomena that have been identified andmeas-

ured by these techniques, include, photon/electron interaction,

electron thermalization, electron/phonon coupling, and pres-

sure waves and phase transition and atomic order/disorder

processes such as melting and recrystallization.

The diffraction of monochromatic x-ray radiation from a

crystal is governed by Bragg’s law, which suggests that a

very small change in the crystal interatomic spacing will

result in a measurable shift in the diffracted angle. The rela-

tion between the angle shift Dq and the lattice spacing d is

given by differentiation of Bragg’s equation,

Dd=d ¼ �Dq=tanq:

The angle shift, therefore, is represented by the change in the

spacing of the diffracting planes of the crystal. When laser

radiation is absorbed by a thin surface layer of a crystal, the

temperature distribution and the associated stress in the bulk

of the crystal will become nonuniform causing the lattice

spacing to distort. Such nonuniform lattice spacing distribu-

tion inside the crystal causes the diffraction signal to be scat-

tered over a range of angles corresponding to the changes in

lattice spacing. If the divergence of the monitor x-ray beam

is sufficiently large to cover all of these angles, then the

recorded signal will contain all of the information regarding

lattice space changes. Experimentally, the entire rocking

curves, both signal and reference, have been recorded simul-

taneously on a large area x-ray CCD detector, in one shot,

using a divergent, 0.6 ps x-ray pulsed beam. The recorded

x-ray signal is essentially the convolution of the crystal

response to the probing x-ray pulse and the time resolution

depends not only on the duration of the pump and probe

pulses and material response, but also on the propagation

time of the fs pulses inside the sample and x-ray lenses.

X-ray diffraction is probably the best known means for

the study of the structure of solids on the atomic level; how-

ever, its application to liquid phase is rather limited because

of the absence of order in the sample. Many elementary reac-

tions in chemistry and biology, however, occur in the liquid

phase. Therefore, there is need for efficient and accurate

methods that make it possible to study the structure of the

ultrafast transient states and species evolved in course of

reactions in the liquid state. It is widely accepted that for the

determination of structures in the liquid phase x-ray absorp-

tion techniques33,34 such as XANES and EXAFS may be

advantageously employed, because they can inherently mea-

sure rather easily and very accurately the local structure of

molecules, such as bond length changes, charge distribution,

oxidation-reduction, and coordination number of atoms and

molecules. X-ray absorption has also the advantage of being

very sensitive only to the particular atom that absorbs the

x-ray radiation that consequently determines the structure of

the first few coordination layers adjacent to the absorbing

atom and is not affected by solvent or impurities as long as

they do not contain the absorbing atom. Many fundamental

processes in nature, such as electron and protons transfer

reactions and phase transitions involve dynamic changes in

their atomic arrangements that may take place on time-scales
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comparable to the oscillation periods of atoms and

molecules. Therefore, to measure and understand the dynam-

ics of chemical and biological process on such ultrafast

time-scales, structural information with picosecond and fem-

tosecond time resolution is necessary. Expanding EXAFS to

the ps and fs time domain has been rather important and

quite challenging, because in EXAFS, the processes of elec-

tron ejection, backscattering and interference are extremely

fast. For inner shell electrons with KeV energies, these proc-

esses are essentially completed within a few femtoseconds.

To display these data XANES and EXAFS should be able to

take a real time; instantaneous picture, of the atoms involved

in an interaction6,35 and display their transient bond distance

and local structure as a function of time (fs) immediately af-

ter excitation. Owing to improved techniques that generate

ultrashort optical and hard x-ray pulses, fs time resolved

x-ray absorption experiments may be performed at many

university laboratory because the required ultrafast charac-

teristic lines for diffraction and broadband x-ray continua

used as probe pulses in x-ray absorption can now be gener-

ated by tabletop laser-induced plasma x-ray systems.

II. EXPERIMENTAL SYSTEM

The experiments described in this paper were performed

on a tabletop Ti:Sapphire fs, laser system that generates both

the optical fs pump and keV x-ray characteristics lines and

continuum subpicosecond probe pulses. It consists of a laser

oscillator that emits 80 fs pulses at 82MHz, that seed a re-

generative amplifier followed by a multi-pass power ampli-

fier, which generates 100 fs, 100 mJ, 800 nm, 10Hz pulses

that are focused onto a 0.5mm, or 0.25mm diameter moving

Cu, Mo, or W wire located inside a vacuum chamber, Fig.

1(a), thus, producing an electron plasma which mediated the

generation of hard x-rays. The laser plasma generated x-ray

radiation exits the chamber through a 0.25mm thick Be win-

dow, covered by rolling plastic tape that protects it from

metal debris emitted by the evaporated metal. The time

width of the x-ray pulse were measured by the thin crystal

technique and found to be 0.6 ps. The x-ray spectra emitted

by the W, Cu, and Mo wires which consist of both character-

istic lines and continua were measured using an x-ray detec-

tor (2D CCD) and multichannel analyzer. The x-ray energy

range used in our experiments was between 6 KeV and 22

KeV, with the low limit determined by the transmission of

the chamber window, the plastic tape, air and the high

energy limit set by the detector sensitivity and polycapillary

lens, transmission, Fig. 1(b). The spectra shown in Fig. 2

consist of both continuum radiation suitable for ultrafast

x-ray absorption spectroscopy studies and characteristic

emission line suitable for x-ray diffraction measurements.

The x-ray spectra recorded display the raw count rate data

without correction for x-ray chamber windows loss, air trans-

mission, and detector efficiency. We have estimated that for

a 20 mJ laser pulse energy impinging on a copper wire tar-

get, 46% of the x-ray photons transmitted through the x-ray

chamber belong to the CuKa characteristic line. The Si(111)

energy-dispersive crystal employed allows for the entire

x-ray absorption spectrum to be recorded simultaneously.

This is important, if not mandatory, for measurements that

utilize x-rays generated by high intensity fs laser pulses

because the shot to shot fluctuations of the x-ray flux can be

high and affect adversely the entire spectrum.

In the past couple of decades, table-top systems have

utilized fs laser pulses to generate fs hard x-rays pulses by

interaction with metals.6,32,34 However, although the x-ray

flux generated by the table systems is large at the source, the

x-rays flux that impinges on the sample, located several cen-

timeters away from the source, contains only a very small

fraction of the total amount of the generated x-rays owing to

the 4p x-ray spread. This weak x-ray flux at the sample

restricts the practical use of table top x-ray sources to only

few experiments that have high absorption cross section and

do not require exposure time to obtain the necessary data.

Therefore, optics that increase the x-ray flux on the sample

FIG. 1. Experimental systems: (a) fs laser and x-ray pulse generating sys-

tems showing the collimating polycapillary lens, dispersive spectrometer,

detector, and sample. (b) Focusing polycapillary lens.

FIG. 2. X-ray spectra emitted by Cu, Mo, and W wire.
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are needed to improve the signal to noise ratio and decrease

the experimental exposure time. Curved reflection optics

increase the x-ray flux by a very small factor, in contrast pol-

ycapillary x-ray focusing optics36 focus the x-rays tightly

and thus increase the x-ray flux on the sample by factor of

1000 or more.37 Comparison of various focusing x-ray optics

and their employment for femtosecond x-ray diffraction and

absorption has shown that polycapillary lenses concentrate

the largest number of photons onto a small spot.38

A. Polycapillary x-ray lenses

Conventional x-ray optics have been used in basic sci-

ence, technology, and medicine for many years and lately

polycapillary lenses have started to be employed in a few

fields of science. We have used polycapillary lenses, for sev-

eral years, to focus hard x-rays onto a small spot on the sam-

ple, thus increase the x-ray flux by a factor of �3000 and

perform experiments that w could not be performed previ-

ously without the polycapillary lenses.

The polycapillary x-ray lenses are composed of several

million hollow capillaries (with IDs between 2 and 15lm)

bundled together to form a single monolithic structure and

gently bend to achieve the curvature36 required for the x-rays

to enter at an angle smaller than the total reflection critical

angle, traverse through the hollow quartz tubes via total exter-

nal reflection on the inner surface of the x-ray capillary chan-

nels with a simple roughness correction and then be focused

onto a few lm area of the sample, Fig. 1. The largest advantage

of the x-ray lenses is to reduce the inverse-square dependence

of x-ray intensity versus distance from the source by collecting

and focusing or collimating the x-rays, thus increasing the gain

in x-ray flux at the sample by orders of magnitude. A typical

focusing lens is shown in Fig. 1(b). Collimating monolithic

x-ray half-lens lenses are used to capture the diverging x-rays

emitted by the x-ray source and collimate them to a parallel

x-ray beam suitable for x-ray diffraction, in Fig. 1(a). Focusing

polycapillary lenses are bent to curvature R.

R > 2d=h2c ;

where d is the diameter of the channel, R the radius of curva-

ture and hc the critical angle of total reflection, which is lin-

early proportional to the x-ray wavelength. The inequality

suggests that x-rays will not be transmitted when the geome-

try of the channel does not satisfy this inequality.39 For mon-

olithic x-ray lenses, the transmission efficiency depends on

the photon energy and geometric parameters of the channels

(diameter and length), its shape and size. x-rays that have

grazing angles larger than the critical angle of total reflection

for a given material are eliminated; this means that while

both continuum and characteristic Cu lines are transmitted

through the polycapillary x-ray lens x-rays at energies above

30 and below 3 keV are eliminated and therefore the lens

effectively functions as a bandpass filters.

The focal spot size is defined as the minimum full width

at half maximum (FWHM) of the space distribution of the

measured power density. The gain in power density obtained

by the lens is the ratio of the x-ray intensities at the focal

spot of the lens with and without the lens. For an isotropic

x-ray source, the gain (K) is

KðEÞ ¼ L

f1

� �2 Sin
Sspot

gðEÞ;

where g is the transmission efficiency of the lens for x-rays

of energy E, L the distance from the x-ray source to the focal

spot of lens, Sin the entrance area of the lens, Sspot the area of
the focal spot and f1 the input focal distance. The gain of the

lens is directly related to the amplification of the x-ray beam

power density by the lens. Another useful experimental pa-

rameter is the equivalent distance (Leq).

Leq ¼ L=K1=2;

where Leq is the distance between the x-ray source and the

point where the power density of x-rays emitted by the x-ray

source is equal to the power density at the focus spot. An

equivalent distance of 2–3 mm was achieved with our x-ray

lens. This means that we performed experiments equivalent

to having the sample at a point 2–3mm away from the x-ray

source rather than the actual 124mm distance from it.

Although the monolithic lens has the advantage of col-

lecting x-rays from a large solid angle, the focal spot size

cannot be as small as that can be obtained by single capil-

lary. To achieve such a small x-ray focus spot, one may con-

struct a monolithic lens tapered to a single capillary that may

be used to study single molecule x-ray structures.

For ultrafast time resolved studies, pulse broadening is

an important parameter, which is associated with (a) the

propagation of the x-ray pulse inside an individual capillary

and with the varying length of the capillaries, see Fig. 1(b).

The broadening of the x-ray pulse was measured to be less

than 50 fs after it propagated through a 5 lm diam. Capillary

was broadened by 0.6 ps after traveling through the different

length capillaries of our 51.5mm lens. Because broadening

of the pulse was only 0.6 ps, these lenses were deemed suita-

ble for use in ultrafast, subpicosecond, time-resolved x-ray

diffraction, and absorption experiments. A few of the first

applications of polycapillary x-ray lenses for time resolved

diffraction and absorption experiments are described in the

following sections of this article.

B. Ultrafast resolved optical x-ray system

The polycapillary x-ray lens that we used in the experi-

ments presented here has a length of L¼ 51.5mm and focal

lengths of F1¼ 55.0mm and F2¼ 16.7mm. Synchronization

of the x-ray and optical pulses was achieved by guiding the

fundamental 800 nm pulse through the same path that the

x-ray travels and intersecting it with the 266.7 nm pump

pulse inside a thin potassium dihydrogen phosphate (KDP)

crystal, which is cut at the third harmonic generation (THG)

phase matching angle. A dielectric mirror, placed where the

sample will be during the course of the x-ray experiments, is

used to direct the 800 nm and 266.7 nm pulses onto each

other, overlap, and effectively interact inside the KDP crystal

generating the 400 nm pulse. The 800 nm and 266.7 nm
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beams were filtered out by a BG39 bandpass filter that trans-

mits only the 400 nm difference pulse. By measuring the in-

tensity of the 400 nm beam generated by the interaction of the

266.7 nm and 800 nm beams as a function of the distance

between them, the overlap time of the optical pump and x-ray

probe pulse was accurately established to within less than

1 ps. The time and space synchronization of the optical and

x-ray pulses was then achieved and confirmed by monitoring

the x-ray diffraction from a thin Si(100) crystal. Owing to the

divergence of several degrees and the tight focusing of the

x-rays by the x-ray lens, we were able to conduct the ultrafast

x-ray absorption experiments that previously were very time

consuming and difficult to perform without the x-ray lenses.

III. TIME RESOLVED X-RAY DIFFRACTION

To estimate the upper limit of the x-ray pulse width we

have adopted the thin crystal technique,6,40,41 where the

cross correlation between the x-ray and optical pulses were

measured by monitoring the x-ray diffraction from a thin

520 nm thick Si (100) crystal grown on a sapphire substrate.

The Bragg x-ray reflection from Si (100) is easily distin-

guished from the sapphire substrate reflection because of the

difference in their lattice constants (measured angle about

0.6�). In a standard pump/probe setup the Si crystal is illumi-

nated with the second harmonic, 400 nm, at a fluence of

10–20 mJ/cm2 and probed by the Cu Ka x-ray pulse. The

absorption depth of the second harmonic in Si crystal is

100 nm; however, the penetration depth of Cu Ka radiation

is more than 25 lm. This difference in penetration depth

necessitates the use of a thin crystal in order to match the

absorption depths of the optical pump and x-ray probed

pulses. The intense femtosecond optical excitation induces a

solid-to-liquid phase transition, melting, that leads to a fast

drop in the x-ray diffraction signal intensity, within a few

hundred femtoseconds, after the pump pulse strikes the

Si(100) surface. This is followed by a further gradual

decrease in the diffracted signal. This step like response in

the x-ray diffraction signal was used to estimate the upper

limit of the x-ray pulse duration.40,41 Figure 3 shows the

measured change in the diffraction signal for Si (400) reflec-

tion as a function of delay time between the second harmonic

excitation and the x-ray probe pulses. We observed a

decrease of about 20% in the diffraction efficiency within

2 ps and have also measured the x-ray pulse duration, on the

same experimental system when the X-ray lens was removed

and replaced with a 300 lm slit, and found that the transit

time was similar.

Therefore, the information derived from the Si(100)

crystal melting transition time of �0.6 ps indicates that (a)

the upper limit of the x-ray pulse length is less than 0.6 ps;

(b) the melting transition process observed for silicon and

several other semiconductors42 is dominated by a non-

thermal process initiated by the photon-electron interaction,

which is less than 0.6 ps; (c) the pulse broadening attributed

to the x-ray polycapillary lens is less than 0.6 ps; (d) the

entire ultrafast x-ray system is capable of 0.6 ps.

Experiments performed on thin Au(111) single crystals

allowed us to detect and measured directly the basic phenom-

ena and processes that occur after the interaction of ultrashort

optical pulses with the surface of a Au(111) crystal.

In the studies presented here, 150 nm Au (111) single

crystals were irradiated with 10Hz, 100 fs, 400 nm pulses

and a fluence of less than 15 mJ/cm2. The transient lattice

change that we observed and measured by time resolved

x-ray diffraction is a convolution of the strain generated by

three processes: The blast wave, the sonic wave, and thermal

diffusion. The fraction of Fermi electrons generated with the

photon energies used is very small. Photon/electron interac-

tion occurs within the pulse width time, then; electron/pho-

non coupling was observed, followed by phonon lattice

interaction that resulted in the generation of two pressure

waves, a blast wave, formed within the excitation pulse

width and the well known pressure sonic wave that propa-

gates through the crystal inducing a periodic rocking broad-

ening curve. The lattice near the surface is first compressed

by the blast force wave, then expansion is launched owing to

the larger amplitude acoustic wave.24 The periods of the

coherent lattice vibration for 150 nm Au(111) are estimated

to be 98 ps, which is slightly shorter than the period meas-

ured experimentally, owing to the damping of the coherent

acoustic oscillations.

When the pump pulse is absorbed by the surface layer of

the sample, that has a thickness on the order of the absorp-

tion length, a transient elastic stress is formed which gener-

ates a pressure wave that propagates through the sample

introducing in its path a transient modulation of the lattice

parameters.43–45 For thin films with thickness comparable to

the optical absorption depth, a near homogeneous hot elec-

tron plasma is generated after the absorption of a femtosec-

ond optical pulse which places the lattice at a stressed state,

within a time that is shorter than the lattice response time.

Under these conditions, coherent lattice vibrations can be

generated46–48 and in fact have been experimentally

observed recently by electron diffraction in thin Al films.47,49

In films thicker than the light penetration depth, the electron

gas temperature generated by femtosecond optical pulse is

nonuniform and has been predicted50 that before electron–-

electron thermal equilibrium is established, the hot electron

gas will interact with the surface to generate a “blast” force

that exerts a “pressure” on the lattice in addition to the
FIG. 3. X-ray intensity as a function of the delay time between the pump

optical pulse and the probe x-ray pulse.
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thermomechanical load caused by the temperature gradient

established across the thickness of the heated region. The

magnitude of the hot electron blast force is proportional to

the gradient of the electron temperature squared.51,52 The

shock wave generated by the blast force, added to the ther-

mal load resulting from the nonuniform lattice temperature

at later times can be very strong and cause changes in both

the microstructural and mechanical properties of the material

even at lattice temperatures far below the melting point. Our

experiments cannot detect the exact time origin of the blast

force, which is predicted to be within the pulse width; how-

ever, the existence and effect of the blast force were detected

and monitored during the measurement of the rocking curve

broadening, shown in Fig. 4.53 It is to be noted though that

the blast wave is generated during the very early stages of

heating, while the sonic wave achieves its maximum tens of

picoseconds later. It is estimated that when a 100 nm gold

film is heated by a 100 fs optical pulse the blast force will

last �1.6 ps.18,54–57 Although the blast force lasts a very

short time, 1-2 ps, the expansion wave generated by this

force propagates through the crystal for several picoseconds

and changes the lattice structure sufficiently to be detected

by our time resolved x-ray diffraction experimental system.

In contrast, the generation of the sound wave is slower,

requires 10-20 ps to develop, and therefore, it is separated

enough from the blast wave to be detected at even longer

delay times. The blast wave is considered to be a compres-

sive wave that acts on the crystal before the acoustic wave,24

then lattice expansion is observed due to the launch of the

larger amplitude acoustic wave. The influence of the blast

wave is relatively small compared to the acoustic wave, con-

sequently it may be masked and appear as the onset of the

expansion. The modulation peak shown in the rocking curve

of Fig. 4 is assigned to the blast wave, while the broadening

of the rocking curve is a result of the strain generated by

both the blast and sonic waves. The ultrashort blast force

that was formed just at the end of the pumping optical pulse,

that in agreement with theoretical calculations,51,52,58 com-

bines with the wave built by sonic processes to produce the

strain distribution detected by our time resolved x-ray dif-

fraction experiment.

Coherent phonons may also be excited and induce lattice

vibrations46 during the propagation of the acoustic and blast

waves, and subsequently lattice expansion and contraction.

The lattice vibrations generated by the propagation of the

acoustic wave have been experimentally observed recently

by electron diffraction in 20-nm-thin Al film (8 nm optical

length);47 Tentative theoretical studies based on the two-

temperature model (TTM) and the Fermi-Pasta-Ulam anhar-

monic chain model have been used to explain the experimen-

tal coherent lattice vibrations.59,60 Damping of coherent

acoustic oscillations, in a femtosecond laser-heated 400-nm

crystalline germanium film with optical length of 200 nm,

has been measured by time-resolved XRD.61 In two cases

studied, it was found that when the sample thickness was

comparable to the optical absorption depth, the overall effect

of the acoustic wave was the expansion of the lattice. In a

recent report,62 the oscillation of the lattice changes were

applied to disentangle electronic and thermal pressure contri-

butions to femtosecond laser induced lattice expansion in 90-

nm gold single-crystals.

At high excitation fluence, melting of the gold crystal

occurred near or above its melting point of 1337.33K, which

was detected by the sudden drop in the x-ray diffraction in-

tensity recorded as a function of time.

To study the atomic structure changes during melting

process with high resolution, gradually the optical laser pulse

intensity was increased until melting of the crystal surface

was detected by sudden changes in XRD intensity while the

excitation energy and intensity were kept below the damage

threshold. At times before excitation, i.e., 40 ps, the XRD

signal was, in all aspects, the same as the one observed at

room temperature. As the time delay was increased to a few

picoseconds after excitation and the energy of the laser pulse

energy became sufficiently high to melt, but not damage, the

crystal, a sharp decrease in the total XRD intensity was

observed within �5 ps after irradiation of the 150-nm

Au(111) crystal. It was followed by an increase in the dif-

fraction intensity after approximately 10 ps, which continued

to increase for 40 ps after excitation, and recovered to its

original diffraction intensity at about 100 ps after excitation,

Fig. 5. The diffraction recorded after the crystal was cooled

was the same as the one before excitation, which suggests

that the gold crystal remains intact and without damage

throughout the experiment. The entire process attributed to

melting and annealing of the gold crystal, may be considered

to consist of three stages: (i) the lattice disorder, phase-

transition, melting or lattice structure softening by removal

of crystal defects that cause internal stresses inside the crys-

tal; (ii) the grain growth phase—if the lattice temperature is

kept under annealing conditions, grain growth will occur and

the microstructure will start to coarsen inducing new internal

stresses; (iii) the recrystallization phase—the new strain-free

grains nucleate and grow to replace those deformed by inter-

nal stresses.

The sharp decrease in XRD intensity is attributed to

melting or premelting of the Au(111) crystal. Because the

pumping energy is limited, the ultrafast melting/premelting
FIG. 4. Broadening of the rocking curve, (FWHM), plotted as a function of

time delay. Solid line is calculated fit to experimental data.

031101-6 Er, Chen, and Rentzepis J. Appl. Phys. 112, 031101 (2012)



process occurs only in the area within the optical path

absorption depth (16.9 nm), while the x-ray pulse penetrates

and probes the entire 150-nm-thick gold crystal. Conse-

quently, only a small fraction (ca. 11%) of the x-ray intensity

is expected to be affected by surface melting. The experi-

mental data show, Fig. 5, a decrease in the diffraction inten-

sity of 6%–8%. The rate of the melting process was

estimated, from the experimental data, to be 3� 1011 s�1,

which is in agreement with the previously reported values

for thermal melting.63 Based on phonon/phonon and phonon/

lattice interaction rates, which are in the 1011 s�1 rate, and

the time-resolved XRD data, the observed process was

assigned to thermal melting, rather than electronic melting.

The increase in the XRD intensity from 92%–94%, starting

at approximately 7 ps to �116% after 40 ps was attributed to

recrystallization, mosaic crystal formation, and softening of

the inner part of the crystal. For phonon tG¼�5 ps in graph-

ite and graphene,64 and for silicon 2C¼ 0.48 cm�1, where

C¼ 1=s (Ref. 65); homogeneous melting in epitaxial

Ag(001) films occur within the first few picoseconds after

excitation with a femtosecond laser pulse.66 It has been

reported that after approximately 10 ps the surface heat

energy and acoustic wave cause the lattice temperature in the

crystal to increase through phonon/phonon interaction. How-

ever, the optical excitation pulse energy that was used is nei-

ther enough to penetrate throughout the crystal, nor

sufficient to melt the entire crystal. Therefore, only a soften-

ing of the interatomic potential of the inner areas of the crys-

tal is expected.67 Generally speaking, materials become

softer after optical heating and if the lattice temperature is

close to the melting point, and is maintained at that level for

a period of time, the lattice will anneal, recrystallize, and

form a mosaic crystal structure due to strain-free crystalliza-

tion. The mosaic crystal may give higher XRD intensity than

the original single-crystal structure when measured with an

x-ray beam that is not perfectly collimated and has also a

certain wavelength distribution. In fact, data presented in

Fig. 5 show higher diffraction intensity for a period of time

when the crystal is cooling after the melting phase disorder

lattice.

Time resolved x-ray diffraction has been used frequently

to study the detail mechanism of protein structural transition

by means of synchrotron �100 ps x-ray pulses,68,69 which

may be considered their major limitation for time resolved

x-ray diffraction experiments. The development of x-ray free

electron lasers (XFELs) will overcome this restriction and

are expected to generate much shorter x-ray pulses, data col-

lection rate, and structural resolution.70 Peak brilliance of

XFEL sources are 109 times higher than conventional syn-

chrotron sources, pulse duration is �10 fs, and in addition

XFEL sources have a high degree of transverse coherence.

With the current 3rd generation of synchrotrons, it is possible

to study the structures of short-lived species and their forma-

tion and decay kinetics. However, it is not possible to sub-

stantially lower the emittance of a storage ring below the

values achieved in this third generation machines. Therefore,

Femtosecond time resolved XFEL opens up a new window

to determine the coherent wave packet motions and potential

energy surfaces. The European XFEL which is to become

fully functional sometime in 2015 should is also expected to

generate extremely intense x-ray pulses for time resolved

x-ray diffraction experiments. The Linac coherent light

source (LCLS) has shown the possibility for the interaction

of single atoms, with intense x-ray pulses71 and the creation

and diagnosis of solid density plasma,72 and implementation

of x-ray laser driven by rapid K-shell photoionization using

pulses from XFEL.73 Diffraction intensities of lysozyme

nanocrystals using 2 keV photons to determine the structure

by molecular replacement74 have been already investigated.

Time resolved x-ray liquidography (TRXL) has emerged

as another important tool for the study of transient molecular

structures owing to the fact that the scattering signal is very

sensitive the chemical species which have characteristic dif-

fraction signals.13,75 In this method, short x-ray pulses of

100-150 ps duration emitted by the synchrotron and ultra-

short pulses generated by femtosecond lasers are combined

to obtain direct structural information that is difficult to

extract using ultrafast optical spectroscopy alone.76 In some

TRXL experiments, instead of monochromatic x-ray pulses,

polychromatic pulses are used to increase the signal-to-noise

ratio. Time resolved x-ray liquidography has been success-

fully employed to investigate several transient phenomena,

including: the photodissocication of HgBr2 (Ref. 77) deter-

mine the excited state structure of the organometallic com-

pound PtPOP,78 the structural dynamics of the iodine

elimination reaction of 1,2-diiodoethane (C2H4I2) in cyclo-

hexane,79 light induced effects on protein-coated gold nano-

particles,80 and the anisotropic x-ray scattering effects

patterns of myoglobin protein molecules.70

In this and other time resolved x-ray diffraction experi-

ments, the evolution of the changes in the structure of the

crystal has been monitored with sub-Angstrom-space and

sub-picosecond time resolution and has mapped the entire

cycle of the processes induced by an fs optical pulse.

In the following section, we present a study that

describes the formation, decay, and the structure of excited

states and fast decaying intermediate species of a molecule

in the liquid phase that undergoes electron transfer after exci-

tation by a single fs optical pulse.

FIG. 5. Change in x-ray diffraction intensity as a function of time. Steep

decrease in intensity designates melting. Dots experimental, line simulation.

Reproduced with permission from J. Chen, W.-K. Chen, J. Tang, P. M. Rent-

zepis, PNAS 108, 18887–18892 (2011). CopyrightVC 2011.
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IV. TIME RESOLVED EXAFS APPLIED TO ENERGY
TRANSFER

Energy transfer by means of electrons,81,82 pro-

tons,32,83,84 and other forms85,86 are commonly occurring

processes in nature and many areas of science. Among the

most common processes, electron transfer has been the sub-

ject of numerous theoretical and experimental studies, how-

ever, very little information is available concerning the

structure of the transient states and intermediate species

evolved that drive the mechanism of the energy transfer pro-

cess. Lately, however, owing to the generation of ultrashort

hard x-ray and electron pulses by synchrotron and tabletop

laser sources, it is possible to measure directly the transient

structures in liquids by means of time resolved x-ray absorp-

tion34,87 and to determine the mechanism responsible for

electron transfer in molecules in the liquid phase.

Iron Fe(III)(ox)3 metal complex, where ox¼ ½C2O4
2�

was selected because it is known to transform to Fe(II) after

optical excitation,88 and both the spectra and extinction coef-

ficients are well documented in the literature.89–91

A. Electron transfer in metal complexes

Fe(III) and Co(III) complexes have been studied in the

liquid phase for several years.92–95 Yet the formation and

decay rates of the excited states and intermediate species

have not been reported at least in the fs and ps time regime,

even though the quantum yield of the electron transfer has

been investigated in depth and is used for actinometry.96 The

mechanism of this process has been studied by both steady

state and pulsed irradiation and the data obtained suggest

that the quantum yield for the formation of Fe(II) exceeds

1.0 when the sample is excited with 250-400 nm light. To

justify such high quantum yield, it is expected that the mech-

anism of the primary process would involve dissociation of

the metal complex and the generation of fragments that react

with the parent molecules transferring an electron from the

fragment to the metal thus initiating the Fe(III)! Fe(II) pro-

cess. Based on these data, the most probable ET mechanism

that has been proposed92 is

FeðIIIÞðoxÞ 3 !hv FeðIIÞðoxÞ2 þ ðoxÞ� (1a)

FeðIIÞðoxÞ2 þ ðoxÞ� ! FeðIIÞðoxÞ3 (1b)

FeðIIIÞðoxÞ3 þ hv! FeðIIÞðoxÞ3: (2)

Several interesting ns to ms time resolved flash photolysis

experiments have been reported that provide valuable insight

into this processes.97 Even at the rather slow ns/ms experi-

ments, it is evident that the first order dependence of the

Fe(III) complex decomposition to Fe(II) involves a Fe(III)/

Fe(II) electron transfer.97 However, these experiments were

of low resolution and could not distinguish between reaction

1 and 2. This ambiguity is very important because it pertains

a primary processes, on which the electron transfer mecha-

nism is based upon and is expected to proceed with picosec-

ond rate or faster. Therefore, to determine the ET operating

mechanism, we have extended these studies to the optical

and x-ray absorption picosecond and femtosecond regime.

The metal complex experiments presented in this article

were conducted in air at room temperature using 100 fs, 0.3

mJ, 267 nm excitation and broad 600 fs hard x-ray contin-

uum probe pulses.

In addition to the fs/ps experimental system, a 6 ns

Nd:YAG laser was used for ns to ms experiments. The pump

pulse for the nanosecond experiments was the third har-

monic, 355 nm of a Nd:YAG laser, while the 400 nm SHG

and 267 nm THG of the Ti:Sapphire served as the pump

pulse(s) for fs/ps experiments. The probe beam used with the

fs and ps optical experiments consisted of a broad contin-

uum, of the same duration as the pump pulse that covered

the 300-600 nm spectral region, while a high pressure xenon

lamp provided the probe continuum for ns to ms optical

experiments. The detectors were a fast photomultiplier

coupled to an oscilloscope and a computer controlled CCD

system for nanosecond experiments and ps/fs experiments,

respectively. The femtosecond absorption data, Fig. 6, show

that an intermediate state was formed at 430 nm, immedi-

ately after excitation, that reaches its maximum absorption

intensity after 2.6 ps and then remained constant for at least

610 ps. Using the nanosecond system, it was determined that

430 nm band decays with a lifetime of 4 ns and the processes

that cause its formation and decay are shown in Eqs. (1a),

(1b), and (2) and are also in accord with the mechanism

derived from previous time resolved experimental data. Sub-

sequently, the transient structures determined by time

resolved EXAFS, presented in a later section of this paper,

were correlated with the transient species identified by fs op-

tical spectroscopy and used to derive the Fe(III)/Fe(II) elec-

tron transfer mechanism.

B. Solvated electrons

A 500-800 nm transient absorption band with maximum

at 720 nm was formed immediately after excitation with 266

and 267 nm pulses, Fig. 7, which is essentially identical to

the well known broad, structureless, absorption band of

FIG. 6. Femtosecond transient absorption spectra of ferrioxalate in water

excited by 400 nm pulses. Insert: Energy dependence of the transient optical

density at 430 nm.
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solvated electrons in water.98,99 The decay lifetime of this

absorption band is shown in Fig. 8 and its dependence on

concentration in Fig. 9. The formation and decay kinetics

were in agreement with the reported literature values,98,99

and by comparison with the quantum yield of ferrocyanide,

which is �1,100,101 the quantum yield for the photodetach-

ment of an electron from this iron complex was estimated to

be 0.05.

C. Time resolved EXAFS data

The most relevant data for understanding the mechanism

of electron transfer are the one that display accurately the

transient structures of the ET process. To record this data,

the iron complex was dissolved in water to a concentration

of 1 g/ml, which corresponds to lx� 1. The fs optical pump

and x-ray probe pulses overlapped at the same time on a

0.100mm� 1.5mm section of the flowing jet iron complex

solution. A volume of 100ml of this sample was circulated

through a metal jet that formed a 100 lm by 2mm liquid col-

umn. It is estimated that only 20% of the 150 lm volume

was excited by each excitation pump pulse; therefore, the

amount of product formed was negligible compared to the

100ml total volume. The EXAFS spectra were obtained by

exciting the sample with either a 100 fs 267 nm, or 400 nm

pulse and monitor the formation and decay of transient struc-

tures with a 600 fs hard x-ray continuum pulse, Fig. 1.

The EXAFS spectra of the Fe-O bond change were

recorded at 2 ps time intervals between 20 ps before and 100

ps after excitation. Typical EXAFS spectra obtained from

Fe(III) oxalate after transformation to lx vs. E at –20 ps (20

ps before excitation) and þ25 ps after excitation are repro-

duced in Fig. 10. The –20 ps spectrum is assigned to the

[Fe(III)(C2O4)33-parent molecule before excitation and the

þ25 ps EXAFS spectrum to a transient species that lives for

25 ps after excitation and subsequently decays to another in-

termediate which subsequently decays after several millisec-

onds to from the final Fe(II) product. The lx vs. E spectra

were transformed to jv(R)j vs. R[Å], that display the Fe-O

FIG. 7. Picosecond transient absorption spectra of 1.0� 10�3 M cobaltoxa-

late in water using 266 nm excitation. Inset: transient kinetics at 720 nm

(solid square points) and the 45 ps pulse width (open circle points fitted with

solid line).

FIG. 8. Nanosecond transient absorption spectra of 2.3� 10�3 M ferrioxa-

late in water (266 nm excitation).

FIG. 9. Time resolved transient kinetics of Ferrioxalate in water at different

concentrations after 266/267 nm excitation (square: 0.044M, circle: 0.088M

and triangle: 0.177M). The solid lines are exponential decay fits to the ex-

perimental data. Inset: the reaction rate constant at different concentration

and the solid line is a linear fit to the experimental data.

FIG. 10. Fe K-edge x-ray absorption spectra of ferrioxalate/water solution

before (solid, �20 ps) and after (point, þ25 ps) UV radiation.
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bond length as shown in Fig. 11 for two time periods of the

electron transfer process: –20 ps and þ25 ps. From the

jv(R)j vs. R spectra, the Fe(III)–O distance was determined

to be 2.02 Å for the parent molecule (–20 ps) and 1.84 Å for

the transient formed þ25 ps after excitation. The values for

the Fe(III)–O bond distance measured by the CW x-ray sys-

tem was determined to be 1.98 Å, which compares very

favorably with the 2.00 Å value listed in the literature.102

Both of these bond lengths are also in very good agreement

with the 2.02 Å value obtained, at 20 ps before excitation.

The Fe-O bond length at þ25 ps after excitation was deter-

mined to be 1.84 Å by fs-time resolved EXAFS, which is

shorter than the 2.02 Å of parent molecule. We assigned the

þ25 ps transient to the dissociated Fe(III) complex,

[Fe(III)(C2O4)2
� four coordinate transient species. The

shorter Fe-O bond length maybe due to the bonding of the

iron to four oxalate oxygen atoms instead of the six oxalate

oxygen atoms that are bound to the non-excited parent

Fe(111) complex. The EXAFS experiments show that the

excited state Fe-O bond length is longer than the bond length

of the ground state, the parent molecule remains in the

excited state during the first 2 ps after excitation, and the

(C2O4) moiety is intact, yet, electron transfer from Fe(III)

complex to Fe(II) complex may have taken place even before

dissociation. However, optical data suggest that within 4 ps

after excitation dissociation takes place resulting in the for-

mation of the Fe(III) five coordinate Fe(III) intermediate

complex. This molecule subsequently dissociates to the four

coordinate Fe(III) transient complex measured by time-

resolved EXAFS to have a Fe-O bond length of 1.84 Å, and

persist for several nanoseconds. Based on this data, this in-

termediate species was assigned to the same transient that

was observed at þ25 ps after excitation. Time resolved opti-

cal experiments suggested that parent Fe(III) complex reacts

with CO�
2 radicals in the nanosecond range, an electron is

transferred from CO�
2 to Fe(III) complex to form the Fe(II)

complex transient species. Time resolved optical experi-

ments also indicate that several ms after excitation, water is

attached to the Fe(II) complex molecule to form a hydrated

six coordinated Fe(II)ox complex.

Based on the time resolved optical and EXAFS data pre-

sented here and supporting quantum mechanical DFT and

H-F calculations, it is proposed that dissociation precedes

electron transfer and the photo-induced redox reaction mech-

anism of Fe(III)ox to Fe(II)ox follows the intermolecular

electron transfer mechanism as shown in reactions 1-2. Simi-

lar results have been observed for other metal complexes.18

In essence, this mechanism is supported by: (a) The Fe-O

bond distance of the transient intermediate, which was found

to be shorter than the Fe(II)-O bond distance of the parent

molecule. This strongly supports the proposal that this tran-

sient species decay is due to an Fe(III) intermediate rather

than the Fe(II) final product. (b) The energy of the exciting

photon is sufficient to break both the Fe-O and C-C bonds of

the Fe(III) complex to form CO�
2 radicals that subsequently

react with and reduce the parent complex via an intermolecu-

lar electron transfer mechanism.

It is concluded that electron transfer from Fe(III) com-

plex to Fe(III) in the liquid phase involves a fast dissociation

process and proceeds via intermolecular mechanism before

intramolecular electron transfer can occur. This process is

shown schematically in Fig. 12.

V. TIME RESOLVED XANES

The XANES, x-ray absorption near edge structure, tech-

nique is concerned with the region of the x-ray absorption

spectrum that lies within �50 eV of absorption edge and

includes the preedge, shown in Fig. 13. The pre-edge region

provides information about the oxidation state and bonding

characteristics of the system under study, when electrons are

promoted to an excited state but not emitted. The x-ray

absorption near edge (XANES), also referred to as NEXAFS,

is concerned with the region where multiple scattering

FIG. 11. EXAFS spectra in R space of ferrioxalate/water solution before

(solid, �20 ps) and after (point, þ25 ps) UV radiation.

FIG. 12. Schematic diagram of intramolecular electron transfer and inter-

molecular electron transfer via dissociation mechanism of M(III) complex

(L-ligand).
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becomes dominant and inelastic losses relatively weak. This

x-ray absorption region provides information on the local

site symmetry, bond length, bond angles, Fermi charge state,

and orbital occupancy and a means for one to probe the

angular momentum of unoccupied electronic states.

Basically, there is no fundamental distinction between

EXAFS and XANES. The different energy ranges in EXAFS

and XANES determine which scattering event will be domi-

nant. In XANES, due to its low energy, the wavelength is

longer than the interatomic distance, which eventually leads

to multiple scattering. However, in EXAFS, unlike XANES,

the energy range is much larger and the electron has suffi-

cient kinetic energy to be in the continuum. Therefore the

EXAFS wavelength is essentially shorter than the intera-

tomic distance resulting in single scattering events becoming

dominant. Although the XANES spectra are simpler and

faster to measure than EXAFS, the excitation process that

involves multi-electron and multiple scattering make their

interpretation more complicated.

XANES spectra techniques have been used widely to

determine ground and excited state structures of molecules.

The excited state structure provided by XANES (or NEX-

AFS) which is characteristic of a molecule have found many

uses in science and technology including nanoscale distribu-

tion of organic compound in soil,103 monitoring photochem-

istry of small organic molecules in condensed water and the

products produced after irradiation.104 Also, the evolution of

p* and r* transitions with increase in number of graphene

layers on a SiO2 substrate has been studied by means of

NEXAFS.105 In one of several biological studies, adsorption

of fibrinogen, the major protein in human plasma, on single-

walled carbon nanotubes has been investigated by comparing

the NEXAFS spectra before and after fibrinogen treat-

ment.106 A rather important aspect of XANES spectroscopy

is its polarization dependence. Therefore, linearly polarized

x-rays have shown to be most suitable for the study of cova-

lent systems such as low-Z molecules, polymers, and macro-

molecules with directional bonds.107,108 Lately, NEXAFS

spectra of benzene chemisorbed on Ag(110) surface have

revealed that when the electric field vector E is normal to the

surface, peaks due to the out-of-plane p orbital were seen,

whereas in the case of parallel electric field vector, in-plane

r orbital were observed.109 In this paper, we shall describe

briefly two time resolved NEXAFS studies. Time resolved

XANES is one of the in situ techniques that can produce vast

amount of information on many physical processes including

electrooxidation of molecular species on metal surfaces such

as Pt,110 the mechanism of fast dynamic catalyzed reac-

tions,111 and the detection of local structural changes of opti-

cally excited ions in solids.112

A. Time resolved XANES applied to high spin states
mechanism

The population mechanism of the excited high spin

quintet state in Iron(II)-based complex has been a long stand-

ing issue.113,114 In a recent study, femtosecond XANES,

owing to its ability to probe the molecular structure of the

excited states, has been used to identify the elementary steps

of the spin crossover dynamics in an iron(II) complex that

lead to the formation of the high-spin (HS) quintet state.16

To generate the transient spectra from which the fast

decaying intermediates were derived, an intense 400-nm (115-

fs pulse, at 1 kHz) was used to excite a 100 -lm-thick free-

flowing liquid jet of an aqueous solution of 50mM

[FeII(bpy)3]
2þ. A tunable femtosecond hard x-ray pulse gener-

ated by a portion of the slicing source from Swiss light source

was used to probe the sample in the transmission mode, at

2 kHz, and a flux of 10 photons per pulse at 7 keV. The tran-

sient difference absorption spectra were recorded by alternating

the detection of signals between the laser-excited and the unex-

cited sample. This resulted in an intrinsic energy calibration

that compensates for changes in the laser or synchrotron ener-

gies and fluxes with a stated time resolution less than 250 fs.

The Fe K-edge XANES spectra of aqueous

[FeII(bpy)3]
2þ in its ground (low spin) and excited (high

spin) state are shown in Fig. 14(a). The spectrum in Fig.

14(b) (dots) was obtained from the difference between the

LS spectrum and the spectrum recorded 50 ps after optical

excitation. The arrow in Fig. 14(b), B-feature, shows the

strongest increase in absorption when the LS to HS conver-

sion occurs, which was identified as a structure-sensitive

above-ionization multiple scattering resonances.115 There is

a direct dependence between the increase in intensity of the

B-feature and the increase in Fe-N bond distance upon LS to

HS conversion, reflecting a well-established correlation

between edge absorption intensity and bond distance. This

correlation was also confirmed by a computer simulation of

the XANES spectrum using the Minuit XANES (MXAN)

code,116,117 which additionally shows a nearly linear rela-

tionship between the Fe-N bond elongation and the intensity

of the B-feature. The B-feature intensity, based on this data,

was attributed to the Fe-N bond elongation makes possible

to distinguish the various states that can be grouped by simi-

lar Fe-N bond distances: (i) the LS ground and the 1,3

MLCT states; (ii) the 1,3 T states, which exhibit an elonga-

tion of 0.1 Å relative to the ground state; and (iii) the 5 T

state, which exhibits a 0.2 Å elongation. The transient signal

at the B-feature was obtained as a function of delay which

shows that there is a steep increase up to �300 fs followed

FIG. 13. Schematic representation of x-ray absorption spectra.
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by a plateau beyond 300 fs, which implies that system has al-

ready reached the HS state. This was confirmed by a similar

transient absorption spectrum recorded at 50-ps delay at a

time delay of 300 fs, depicted by stars in Fig. 14(b).

Comparison of the simulated and experimental data sug-

gested that (�150 fs) rise time of the HS state x-ray absorp-

tion is due to MLCT, which implies that the population of

the MLCT proceeds directly to quintet state and bypasses the

intermediate states. In addition, the data indicate that the

derived relaxation time scale corresponds to the period of the

Fe-N stretch mode. Essentially, this experiment is rather typ-

ical of XANES that reveal the structural dynamics, the popu-

lation relaxation pathways and mechanism responsible for

the population of the excited high spin state.

B. Time resolved XANES applied to solar cells

Photovoltaic devices, solar cells, have been dominated

by silicon based semiconductor materials owing to the fact

that silicon has an intrinsic bandgap that absorbs solar radia-

tion; it is abundant, can be easily obtained pure and, is inex-

pensive. Lately, alternative solar cell systems have emerged.

One of them is based on TiO2 which has wider bandgap than

Si.118 Because, TiO2 absorbs only higher energy solar light,

it must be coupled to organic dyes that absorb lower energy

solar radiation. One of the most common and efficient is ru-

thenium based dyes. The Ruthenium dye absorbs solar pho-

tons which eject electrons from the dye that are injected into

the conduction band of TiO2 semiconductor. The ejected

electron of the dye must be regenerated by electron transfer

from a redox species contained in the system in order to

complete the circuit. Such systems, based on metal oxides

and organic dye molecules are usually referred to as dye-

sensitized solar cells (DSSCs). The rational design of solar

cell requires understanding of all materials at the molecular

level and knowledge of the structural reorganization of interfa-

cial charge transfer that drives the solar cell reaction between

the transition-metal complex dye molecules and semiconductor

nanoparticles. The structural evolution of the dye sensitizer and

rearrangement of the nanocrystals surface associated with the

electron density shift during and after interfacial charge injec-

tion has been to a large extend studied theoretically.119–121

Recent x-ray transient absorption spectroscopy studies have

reported on the transient electronic and geometric structures of

a ruthenium complex dye sensitizer adsorbed to TiO2 nanopar-

ticles surfaces developed while the solar cell is undergoing

interfacial photoinduced charge separation.122

In x-ray absorption experiments, TiO2 nanoparticles, pre-

pared by the sol gel method, were added to RuN3 in methanol

solution. The X-ray transient absorption (XTA) experiments

were carried out at the Advanced Photon source of the

Argonne National Laboratory. The laser pump pulse was the

527 nm, 5 ps second harmonic pulse output of Nd:YLF at

1 kHz repetition rate. X-ray probe pulses were derived from

electron bunches extracted from the storage ring with 80 ps

FWHM and 6.5MHz repetition rate. The laser and x-ray probe

pulses intersected a flowing sample stream of highly dispersed

RuN3 (0.7mM)-sensitized TiO2 nanoparticles suspended in

ethanol with continuous purging with dry nitrogen gas and cir-

culated by a peristaltic pump. The delay between pump and

probe pulses were adjusted by using a programmable delay

line. Two photomultiplier tubes (PMTs) coupled to plastic

scintillators were used at 90� angle on both sides to the inci-

dent x-ray beam to collect the x-ray fluorescence signal.

Figure 15 displays the XANES spectra measured at the

Ru K-edge with and without laser excitation at a delay time

of 50 ps after the laser pump pulse. At this delay time, the

photoexcited RuN3 molecules are thought to be mostly in

the oxidized form, RuIIIN3þ, which is in agreement with

previous studies and optical transient absorption (OTA)

measurements under the same conditions. The absorption

edge energy of the laser-on XANES spectrum is slightly

FIG. 15. XANES spectra of RuN3 adsorbed to TiO2 nanoparticle surface

measured at Ru K-edge. The black and green curves are spectra without the

laser and with laser excitation at nominally 50 ps, respectively. The red

curve is the spectrum for the charge separate state, RuN3þ, extracted from

the green curve with a 20% conversion at the 50 ps delay. Inset: schematic

of MLCT excitation of RuN3, followed by interfacial electron injection

from excited RuN3 to TiO2 nanoparticle. Reprinted with permission from

X. Zhang, G. Smolentsev, J. Guo, K. Attenkofer, C. Kurtz, G. Jennings,

J. V. Lockard, A. B. Stickrath, L. X. Chen, J. Phys. Chem. Lett. 2, 628–632
(2011). CopyrightVC 2011.122

FIG. 14. Fe K-edge XANES spectrum of the LS state of aqueous

[FeII(bpy)3]2þ (black trace) and of the HS quintet state (red dots). (B) Tran-

sient XANES spectrum (difference in x-ray absorption between the laser-

excited sample and the unexcited sample) recorded 50 ps after laser excitation

at 400 nm (red dots) (11). The blue stars represent the transient spectrum

recorded at a time delay of 300 fs in the present work. Reprinted with permission

from C. Bressler, C. Milne, V. T. Pham, A. ElNahhas, R. M. van der Veen, W.

Gawelda, S. Johnson, P. Beaud, G. Grolimund, M. Kaiser, C. N. Borca, G.

Ingold, R. Abela, M. Chergui, Science 323, 489–92 (2009). CopyrightVC 2009.16
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up-shifted by �0.23 eV, as expected for RuIIIN3þ due to an

effectively higher oxidation state of the Ru center after the

photoinduced electron injection into the TiO2 lattice.

These results show that the conversion from the ground

to the charge-separate states causes different responses on

the Ru-N bonds with different ligands. Upon the conversion

from the ground-state RuN3/TiO2 to RuN3þ/TiO2
�, the av-

erage Ru-N(NCS) bond length shortens by �0.06 Å, from

2.05 to 1.99 Å, whereas the average Ru-N (dcbpy) bond

length shows practically no changes.

The structural changes of RuN3 dye adsorbed onto a TiO2

nanoparticle surface that accompany the photoinduced electron

injection from the dye to TiO2 were measured using x-ray tran-

sient absorption and multidimensional interpolation analysis.

The results show that the average Ru-NCS bond length reduces

by 0.06 Å, whereas the average Ru-N(dcbpy) bond length

remains nearly unchanged after the electron injection. In addi-

tion, different responses in the Ru-N bonds with dcbpy and

NCS ligands to the photoinduced electron injection have been

directly characterized. It is believed that the detailed transient

structures obtained from this work could provide guidance in

selecting ligands for the dye sensitizer and for theoretical mod-

eling of molecular orbital energetic in DSSCs processes.

VI. CONCLUSION

The described experiments in this article were aimed at

demonstrating that time resolved x-ray techniques provide a

powerful means for obtaining new data and knowledge on

the structure of short-lived excited states and transient spe-

cies that were not available previously. Now, by combining

ultrafast optical electron and x-ray pulses, it is expected that

scientist will be able to determine global histograms of the

ultrafast phenomena, processes, and transients that determine

the course, and affect the final product of an excitation proc-

esses in solids and liquids.

The major disadvantages of table-top x-ray sources are

their rather weak intensity and the low repetition rate. The

repetition rate has been improved and now can generate fem-

tosecond pulses x-ray pulses at 10 kHz rate. However, the

energy is very low. At the present time new systems are been

developed that are based on x-ray diode principle that prom-

ise to increase the both the repetition rate and the energy of

the subpicosecond pulses. Applications of the new table-top

x-ray system include single molecule ground state and

excited state structures, intramolecular electron and proton

hopping in biological molecules and the possibility of the de-

velopment of a hard x-ray laser.
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