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        Introduction 
 The basic principle of many present-day time-resolved tech-

niques can be described as follows: A reaction is triggered in 

the sample, and the time-delayed probing pulse of x-rays, elec-

trons, or neutrons creates a distinct signal (diffraction pattern, 

image, absorption spectrum) that can be collected at specifi c 

time delays relative to the beginning of the triggered reaction. 

The idea is simple and plausible, however, the technical imple-

mentation, the experimental possibilities, instrumental per-

formance, and limitations are multiple and often challenging. 

 In the current scientifi c literature, the word “ultrashort” 

refers to the time domain ranging from femtoseconds (fs, 10 –15  s) 

to picoseconds (ps, 10 –12  s). Accordingly, the word “ultra-

fast” refers to physical, chemical, and biological events that 

occur on that time scale, and hence the terms femtophysics, 

femtochemistry, and femtobiology can be found in the recent 

scientifi c literature. Femto materials science seems to be less 

known, possibly because it overlaps with femtophysics and, 

in some aspects, with femtochemistry, because ultimately we 

are all trying to understand how atoms and electrons behave. 

Even faster processes than “femto” occur on the attosecond 

time scale. 

 This article will concentrate on the materials science aspects, 

taking as a given that short laser pulses (in the visible and x-ray 

spectral domain) can be generated. The fi rst part of this arti-

cle will present the possibilities for ultrafast materials science 
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research. It needs to be stressed that the chief driving force for 

ultrafast science in physics, chemistry, biology, and materials 

science is the development of better, faster, brighter, and more 

stable lasers. Without pico-, femto-, and now attosecond laser 

pulses, ultrafast science would hardly be possible. The second 

part of this article will present two complementary and com-

peting probing techniques (x-ray- and electron-based) that are 

trying to keep pace with the developments on the “laser front.”   

 From 3D to 4D 
 Although time-resolved visualization of events is not particu-

larly new—at the beginning of the 20 th  century the time scale 

was on the order of seconds—the fascination with the new 

possibilities of understanding previously untraceable ultrafast 

physical, chemical, and biological processes, expressed in 

many of the associated publications, is invigorating scientists 

to delve into the characterization of the dynamic processes of 

nature.  1–84   In essence, one can now start to understand how the 

already attained three-dimensional (3D) structural information 

at the atomic scale changes with time—hence the terminology: 

structural dynamics or 4D characterization ( x ,  y ,  z  and time). 

 Electron microscopy and diffraction, x-ray and neutron dif-

fraction, x-ray absorption, nuclear magnetic resonance, and 

several other spectroscopy techniques have enabled research 

on the structure of matter at the atomic scale. They have had an 

enormous impact on modern scientifi c knowledge by making 
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visualization of some of the smallest building blocks of matter 

possible. Today, 3D structures of small molecules, crystals, 

biological cells, and their internal particles, nano- and micro-

sized devices, can be visualized and analyzed almost at will. 

 As one begins to learn more about the complexity of struc-

tural changes in matter, it very quickly becomes clear that a 

simple structure-function correlation is indeed insuffi cient 

and often inadequate to explain and verify the mechanisms 

that govern structural change.  In situ  characterization meth-

ods in real time (milliseconds to seconds) can be performed, 

and they have given valuable insight into many dynamic pro-

cesses involving materials.  85   –   106   Nevertheless, there are still 

many dynamic processes occurring in materials that are much 

faster than milliseconds (or video rate). They are mostly related 

to laser-materials interactions, since only ultrafast lasers with 

extremely short pulse durations (pico- to attoseconds) can excite 

a material into previously unknown states and conditions. In 

fact, there are unique and fascinating material properties and 

structures that can only be obtained when undergoing extremely 

fast processes. For example, “black silicon” is a surface modi-

fi cation of silicon, resulting in very low refl ectivity after being 

irradiated by a set of laser pulses in a halogen gas environ-

ment.  107   –   114   The surface of such laser-treated silicon develops a 

rather self-organized structure of micrometer-sized cones, and 

the concomitant “new” material properties include enhanced 

absorption, extending into the infrared spectral range below 

the bandgap of silicon. Pulsed laser-material interactions and 

their effects are multifaceted: solids are able to undergo a phase 

transition without appreciable heating of the bulk lattice, elec-

tron dynamics can be triggered explicitly at solid interfaces, 

demagnetization and a dielectric breakdown in solids can be 

induced,  115   ,   116   and rapid phase changes can be set off locally in 

memory alloys and small structures. Examination of pulsed 

laser-treated micro- and especially nanostructures on surfaces 

and their size-dependent properties is as appealing as the pos-

sibilities that open up when a laser pulse is tightly focused onto 

a plane inside of a transparent material.  117   –   127   Nonlinear optical 

absorption occurs, leading to very high temperatures and a 

change of the material microstructure at the focal point. This 

type of tailoring (or machining) of the material very locally 

has had some signifi cant implications in medical applications. 

Corneal tissue can now be removed without any noticeable 

indication of thermal damage to the neighboring tissue, and 

functional neurosurgery could possibly also benefi t from the 

highly localized ablation possibilities of ultrafast laser pulses. 

Furthermore, the extremely high intensities of such short laser 

pulses can cause a plethora of laser-material interactions,  128   

including laser-induced collision through electron–hole-pair 

excitation, double ionization, interatomic coulombic decay, 

stimulated scattering, soft bonding and vibrational trapping 

in molecules, and optically exciting non-thermal electrons in 

nanostructures. At subnanometer scales, the concepts of the 

macroscopic description of matter tend to vanish, properties can 

depart considerably from those of bulk matter, and the depic-

tion of matter starts to adopt quantum mechanical descriptions, 

quantum states, and probability waves. Additionally, the intrin-

sic coherence of laser light makes it an ideal instrument to 

affect the coherence of an atomic or molecular system. Initial 

applications were focused on the tuning of chemical reactions to 

improve reaction yields, but the number of applications in other 

areas (quantum computing, quantum state preparation, and 

manipulation of emission of radiation in micro- and nanoscale 

devices involving quantum confi nement) is rapidly increasing.   

 Time and length scales 
 Clearly, in order to comprehend the dynamic processes behind 

such interesting physical and chemical changes, the 3D struc-

tural examination before-and-after is not suffi cient anymore. 

The substantial impact 3D structural characterization had (and 

still has) in the molecular and materials sciences is therefore 

only one part of the full picture. The other part is the dynamic 

aspect of matter. Electrons, atoms, molecules, and even larger 

living subjects such as cells tend to move and change shape, 

position, conformation, and possibly also composition over 

time—short times. There seem to be fundamental event dura-

tions that will need to be taken into account when addressing 

ultrafast science aspects. For example, atomic motions at the 

length scale of a few Angstroms take place within a few femto-

seconds. Localized processes involving optical phonons, defect 

formation, and non-thermal melting occur in the femtosecond to 

picosecond time range. The ensuing events of acoustic phonon 

generation, structural phase transitions, and even strain propa-

gation occur at much longer times, from nano- to microseconds. 

The hierarchy of length scales may therefore correlate with 

time scales. Common to all courses of action is that the more 

large-scale “global” events, occurring at later times, have their 

initiation at the very short times and distances.  

 Ultrafast conditions in matter 
 The physical situation in a solid when it interacts with an ultra-

short laser pulse can generally be described as follows (the time 

scale of such process stretches over several orders of magni-

tude): The laser pulse impinges on the surface of a material 

(assume a metal), and immediately after photon absorption via 

inverse Bremsstrahlung, the free electrons have a non-thermal 

energy distribution, and therefore no specifi c temperature 

can be assigned to the system. This condition changes within 

the following few hundred femtoseconds as the electron gas 

thermalizes due to electron-electron scattering. Thermalizing 

involves heating the electron gas homogeneously and reach-

ing thermal equilibrium throughout. A precise, but extremely 

high temperature (several thousand Kelvin) can be attributed 

to the system now. The ensuing transfer of energy to the lattice 

requires a few picoseconds, due to electron-phonon scattering. 

Many electron-phonon collisions are necessary—phonons are 

much heavier than electrons ( m  p / m  e  ~ 10 5 )—in order to move 

phonons and to heat up the lattice. Here phonon mass refers to 

the resistance of the lattice ions to motion induced by a phonon, 

which is essentially a quantum mechanical description of a 

special type of vibrational motion, in which a lattice uniformly 

https://doi.org/10.1557/mrs.2011.14 Published online by Cambridge University Press

https://doi.org/10.1557/mrs.2011.14


ULTRAFAST MATERIALS SCIENCE AND 4D IMAGING WITH ATOMIC RESOLUTION BOTH IN SPACE AND TIME

123MRS BULLETIN • VOLUME 36 • FEBRUARY 2011 • www.mrs.org/bulletin

this is not the case at times shorter than 100 femtoseconds—

before the electron gas thermalization. For shorter times, a model 

based on effective potentials needs to be used (  Figure 1  ).  131         

 Possibilities for materials science 
 The time domain shorter than 100 femtoseconds is becoming 

very interesting scientifi cally, and the precise absorption and 

electron-relaxation processes occurring in the localized volume 

at these extremely short times are not fully understood yet. 

Extremely high temperatures and pressures can be expected. 

The lattice may instantly disintegrate under such conditions, 

because a transfer of energy from the excited electrons to the 

lattice (electron-phonon scattering) may not be possible. The 

result is a direct, ultrafast solid-liquid (and/or solid-plasma) 

phase transformation.  116   –   118   

 Under less than critical conditions but immediately after 

electron relaxation, the effective potential instantly takes on its 

new condition with a new equilibrium separation of the ions. 

However, the rather sluggish response of the much heavier ions 

to the altered effective potential, which forces the ions into new 

positions, results in enormous transient pressures building up 

in the irradiated area. The result is the generation of extremely 

high pressure gradients that can either disrupt the local lattice 

and/or send shock waves into the surrounding microstructure, 

causing spallation at free surfaces and interfaces that intercept 

the shock wave path. 

 The circumstances are different during the energy deposi-

tion of a nanosecond-long laser pulse. When the deposited 

laser energy is suffi cient and the time frame long enough to 

establish a relatively stable temperature distribution in the 

sample, slightly above the melting temperature, then the sam-

ple, for example a thin fi lm, reaches a highly local hydrody-

namic state of imbalance.  17   Capillary forces at the surface(s) 

will result in shear stresses—in accordance with the depen-

dence of the surface tension on temperature,  T , and volume 

fraction,  X , of surface impurities (e.g., oxygen), γ = γ  (T, X)  
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 Here  r  is the radius of the irradiated spot on the sample. Impu-

rities will modify the surface structure by replacing lattice atoms, 

thus altering the surface tension characteristics. The resulting 

shear stresses will initiate a transport of liquid (melt) (Maran-

goni effect). The thermal gradient ∂ T/ ∂ r  and the compositional 

gradient ∂ X /∂ r  create a thermo- and/or a chemo-capillary driven 

fl ow of matter. The thermo-driven fl ow is given by (∂γ/∂ r )  X  , the 

chemo-capillary by (∂γ/∂ r )  T  . Accordingly, three scenarios can 

be distinguished as described further ( see sidebar ): (1) pure 

metals, (2) contaminated metals, and (3) over-heated thin fi lms. 

 Laser pulses with high fl uences can catapult a material sys-

tem into regimes of extreme pressures and temperatures never 

attained before,  128   and this with very high heating and cooling 

rates (up to 10 11  K s –1 ). The interactions are predominantly 

nonlinear. The internal pressure-generating mechanisms are 

oscillates at the same frequency. The lattice thermalizes and 

approaches an equilibrium temperature afterward via phonon-

phonon scattering. At suffi ciently strong peak intensities, mate-

rial can be ablated. 

 The electron-electron and the ensuing electron-phonon 

scattering processes have traditionally been described by a 

two-temperature ( T ) model,  129   ,   130   including two separate heat 

capacities ( C ), one belonging to the excited free electron gas 

( T  e  and  C  e ), the other to the lattice phonons ( T  l  and  C  l ):

  e
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 Where  t  is time,  z  is one of the three spatial coordinates,  E  is the 

absorbed laser energy,  g  the electron-phonon coupling constant, 

 C  e  and  C  l  the heat capacities, and  k  e  and  k  l  the thermal conductiv-

ities of the excited electron gas and the lattice, respectively.  C  e  

is approximately two orders of magnitude smaller than  C  l , and 

hence the increase in temperature of the bulk will be only a small 

fraction of the excited free electron gas temperature. However, 

this description is valid only when  T  e  is known. Unfortunately, 

  
 Figure 1.      The effective ionic potential visualizing the reduction 

of the bonding energy and concomitantly an increase in ion 

separation caused by laser material interactions. (a) The 

addition of the ionic potential (at equilibrium) and the excess 

electron energy during excitation yields the effective ionic 

potential. (b) Demonstration of how the effective ionic potential 

changes as  T  E  increases. The variable  r  is the ion separation.    
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      Laser-material interactions 

 In case (a), pure metals, there are no contaminating elements 

involved ( X  = 0), and thus thermo-capillary forces will 

control the shear stresses. The Gaussian shaped energy 

distribution of the laser pulse imposes a negative thermal 

gradient ∂ T /∂ r  onto the thin fi lm, whereas the thermal 

coeffi cient (∂γ/∂ T ) X = 0  is negative for pure metals. As a 

result, the shear stresses ∂γ/∂ r  are positive, pushing the 

molten material unidirectionally toward the colder, solid 

perimeter of the irradiated area. Under such conditions, a 

hole in the fi lm can be created at the center of the melt. 

 In case (b), contaminated metals,  X  ≠ 0. Before, and 

at the beginning stages of irradiation, there is no, or no 

signifi cant, gradient of the contaminating species, ∂ X /∂ r  = 0. 

Contaminants are homogeneously distributed. The initial 

fl ow of material will be controlled, as in case (a) only by 

the thermo-capillary forces, moving outward (radial). As 

the energy deposition of the laser continues to heat up the 

thin fi lm, a low-viscosity surface layer of melt tends to fl ow 

to the colder perimeter faster than the “bulk” material inside 

the fi lm. This creates a redistribution of the impurities/

contaminants (impurities are moving away from the center 

of the irradiated area) and thus ∂ X /∂ r  > 0. The growing 

chemo-capillary force starts to counter balance the thermo-

capillary force, and the initial outward fl ow of liquid matter 

may now be retarded (and even reversed). The governing 

parameter is the degree of surface-active contamination. 

The surface tension and its temperature dependence ∂γ/∂ T 

 are strongly affected by the overall impurity concentration 

at the fi lm’s surface. If  X  >> 0, then γ( T ) exhibits a local 

maximum at a specifi c temperature  T  0 , and the thermal 

  

coeffi cient (∂γ/∂ T )  X   is positive below and negative above 

 T  0 , respectively. The laser fl uence (or the deposited energy) 

becomes now a controlling parameter. If the temperature in 

the entire irradiated area remains below  T  0 , and with ∂ T /∂ r 

 < 0, the thermo- and the chemo-capillary forces will move 

the melt toward the center. If  T  >  T  0  within a certain range 

 r  <  r  0 , then two competing driving forces push the liquid 

in opposite directions. For 0 <  r  <  r  0 , the thermal coeffi cient 

(∂γ/∂ T )  X    is negative, and the liquid fl ow is in many cases 

driven outward by the thermo-capillary force (the thermal 

gradient tends to be steeper than the compositional gradient, 

(∂ T /∂ r ) > (∂ X /∂ r )). Outside this area,  r  >  r  0 ,  the temperature 

is below  T  0  and (∂γ/∂ T )  X    is positive, and concomitantly the 

fl ow of liquid directed toward the center. This scenario can 

result in a ring (or network) of liquid material suspended 

temporarily in space before it breaks apart. Depending on 

the dominating movement (in or outward), the ring/network 

(or fractions) of it may impact on the perimeter of the 

created hole or collapse in the center. Those dynamics can 

be highly complex. 

 In case (c), over-heated thin fi lms, a very high 

temperature at the center of the irradiated area causes 

the surface-active impurities to vaporize right away. This 

results rapidly in ∂ X /∂ r  > 0 and in addition, since the 

central area affected by this mechanism is relatively small, 

one fi nds that the temperature gradient for small radii 

∂ T /∂ r  here is not as steep, and therefore (∂ T /∂ r ) < (∂ X /∂ r ). 

In this case, the chemo-capillary forces dominate, driving 

most of the liquid toward the center and detaching it from 

the perimeter.   

different at different times of observation—femto- to nanosec-

onds for electrons and lattice ions, respectively. Upon quench-

ing, the material system may follow previously unknown 

paths of nucleation, crystallization, and grain growth. As a 

result, microstructures may also exhibit extraordinary material 

properties as in the case of “black silicon.”  107   –   114   A few examples 

of the outcome of laser-material interactions and the material 

response are shown in   Figure 2  .     

 A full understanding of all relevant pulsed laser-material 

interactions is also very important in laser micromachining 
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 Figure 2.      (a) Bright fi eld images of a 30-nm-thick 

Ni foil during a triggered phase explosion. The 

untreated sample exhibits bending lines (–∞), 

melting (0 ns), abrupt generation of gas bubbles 

(5–13 ns), and expansion and compression waves 

(15–30 ns). The fi nal state is indicated by +∞. 

Treatment laser fl uence: 13.1 J/cm 2 , pulse duration: 

6 ns. (b) (top) Single-image selected aperture 

diffraction demonstrates the late appearance of 

short-range order in a laser-treated 59-nm-thick 

Al foil (transition from the solid to the melt). 

From a plateau-like small-angle diffraction 

(3 ns), a diffraction ring develops (5–15 ns) that 

is characteristic of the newly established short-

range order. In the bottom images, the diffraction 

pattern has been subtracted from the original, top 

images. Treatment laser fl uence: 1.25 J/cm 2 , pulse 

duration: 6 ns. (c) Hydrodynamic effects. Creation 

and disintegration of the melt in a laser-irradiated 

45-nm-thick Ag foil. Surface evaporation and an 

ensuing decomposition of the cell walls (after 

100 ns) accompany the disintegration of the network. 

(d) The high viscosity of the melt of a laser-treated, 

33-nm-thick Ge foil helps explain the formation of 

very long and thin melt fi laments. They rupture after 

75–100 ns due to a Rayleigh instability in the melt 

droplets (150–175 ns). Treatment laser fl uence: 

4.9 J/cm 2 , pulse duration: 6 ns. (Images courtesy of 

H. Dömer).    

processes. For example, electronic circuit min-

iaturization and small microelectromechanical 

systems components have created a demand for 

better and more precise micromachining capa-

bilities (material cutting and removal, micro-

drilling, microhole patterns, narrower lines, 

smaller and more controllable spot welding). 

Laser-induced quenching is also able to “freeze” 

a microstructure into a semi-stable state not 

attainable otherwise, involving, for example, 

high dislocation densities. This opens the possi-

bility for precise strain engineering: a purpose-

ful, precise placement of residual strain fi elds 

and strain-generating areas of high dislocation 

density, which is currently a method under 

consideration to further reduce the dimensions 

of the next generation of electronic devices.  132   

Precisely positioned residual internal as well as 

surface strain fi elds can strongly affect the free 

carrier mobilities in semiconducting materials. 

Thus, the purpose of the development of ultra-

fast characterization methods is to begin under-

standing the structural dynamics associated with 

the creation of these novel material structures 

and properties.   

 Ultrafast time-resolved versus 
ultrafast pulsed experiments 
 The difference between the two types of experi-

ments is that the ultrafast time-resolved process 

aims at gaining insight into structural dynamics, 
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while ultrafast pulsed experiments aim at simple structural 

information that cannot be attained by other means. The fi rst 

process was described earlier in this article, whereas the moti-

vation for the second type of experiment is based on avoiding 

beam damage to the specimen. The implication of the conven-

tional x-ray and electron-based characterization techniques is 

the deposition of energy by the probing beam (not the laser 

beam in this case, because there is no laser involved). Beam-

sensitive specimens are most prone to structural damage during 

examination.  133   –   137   Such damage is the most resolution-limiting 

factor in these studies, and therefore low-dose conditions need 

to be observed to prevent or reduce beam damage. This essen-

tially means that the beam intensity and exposure time of the 

sample need to be reduced as much as possible. The conse-

quence is a very limited amount of scattering events (x-ray or 

electrons) that contribute to the resulting diffraction pattern or 

image, and the ensuing poor signal-to-noise ratio, which limits 

spatial resolution and extraction of useful structural data. 

 One motivation for using pulsed ultrafast probes on beam-

sensitive samples is therefore simply based on the concept of 

increasing the amount of impinging x-rays or electrons but doing 

so over a shorter duration to achieve better signal-to-noise ratios 

and better high-resolution data. Another motivation is to mini-

mize their damaging effects, because the ultrashort probing pulse 

is supposed to be much faster than the damage mechanism(s). 

Damage is largely associated with thermal or ionization mech-

anisms,  133   –   137   but at times, it also involves direct atom knock-

out.  138   –   140   The primary requirement for the ultrafast probing pulse 

is thus to contain as many x-rays, photons, or electrons to achieve 

acceptable signal-to-noise ratios and useful data, and to be faster 

(shorter) than the damage mechanism(s). Further requirements 

are a suitable coherence of the beam and a suitable detector that 

can process and withstand all photon and/or electron impact. 

 In that sense, there is no time-delayed probing such as in the 

time-resolved approach to ultrafast pulsed experiments. These 

are single-shot experiments after which the sample may very 

well completely disintegrate. A repetition of the same experi-

ment only serves the purpose of increasing the amount of criti-

cal data for high-resolution structural information—statistics, in 

essence. To this end, one can repeat the same experiment with 

multiple, yet identical, copies of the molecular structure endless 

times, involving no structural dynamics of interest. 

 The following sections will address the instrumentation 

used in ultrafast time-resolved, pulsed experiments. It is irrel-

evant what type of experiment (ultrafast time-resolved or just 

ultrafast pulsed) the user wants to pursue, because both meth-

ods employ the identical pulsed probe of x-rays or electrons. 

Ultrafast pulsed experiments require a supply of multiple, iden-

tical copies of the sample, whereas the ultrafast time-resolved 

process requires the experimenter to work out the pump-probe 

synchronization strategy.   

 Time-resolved characterization instrumentation 
 The recent technological, especially the instrumental, devel-

opments that permit addressing such fundamental research 

into ultrafast dynamic phenomena in material, biological, 

and chemical systems differ from the traditionally employed 

spectroscopic methods in that they attempt to visualize these 

processes in real space. With spectroscopic methods, two or 

more optical pulses with a variable time delay between them 

are used to investigate the processes happening during an 

ultrafast reaction. There is no doubt that such optical spec-

troscopic techniques are by far the fastest methods in terms 

of time resolution; however, their spatial resolution is limited 

due to the indirect method of observation. The observables— 

intensity and energy of transition—do not allow direct visu-

alization of the process. However, these parameters can be 

correlated with the molecular structures involved, as long as 

the structures are small and relatively simple. The drawback 

is that it becomes exponentially more diffi cult and much more 

ambiguous as this technique is applied to larger systems. More 

atoms are involved, and thus more movements and many more 

possible atomic positions and interactions need to be con-

sidered. Adding external confi nement, as in solids, and/or 

longer-range intermolecular forces, complicates everything 

even more. A solution to the dilemma of indistinct interpre-

tation of spectral information is to collect structural informa-

tion that is not as ambiguous, for example via diffraction or 

direct imaging methods. The options are time-resolved x-ray, 

electron, or neutron diffraction (in transmission or refl ection 

mode); time-resolved electron microscopy; and time-resolved 

x-ray microscopy. 

 In diffraction mode, it is well known that every structure 

has a unique diffraction pattern, making structural interpreta-

tion easier and yielding much higher spatial resolution than 

with spectroscopic methods. The resulting diffraction pattern 

may also be analyzed using the coherent diffraction imaging 

technique to obtain an image—a method based on the Fourier 

transform.  141   –   147   

 In imaging mode, electron microscopy exhibits the highest 

spatial resolution (sub-Angstrom),  148   –   153   and the advantage of 

electrons is that they can easily be focused because they are 

charged particles. In comparison, x-ray microscopy suffers from 

limited focusing possibilities. Their best spatial resolution is 

approximately 15 nanometers.  154   

 The following paragraphs will present the two most widely 

employed types of probes, x-rays and electrons.   Table I  , briefl y 

lists their individual strengths and weaknesses.        

 X-rays as an ultrafast probe 
 Instrumental developments in the past have focused on 

the improvement of highly intense and collimated x-ray 

sources—synchrotrons. Their transversal coherence is on the 

order of a few micrometers, and the photon fl uxes achieved 

in such large-scale facilities (of the third generation) were 

10 3  to 10 6  photons per 100 picosecond pulse. However, this is 

not suffi cient to study atomic motions. Instead, we require the 

fourth generation of x-ray accelerators, called x-ray free elec-

tron lasers (XFEL), which provide up to 10 12  x-ray photons 

in a 10 femtosecond long pulse and are therefore much better 
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suited for ultrafast measurements. Furthermore their trans-

verse coherence can reach several hundred micrometers.  155   

The combination of all three parameters (coherence, amount 

of photons, femtosecond pulses) form a highly attractive set 

of parameters, ideal for structural dynamics and plain struc-

tural work on biological, chemical, and solid-state physics 

samples. 

 The amount of photons in one pulse is important, since 

only a suffi cient amount of them will be able to form a distin-

guishable diffraction pattern. In crystalline structures, one can 

observe a strong diffraction pattern caused by elastic interaction 

(scattering) between the x-ray photons and the periodic lattice. 

Less ordered structures return Debye-Scherer rings for the same 

scattering process, while in amorphous matter, diffuse back-

ground scattering will dominate. In reciprocal space, x-rays 

can reveal precise structural information with atomic scale 

resolution. Time-dependent changes of position, intensity, and 

form (width) of the diffraction spots reveals information about 

structural evolutions. Increased atomic motion (or separation) 

due to ultrafast heating causes a shift of the diffraction spots 

in reciprocal space toward lower values, concomitant with an 

increase in the diffraction spot width, and a reduction of spot 

intensity. Spot displacement can be monitored fairly easily. 

Intensity fl uctuation, on the other hand, can be a bit more chal-

lenging and relies strongly on the performance of the detector, 

especially its sensitivity and dynamic range. A fundamental 

concept in crystallography is the structure factor. A kinemati-

cal approximation for diffraction gives for the intensity  I  of a 

diffracted beam 

 
2 2

k k kI FΔ Δ Δ= ψ ∝    (4)
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 where  ψ  ∆ k   is the wave function of the beam scattered through a 

vector ∆ k ,  F  ∆ k   represents the structure factor,  r j   is the position 

( xyz )  j   of atom  j  in the unit cell,  i  is an imaginary number, and  f j   

is the scattering power of that particular atom. Observation of 

the intensity of a specifi c diffraction spot will therefore reveal 

the unique motions of atoms drawn into the dynamic process. 

 Assuming that one was able to record several “useful” 

(non-noisy) diffraction patterns, each at a different moment 

in time during the ultrafast process, then the next step is the 

transformation from reciprocal space into real space. The dif-

fi culty here is that the relevant parameters for diffraction are 

amplitude and phase, and a typical diffraction pattern represents 

exclusively the amplitude information. The phase information 

is lost since the data can be collected only in terms of absolute 

counts of x-ray photons entering the detector. Hence, the phase 

retrieval is the most challenging aspect of data interpretation 

(the phase-problem has persisted for decades). The phase-problem 

is, in essence, an ill-posed inverse problem for the Fourier 

transformation of the data into real space (i.e., an interpretable 

image). Any arbitrary phase could be assigned to the amplitudes 

recorded prior to Fourier transformation, and any of them would 

return a different real-space image (and nobody knows which is 

correct). A few concepts have successfully been pursued in the last 

decade, relying on the appropriate oversampling of the recorded 

data and then employing iterative phase reconstruction algo-

rithms to obtain a real space image.  141   –   147   The same problem and 

methodology apply to electron and neutron diffraction patterns.  

 Diff erences between x-rays and electrons 
 X-rays have a fairly large penetration depth, allowing for the 

examination of micrometer-thick samples. This is due to their 

relatively small scattering cross section, about fi ve orders of 

magnitude smaller than for electrons. Conversely, electrons 

have a 10 5  times stronger scattering power when interacting 

with matter.  18   Considering also that electron sources are already 

able to emit 10 7  to 10 8  electrons in a 500 femtosecond-long 

pulse makes electron sources as powerful (10 12  to 10 13 ) as the 

novel and large-scale XFEL x-ray sources, putting out 10 12  

x-ray photons in a 100 femtosecond-long pulse. 

 X-rays are much more diffi cult to focus than visible light or 

electrons. Electrons are charged particles, and electron optical 

devices are highly developed tools employed in electron micro-

scopes, achieving sub-atomic spatial resolution. 

 However, there are other inherent differences between x-rays 

and electrons when employed as a probe (see  Table I ). Two 

parameters are important: (1) the ratio of inelastic/elastic scat-

tering events is about 3 for electrons, versus 10 for x-rays, and 

(2) the energy deposited per single inelastic scattering event 

is approximately 20 eV for electrons as compared to 8000 eV 

for x-rays.  135   Considering both, the unnecessary deposition of 

energy per useful elastic scattering event is more than 1000 

 Table I.      Comparison of properties of electron and x-ray probes.          

     Electrons (50–500 kV)  X-rays (0.15 nm)     

 Ratio of inelastic/elastic scattering events  3  10   

 Energy deposited per single inelastic event  20 eV  8000 eV   

 Scattering cross section  1 × 10 −18  cm 2   1 × 10 −24  cm 2  − 1 × 10 −23  cm 2    

 Penetration depth  ∼ 10 –9  m  ∼ 10 −4  m   

 Focusing and manipulation  fairly easy  diffi cult   

 Spatial resolution ( Δ  x / x )  10 −4  (in diffraction)  10 −2  (in diffraction)   

 Challenges  space charging  photon fl uxes   
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times larger for x-rays than for electrons. This obviously makes 

electrons much better suited to investigate beam-sensitive spec-

imens. Furthermore, the mean free path that electrons can travel 

without a single scattering event in a sample ranges from a few 

tens to approximately 200 nanometers in dense solids and less 

dense biological samples, respectively. This range matches 

well with the penetration depth of laser pulses meant to excite 

matter. It would be less useful to probe a sample area that is 

either above or below the “active” area.   

 Electrons as an ultrafast probe 
 The advantages of electrons as just described are offset by a 

very small but signifi cant problem. The challenge with elec-

trons when it comes to ultrafast pulsed probes is the inherent 

physical law of Coulomb repulsion between charged particles 

(space-charging), which limits the formation and propagation 

of femtosecond-long electron pulses considerably.  31   ,   55   ,   156   ,   157   

Ultrashort electron pulses broaden in space and lengthen 

in time by orders of magnitude depending on the distance 

(or time) traveled and the amount of electrons they consist 

of. A 200 femtosecond-long, 60 kV electron pulse containing 

10 10  electrons/m 2  quickly elongates to 2 picoseconds if trav-

eling for about 5 nanoseconds. To avoid pulse lengthening, it 

may not travel for longer than 0.5 nanoseconds (  Figure 3  ). 

The lateral spread in space of an “overcharged” electron pulse 

causes similar problems. Although electrons can be focused 

to spots only a few Angstroms in diameter, this does not apply 

anymore when several thousand electrons need to go simulta-

neously through focal points and crossovers only micrometers 

  
 Figure 3.      Electron pulse spread depends on the number of electrons,  N  e , it contains and 

the time (or distance) it travels after being emitted from the source. For example, a 200 

femtosecond-long, 60 kV electron pulse containing 10 10  electrons/m 2 , quickly elongates to 

2 picoseconds if traveling for about 5 nanoseconds. To avoid pulse lengthening, it may not 

travel for longer than 0.5 nanoseconds. Electrons accelerated to 60 kV propagate at 1.45 × 

10 8  m/s, hence, in 0.5 nanoseconds the electrons travel 7 cm—calling for very compact 

experimental setups.    

in size, as required in electron microscopes. Besides the space-

charge-related effect of pulse broadening, the energy spread ∆ E  

of the accelerated electrons (30–300 keV) will cause similar 

dispersion of the electron pulses. Electrons with slightly more 

energy are accelerated to faster speeds and will travel further 

than less accelerated electrons within the same electron pulse. 

These implications mandate short distances when employing 

ultrashort electron pulses. Furthermore, pulse compression 

techniques are required. These methods range from simple 

refl ection of the dispersing electron pulse off fl at electrostatic 

fi elds, whereby the faster electrons penetrate the fi eld deeper 

and reverse direction of travel later than the slower electrons, 

to radio frequency (RF) cavities  157   and correlations between 

a synthetic optical fi eld and the electron pulse (employing 

the effects of the ponderomotive force),  158   thus pushing 

the technical development for even shorter electron pulses 

(  Figure 4  ). The ponderomotive force is the non-linear effect 

that an optical fi eld can have on charged particles. Experimental 

setups for electron diffraction allow meeting such require-

ments best, since distances can be kept short and modifi cations 

to the setup can be easily implemented—from the electron 

source, over pulse compression elements, to the sample, and 

to the detector.         

 X-rays, instead, do not experience these problematic space-

charge effects because they are not charged particles. However, 

single-electron pulses do not experience Coulomb repulsion 

either. They can be regarded as the ultimate non-dispersing 

electron pulse. They are only subject to the inherent energy 

spread ∆ E  and its consequences when accelerated. They can 

be employed in electron microscopes, with all 

the bulky electromagnetic lenses, and they can 

be employed for electron diffraction. Similarly 

to low-brightness x-ray pulses, the drawback 

of single-electron pulses is that single-electron 

scattering events are insuffi cient to capture the 

entire ultrafast laser-initiated action occurring 

in the sample all at once. A solution to that is 

to increase the repetition rate of the pulses. But 

even with very high repetition rates, one needs 

to revert to a recurring action in the sample, that 

is, the laser-triggered reaction in the sample 

needs to be reversible.  9   ,   25   ,   159   A one-time, irre-

versible reaction is impossible to track with 

just one electron (or x-ray photon). A repetitive 

reaction in the sample can be examined only 

because every time the reaction is initiated, a 

single-electron scattering (probing) event is 

recorded, contributing each time to comple-

tion of the fi nal picture, either in diffraction 

or in imaging mode. At repetition rates of kHz 

or even MHz, the entire experiment could be 

concluded in less than a second, with suffi -

cient scattering events and a useful diffraction 

pattern that can be evaluated. A multitude of 

reactions in the chemistry and biology domain 
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are ideal candidates, as well as reversible solid-solid phase 

transformations and magnetic domain switching in the mate-

rials sciences. However, phase-explosions, melting, and 

re-crystallization events are most likely not. 

 There is currently no better option for these irreversible reac-

tions in a sample than using multi-electron pulses, containing as 

many electrons as can be generated and also compressed into 

one pulse.  11   ,   34   ,   63   ,   73   Emission limits are currently ~10 10  electrons 

per pulse. With such a pulse, one has only a single shot with 

a single multi-electron pulse to perform the entire experi-

ment, because after that, the sample has either transformed 

irreversibly or has been destroyed. There are cases and experi-

ments where the reaction is not as fast, and femtosecond pulses 

are not necessarily required to interrogate the time line of the 

process. In such cases, one can indeed revert to multi-electron 

pulses, where space-charge effects and pulse broadening are 

not as critical because the reaction time line is on the order of 

nanoseconds or even microseconds.  34   ,   39   –   44   ,   53   ,   73   At these 

speeds–acknowledging space-charge effects—one can perform 

time-resolved electron microscopy. The high spatial resolutions 

as attained with non-pulsed electron microscopes cannot be 

achieved though, because the correlation between space (Δ x ) 

and time (Δ t ) resolutions involves some inherent uncertainties 

at the ultrafast time scale.  17   

 The question that needs to be addressed in single-shot 

multi-electron pulsed experiments is: how many electrons 

are needed to obtain a decent and interpretable signal on 

the detector? The single-shot multi-electron pulse type of 

experiment requires at least 10 6  to 10 8  electrons per pulse to 

generate a useful diffraction pattern or image, respectively. 

Diffraction is, in that sense, a purely statistical experiment 

in that all scattering directions have to be covered by a 

sufficient number of scattering events to create an inter-

pretable pattern. The goal is to obtain an acceptable signal-

to-noise ratio, which can range from 3 to 10, depending on 

the investigator.    

 Conclusion 
 The developments in ultrashort pulsed x-ray and 

electron-based methods for the pump-probe as 

well as for the pulsed ultrafast type of experiment 

have reached a point where femtosecond short 

pulses are attainable and controllable to a certain 

degree to monitor and follow atomic motions dur-

ing an ultrafast process. The differences between 

x-rays and electrons as probes complement each 

other, although electrons seem to have the greater 

potential to probe just the active volume in a laser-

pulsed specimen, since optical penetration depths 

and electron mean free paths overlap. Moreover 

the scattering power of electrons is fi ve orders of 

magnitude greater than for x-rays, making pulsed 

electron sources as bright and powerful as novel 

x-ray sources, such as x-ray free electron lasers. 

The biggest drawback for electrons is the space-

charge effects, while diffraction experiments 

lack the potential for real-space visualization. 

Efforts to solve the phase problem have been 

successful already, yet further developments and 

refi nements are necessary. Both types of pulsed 

probes are ideal tools to remedy the radiation 

damage challenges encountered when investi-

gating beam-sensitive samples.     

 Acknowledgments 
 This work was supported by the Munich Centre 

for Advanced Photonics (MAP).   

 References 
  1.       J.     Spence   ,  Nature   449 ,  553  ( 2007 ). 
  2.       V.A.     Lobastov  ,   R.     Srinivasan  ,   A.H.     Zewail   ,  Proc. Natl. Acad. 
Sci.   102 ,  7069  ( 2005 ). 
  3.       R.     Neutze  ,   R.     Wouts  ,   D.     van der Speol  ,   E.     Weckert   ,  Nature  
 406 ,  752  ( 2000 ). 

  
 Figure 4.      Electron pulse compression options: (a) Radio frequency-cavity, where fast 

traveling electrons at the pulse tip are retarded, whereas slow traveling electrons at the 

pulse end are accelerated. (b) Tilted electron pulse compression, where an accelerating 

potential gradient ( U  ±  Δ  U ) causes an energy gradient, inducing a controlled velocity 

gradient facilitating traveling self-compression of the electron pulse. (c) Ponderomotive-

force–based pulse compression, where a synthesized standing optical wave is velocity-

synchronized with the electron pulse, and the ponderomotive force is able to shape the 

incoming electron pulse to extremely short electron pulses (down to attoseconds). Electron 

pulse duration is indicated by  Δ  t , where  t  is time.    

https://doi.org/10.1557/mrs.2011.14 Published online by Cambridge University Press

https://doi.org/10.1557/mrs.2011.14


ULTRAFAST MATERIALS SCIENCE AND 4D IMAGING WITH ATOMIC RESOLUTION BOTH IN SPACE AND TIME

130 MRS BULLETIN • VOLUME 36 • FEBRUARY 2011 • www.mrs.org/bulletin

  4.       H.N.     Chapman  ,   S.P.     Hau-Riege  ,   M.J.     Bogan  ,   S.C.     Bajt  ,   A.     Barty  ,   S.     Boutet  , 
  S.     Marchesini  ,   M.     Frank  ,   B.W.     Woods  ,   W.H.     Benner  ,   R.A.     London  ,   U.     Rohner  ,   A.   
  Szöke  ,   E.     Spiller  ,   T.     Möller  ,   C.     Bostedt  ,   D.A.     Shapiro  ,   M.     Kuhlmann  ,   R.     Treusch  , 
  E.     Plönjes  ,   F.     Burmeister  ,   M.     Bergh  ,   C.     Caleman  ,   G.     Huldt  ,   M.M.     Seibert  ,   J.     Hajdu   , 
 Nature   448 ,  676  ( 2007 ). 
  5.       K.J.     Gaffney  ,   H.N.     Chapman   ,  Science   316 ,  1444  ( 2007 ). 
  6.       B.     Barwick  ,   H.S.     Park  ,   O.-H.     Kwon  ,   J.S.     Baskin  ,   A.H.     Zewail   ,  Science   322 , 
 1227  ( 2008 ). 
  7.       J.     Hajdu  ,   R.     Neutze  ,   T.     Sjögren  ,   K.     Edman  ,   A.     Szöke  ,   R.C.     Wilmouth  , 
  C.M.     Wilmot   ,  Nat. Struct. Biol.   7 ,  1006  ( 2000 ). 
  8.       O.     Bostanjoglo  ,   M.     Weingartner   ,  Rev. Sci. Instrum.   68 ,  2456  ( 1997 ). 
  9.       P.     Baum  ,   D.S.     Yang  ,   A.H.     Zewail   ,  Science   318 ,  788  ( 2007 ). 
  10.       C.Y.     Ruan  ,   V.A.     Lobastov  ,   F.     Vigliotti  ,   S.     Chen  ,   A.H.     Zewail   ,  Science   304 ,  80  
( 2004 ). 
  11.       H.     Dömer  ,   O.     Bostanjoglo   ,  Rev. Sci. Instrum.   74 ,  4369  ( 2003 ). 
  12.       A.L.     Cavalieri  ,   N.     Müller  ,   Th.     Uphues  ,   V.S.     Yakovlev  ,   A.     Baltus Caronka  , 
  B.     Horvath  ,   B.     Schmidt  ,   L.     Blümel  ,   R.     Holzwarth  ,   S.     Hendel  ,   M.     Drescher  , 
  U.     Kleineberg  ,   P.M.     Echenique  ,   R.     Kienberger  ,   F.     Krausz  ,   U.     Heinzmann   ,  Nature  
 449 ,  1029  ( 2007 ). 
  13.       O.     Bostanjoglo  ,   F.     Heinricht   ,  Rev. Sci. Instrum.   93 ,  105  ( 1988 ). 
  14.       F.     Carbone  ,   O.-H.     Kwon  ,   A.H.     Zewail   ,  Science   325 ,  181  ( 2009 ). 
  15.       A.H.     Zewail   ,  Philos. Trans. R. Soc. London, Ser. A   363 ,  315  ( 2005 ). 
  16.       M.     Uiberacker  ,   Th.     Uphues  ,   M.     Schultze  ,   A.J.     Verhoef  ,   V.     Yakovlev  ,   M.F.     Kling  , 
  J.     Rauschenberger  ,   N.M.     Kabachnik  ,   H.     Schröder  ,   M.     Lezius  ,   K.L.     Kompa  ,   H.-G.   
  Muller  ,   M.J.J.     Vrakking  ,   S.     Hendel  ,   U.     Kleineberg  ,   U.     Heinzmann  ,   M.     Drescher  ,   F.   
  Krausz   ,  Nature   446 ,  627  ( 2007 ). 
  17.       O.     Bostanjoglo   ,  Adv. Imaging Electron Phys.   121 ,  1  ( 2002 ). 
  18.       B.J.     Siwick  ,   J.R.     Dwyer  ,   R.E.     Jordan  ,   R.J.D.     Miller   ,  Science   302 ,  1382  ( 2003 ). 
  19.       O.     Bostanjoglo  ,   R.     Elschner  ,   Z.     Mao  ,   T.     Nink  ,   M.     Weingartner   ,  Ultramicroscopy  
 81 ,  141  ( 2000 ). 
  20.       O.     Bostanjoglo  ,   J.     Kornitzky  ,   R.P.     Tornow   ,  J. Phys. E: Sci. Instrum.   22 ,  1008  
( 1989 ). 
  21.       M.L.M.     Balistreri  ,   H.     Gersen  ,   J.P.     Korterik  ,   L.     Kuipers  ,   N.F.     van Hulst   ,  Science  
 294 ,  1080  ( 2001 ). 
  22.       A.H.     Zewail   ,  Acta Crystallogr., Sect. A: Found. Crystallogr.   66 ,  135  ( 2010 ). 
  23.       V.A.     Lobastov  ,   J.     Weissenrieder  ,   J.     Tang  ,   A.H.     Zewail   ,  Nano Lett.   7 ,  2552  
( 2007 ). 
  24.       O.     Bostanjoglo  ,   R.P.     Tornow  ,   W.     Tornow   ,  Ultramicroscopy   21 ,  367  ( 1987 ). 
  25.       R.     Srinivasan  ,   V.A.     Lobastov  ,   C.Y.     Ruan  ,   A.H.     Zewail   ,  Helv. Chim. Acta   86 , 
 1763  ( 2003 ). 
  26.       O.     Bostanjoglo  ,   F.     Heinricht   ,  J. Phys. E: Sci. Instrum.   20 ,  1491  ( 1987 ). 
  27.       P.M.     Weber  ,   R.C.     Dudek  ,   S.     Ryu  ,   R.M.     Startt   , in  Femtochemistry and 
Femtobiology: Ultrafast Events in Molecular Science ,    M.     Martin  ,   J.T.     Hynes   , Eds. 
( Elsevier ,  Amsterdam ,  2004 ), pp.  19 – 24 . 
  28.       O.     Bostanjoglo  ,   J.     Kornitzky  ,   R.P.     Tornow   ,  J. Appl. Phys.   69 ,  2581  ( 1991 ). 
  29.       A.     Yurtsever  ,   A.H.     Zewail   ,  Science   326 ,  708  ( 2009 ). 
  30.       O.     Bostanjoglo  ,   R.P.     Tornow  ,   W.     Tornow   ,  Scanning Microsc.   1 ,  197  ( 1987 ). 
  31.       B.J.     Siwick  ,   A.A.     Green  ,   C.T.     Hebeisen  ,   R.J.D.     Miller   ,  Opt. Lett.   30 ,  1057  
( 2005 ). 
  32.       O.     Bostanjoglo  ,   R.P.     Tornow  ,   W.     Tornow   ,  J. Phys. E: Sci. Instrum.   20 ,  556  ( 1987 ). 
  33.       J.     Cao  ,   Z.     Hao  ,   H.     Park  ,   C.     Tao  ,   D.     Kau  ,   L.     Blaszczyk   ,  Appl. Phys. Lett.   83 , 
 1044  ( 2003 ). 
  34.       H.     Dömer  ,   O.     Bostanjoglo   ,  Adv. Eng. Mater.   4 ,  623  ( 2002 ). 
  35.       O.     Bostanjoglo  ,   T.     Nink   ,  J. Appl. Phys.   79 ,  8725  ( 1996 ). 
  36.       A.A.     Ischenko  ,   V.V.     Golubkov  ,   V.P.     Spiridonov  ,   A.V.     Zgurskii  ,   A.S.     Akhmanov  , 
  M.G.     Vabischevich  ,   V.N.     Bagratashvili   ,  Appl. Phys. B   32 ,  161  ( 1983 ). 
  37.       O.     Bostanjoglo  ,   T.     Rosin   ,  Opt. Acta   24 ,  657  ( 1977 ). 
  38.       R.S.     Becker  ,   G.S.     Higashi  ,   J.A.     Golovchenko   ,  Phys. Rev. Lett.   52 ,  307  ( 1984 ). 
  39.       T.     LaGrange  ,   G.H.     Campbell  ,   P.E.A.     Turchi  ,   W.E.     King   ,  Acta Mater.   55 ,  5211  
( 2007 ). 
  40.       T.     LaGrange   ,  Appl. Phys. Lett.   89 ,  044105  ( 2006 ). 
  41.       G.H.     Campbell   ,  Microsc. Microanal.   12 ,  1428CD  ( 2006 ). 
  42.       N.D.     Browning   ,  Microsc. Microanal.   12 ,  790CD  ( 2006 ). 
  43.       T.     LaGrange  ,   G.H.     Campbell  ,   J.D.     Colvin  ,   B.     Reed  ,   W.E.     King   ,  J. Mater. Sci.  
 41 ,  4440  ( 2006 ). 
  44.       M.R.     Armstrong  ,   K.     Boyden  ,   N.D.     Browning  ,   G.H.     Campbell  ,   J.D.     Colvin  , 
  W.J.     DeHope  ,   A.M.     Frank  ,   D.J.     Gibson  ,   F.     Hartemann  ,   J.S.     Kim  ,   W.E.     King  , 
  T.B.     LaGrange  ,   B.J.     Pyke  ,   B.W.     Reed  ,   R.M.     Shuttlesworth  ,   B.C.     Stuart  ,   B.R.     Torralva   , 
 Ultramicroscopy   107 ,  356  ( 2007 ). 
  45.       O.     Bostanjoglo  ,   W.R.     Horinek   ,  Optik   65 ,  361  ( 1983 ). 
  46.       M.M.     Lin  ,   D.     Shorokhov  ,   A.H.     Zewail   ,  J. Phys. Chem. A   113 ,  4075  ( 2009 ). 
  47.       O.     Bostanjoglo  ,   G.     Schlotzhauer  ,   S.     Schade   ,  Optik   61 ,  91  ( 1982 ). 
  48.       A.     Gahlmann  ,   S.T.     Park  ,   A.H.     Zewail   ,  Phys. Chem. Chem. Phys.   10 ,  2894  
( 2008 ). 
  49.       A.P.     Rood  ,   J.     Milledge   ,  J. Chem. Soc., Faraday Trans. II   80 ,  1145  ( 1984 ). 
  50.       O.     Bostanjoglo  ,   G.     Schlotzhauer   ,  Phys. Status Solidi A   68 ,  555  ( 1981 ). 
  51.       H.S.     Park  ,   J.S.     Baskin  ,   O.-H.     Kwon  ,   A.H.     Zewail   ,  Nano Lett.   7 ,  2546  ( 2007 ). 
  52.       O.     Bostanjoglo  ,   D.     Otte   ,  Phys. Status Solidi A   150 ,  163  ( 1995 ). 

  53.       H.     Kleinschmidt  ,   A.     Ziegler  ,   G.H.     Campbell  ,   J.D.     Colvin  ,   O.     Bostanjoglo   ,  J. 
Appl. Phys.   98 ,  054313  ( 2005 ). 
  54.       O.     Bostanjoglo  ,   T.     Rosin   ,  Mikroskopie   32 ,  190  ( 1976 ). 
  55.       B.J.     Siwick  ,   J.R.     Dwyer  ,   R.E.     Jordan  ,   R.J.D.     Miller   ,  Chem. Phys.   299 ,  285  
( 2004 ). 
  56.       O.     Bostanjoglo   ,  Phys. Status Solidi A   70 ,  473  ( 1982 ). 
  57.       P.     Baum  ,   A.H.     Zewail   ,  Proc. Natl. Acad. Sci.   103 ,  16105  ( 2006 ). 
  58.       O.     Bostanjoglo  ,   G.     Hoffmann   ,  Phys. Status Solidi A   73 ,  95  ( 1982 ). 
  59.       E.     Goulielmakis  ,   V.S.     Yakovlev  ,   A.L.     Cavalieri  ,   M.     Uiberacker  ,   V.     Pervak  , 
  A.     Apolonski  ,   R.     Kienberger  ,   U.     Kleineberg  ,   F.     Krausz   ,  Science   317 ,  769  ( 2007 ). 
  60.       O.     Bostanjoglo  ,   T.     Rosin   ,  J. Magn. Magn. Mater.   15–18 ,  1529  ( 1980 ). 
  61.       V.Y.     Balandin  ,   T.     Nink  ,   O.     Bostanjoglo   ,  J. Appl. Phys.   84 ,  6355  ( 1998 ). 
  62.       O.     Bostanjoglo  ,   T.     Rosin   ,  Phys. Status Solidi A   57 ,  561  ( 1980 ). 
  63.       H.     Dömer  ,   O.     Bostanjoglo   ,  Microsc. Microanal.   9 ,  358  ( 2003 ). 
  64.       O.     Bostanjoglo  ,   R.     Liedtke   ,  Phys. Status Solidi A   60 ,  451  ( 1980 ). 
  65.       O.     Bostanjoglo  ,   T.     Nink   ,  Appl. Surf. Sci.   110 ,  101  ( 1997 ). 
  66.       G.     Mourou  ,   S.     Williamson   ,  Appl. Phys. Lett.   41 ,  44  ( 1982 ). 
  67.       O.     Bostanjoglo  ,   T.     Rosin   ,  Mikroskopie   36 ,  344  ( 1980 ). 
  68.       O.     Bostanjoglo  ,   H.P.     Gemund   ,  Mikroskopie   34 ,  188  ( 1978 ). 
  69.       S.     Williamson  ,   G.     Mourou   ,  Appl. Phys. B   28 ,  249  ( 1982 ). 
  70.       O.     Bostanjoglo  ,   E.     Endruschat   ,  Phys. Status Solidi A   91 ,  17  ( 1985 ). 
  71.       V.Y.     Balandin  ,   D.     Otte  ,   O.     Bostanjoglo   ,  J. Appl. Phys.   78 ,  2037  ( 1995 ). 
  72.       O.     Bostanjoglo  ,   E.     Endruschat  ,   F.     Heinricht  ,   R.P.     Tornow  ,   W.     Tornow   ,  Eur. J. 
Cell Biol.   44 ,  10  ( 1987 ). 
  73.       H.     Dömer  ,   O.     Bostanjoglo   ,  Appl. Surf. Sci.   208 ,  442  ( 2003 ). 
  74.       O.     Bostanjoglo  ,   T.     Nink   ,  Appl. Surf. Sci.   109–110 ,  101  ( 1996 ). 
  75.       O.     Bostanjoglo  ,   R.     Niedrig  ,   B.     Wedel   ,  J. Appl. Phys.   76 ,  3045  ( 1994 ). 
  76.       T.     Nink  ,   F.     Galbert  ,   Z.L.     Mao  ,   O.     Bostanjoglo   ,  Appl. Surf. Sci.   139 ,  439  ( 1999 ). 
  77.       V.Y.     Balandin  ,   U.     Gernet  ,   T.     Nink  ,   O.     Bostanjoglo   ,  J. Appl. Phys.   81 ,  2835  
( 1997 ). 
  78.       D.S.     Ivanov  ,   L.V.     Zhigilei   ,  Phys. Rev. Lett.   91 ,  105701  ( 2003 ). 
  79.       D.S.     Ivanov  ,   L.V.     Zhigilei   ,  Phys. Rev. B   68 ,  064114  ( 2003 ). 
  80.       Z.H.     Jin  ,   P.     Gumbsch  ,   K.     Lu  ,   E.     Ma   ,  Phys. Rev. Lett.   87 ,  055703  ( 2001 ). 
  81.       S.N.     Luo  ,   T.J.     Ahrens   ,  Appl. Phys. Lett.   82 ,  1836  ( 2003 ). 
  82.       B.     Rethfeld  ,   K.     Sokolowski-Tinten  ,   D.     von der Linde   ,  Phys. Rev. B   65 ,  092103  
( 2002 ). 
  83.       B.     Rethfeld  ,   A.     Kaiser  ,   M.     Vicanek  ,   G.     Simon   ,  Phys. Rev. B   65 ,  214303  
( 2002 ). 
  84.       L.E.     Tanner  ,   M.     Wuttig   ,  Mater. Sci. Eng., A   127 ,  137  ( 1990 ). 
  85.       T.     Kamino  ,   Y.     Yaguchi  ,   H.     Saka   ,  J. Electron. Microsc.   43 ,  104  ( 1994 ). 
  86.       T.     Kamino  ,   T.     Yaguchi  ,   M.     Tomita  ,   H.     Saka   ,  Philos. Mag. A   75 ,  105  ( 1997 ). 
  87.       P.R.     Gouchman  ,   W.A.     Jesser   ,  Nature   269 ,  481  ( 1977 ). 
  88.       J.     Chang  ,   T.     Sakai  ,   H.     Saka   ,  Philos. Mag. Lett.   85 ,  247  ( 2005 ). 
  89.       H.     Saka  ,   A.     Sakai  ,   T.     Kamino  ,   T.     Imura   ,  Philos. Mag. A   52 ,  67  ( 1985 ). 
  90.       Y.     Senda  ,   K.     Sasaki  ,   H.     Saka   ,  Philos. Mag.   84 ,  2635  ( 2004 ). 
  91.       J.     Murai  ,   T.     Marukawa  ,   T.     Mima  ,   S.     Arai  ,   K.     Sasaki  ,   H.     Saka   ,  J. Mater. Sci.  
 41 ,  2723  ( 2006 ). 
  92.       T.J.     Bromwich  ,   T.     Kasama  ,   R.K.K.     Chong  ,   R.E.     Dunin-Borkowski  ,   A.K.   
  Petford-Long  ,   O.G.     Heinonen  ,   C.A.     Ross   ,  Nanotechnology   17 ,  4367  ( 2006 ). 
  93.       A.     Radisic  ,   P.M.     Vereecken  ,   P.C.     Searson  ,   F.M.     Ross   ,  Surf. Sci.   600 ,  1817  
( 2006 ). 
  94.       A.C.     Twitchett  ,   R.E.     Dunin-Borkowski  ,   P.A.     Midgley   ,  Phys. Rev. Lett.   88 , 
 238302  ( 2002 ). 
  95.       F.M.     Ross  ,   R.     Hull  ,   D.     Bahnck  ,   J.C.     Bean  ,   L.J.     Peticolas  ,   C.A.     King   ,  Appl. 
Phys. Lett.   62 ,  1426  ( 1993 ). 
  96.       P.L.     Gai  ,   B.C.     Smith   ,  Nature   348 ,  430  ( 1990 ). 
  97.       P.L.     Gai  ,   E.M.     McCarron   ,  Science   247 ,  553  ( 1990 ). 
  98.       P.L.     Gai  ,   B.C.     Smith   ,  Ultramicroscopy   34 ,  17  ( 1990 ). 
  99.       P.A.     Crozier  ,   R.     Sharma  ,   A.K.     Datye   ,  Microsc. Microanal.   4 ,  278  ( 1998 ). 
  100.       M.J.     Sayagues  ,   J.L.     Hutchison   ,  J. Solid State Chem.   143 ,  33  ( 1999 ). 
  101.       R.     Sharma  ,   E.     Schweda  ,   D.     Naedele   ,  Chem. Mater.   13 ,  4014  ( 2001 ). 
  102.       W.     van Dorp  ,   R.     van Someren  ,   C.     Hagen  ,   P.     Kruit  ,   P.A.     Crozier   ,  Nano Lett.  
 5 ,  1303  ( 2005 ). 
  103.       R.     Sharma  ,   M.J.     McKelvy  ,   H.     Bearat  ,   A.V.G.     Chizmeshya  ,   R.W.     Carpenter   , 
 Philos. Mag.   84 ,  2711  ( 2004 ). 
  104.       M.J.     McKelvy  ,   R.     Sharma  ,   A.V.G.     Chizmeshya  ,   R.W.     Carpenter  ,   K.     Streib   , 
 Chem. Mater.   13 ,  921  ( 2001 ). 
  105.       R.-J.     Liu  ,   P.A.     Crozier  ,   C.M.     Smith  ,   D.A.     Hucul  ,   J.     Blackson  ,   G.     Salaita   ,  Appl. 
Catal., A   282 ,  111  ( 2005 ). 
  106.       P.L.     Gai  ,   K.     Kourtakis   ,  Science   267 ,  661  ( 1995 ). 
  107.       T.H.     Her  ,   R.J.     Finlay  ,   C.     Wu  ,   S.     Deliwala  ,   E.     Mazur   ,  Appl. Phys. Lett.   73 , 
 1673  ( 1998 ). 
  108.       T.H.     Her  ,   R.J.     Finlay  ,   C.     Wu  ,   E.     Mazur   ,  Appl. Phys. A   70 ,  383  ( 2000 ). 
  109.       C.     Wu  ,   C.H.     Crouch  ,   L.     Zhao  ,   J.E.     Carey  ,   R.     Younkin  ,   J.A.     Levinson  , 
  E.     Mazur  ,   R.M.     Farrell  ,   P.     Gothoskar  ,   A.     Karger   ,  Appl. Phys. Lett.   78 ,  1850  
( 2001 ). 
  110.       F.     Sanchez  ,   J.L.     Morenza  ,   R.     Aguiar  ,   J.C.     Delgado  ,   M.     Varela   ,  Appl. Phys. 
Lett.   69 ,  620  ( 1996 ). 

https://doi.org/10.1557/mrs.2011.14 Published online by Cambridge University Press

https://doi.org/10.1557/mrs.2011.14


ULTRAFAST MATERIALS SCIENCE AND 4D IMAGING WITH ATOMIC RESOLUTION BOTH IN SPACE AND TIME

131MRS BULLETIN • VOLUME 36 • FEBRUARY 2011 • www.mrs.org/bulletin

  111.       A.J.     Pedraza  ,   J.D.     Fowlkes  ,   D.H.     Lowndes   ,  Appl. Phys. Lett.   77 ,  3018  
( 2000 ). 
  112.       A.J.     Pedraza  .   J.D.     Fowlkes  ,   S.     Jesse  ,   C.     Mao  ,   D.H.     Lowndes   ,  Appl. Surf. 
Sci.   168 ,  251  ( 2000 ). 
  113.       A.J.     Pedraza  ,   J.D.     Fowlkes  ,   D.H.     Lowndes   ,  Appl. Phys. Lett.   74 ,  2322  ( 1999 ). 
  114.       R.J.     Younkin  ,   J.E.     Carey  ,   E.     Mazur  ,   J.A.     Levinson  ,   C.M.     Friend   ,  J. Appl. 
Phys.   93 ,  2626  ( 2003 ). 
  115.       B.     Koopmans  ,   G.     Malinowski  ,   F.     Dalla Longa  ,   D.     Steiauf  ,   M.     Fähnle  ,   T.     Roth  , 
  M.     Cinchetti  ,   M.     Aeschlimann   .  Nat. Mater.   9 ,  259  ( 2010 ). 
  116.       B.     Rethfeld  ,   H.     Krutsch  ,   D.H.H.     Hoffmann   ,  Contrib. Plasma Phys.   50 ,  16  ( 2010 ). 
  117.       T.     Feuerer  ,   H.     Langhoff   ,  Appl. Phys. A   63 ,  13  ( 1996 ). 
  118.       S.     Nolte  ,   C.     Momma  ,   B.N.     Chichkov  ,   H.     Wellig   ,  Phys. Blätter   55 ,  41  ( 1999 ). 
  119.       D.     Ashkenasi  ,   A.     Rosenfeld  ,   H.     Varel  ,   M.     Waehmer  ,   E.E.B.     Campbell   ,  Appl. 
Surf. Sci.   120 ,  65  ( 1997 ). 
  120.       B.     Luk’Yanchuk  ,   N.     Bityurin  ,   S.     Anisimov  ,   D.     Baeuerle   ,  Appl. Phys. A   57 , 
 367  ( 1993 ). 
  121.       P.T.C.     So  ,   H.     Kim  ,   I.E.     Kochevar   ,  Opt. Exp.   3 ,  339  ( 1998 ). 
  122.       N.     Shen  ,   D.     Datta  ,   C.B.     Schaffer  ,   P.     LeDuc  ,   D.E.     Ingber  ,   E.     Mazur   ,  Mech. 
Chem. Biosyst.   2 ,  17  ( 2005 ). 
  123.       A.     Heisterkamp  ,   I.Z.     Maxwell  ,   E.     Mazur  ,   J.M.     Underwood  ,   J.A.     Nickerson  , 
  S.     Kumar  ,   D.E.     Ingber   ,  Opt. Exp.   13 ,  3690  ( 2005 ). 
  124.       K.     Koenig  ,   I.     Riemann  ,   P.     Fischer  ,   K.     Halbhuber   ,  Cell. Mol. Biol.   45 ,  192  ( 1995 ). 
  125.       U.K.     Tirlapur  ,   K.     Koenig   ,  Nature   448 ,  290  ( 2002 ). 
  126.       W.     Watanabe  ,   N.     Arakawa  ,   S.     Matsunaga  ,   T.     Higashi  ,   K.     Fukui  ,   K.     Isobe  , 
  K.     Itoh   ,  Opt. Exp.   12 ,  4203  ( 2004 ). 
  127.       A.     Vogel  ,   V.     Venugopalan   ,  Chem. Rev.   103 ,  577  ( 2003 ). 
  128.       G.A.     Mourou  ,   T.     Tajima  ,   S.V.     Bulanov   ,  Rev. Mod. Phys.   78 ,  309  ( 2006 ). 
  129.       S.I.     Anisimov  ,   B.L.     Kapeliovich  ,   T.L.     Perelman   ,  Sov. Phys. JETP   39 ,  375  
( 1974 ). 
  130.       M.I.     Kaganov  ,   I.M.     Lifshitz  ,   L.V.     Tanatarov   ,  Sov. Phys. JETP   4 ,  173  ( 1957 ). 
  131.       B.     Rethfeld  ,   A.     Kaiser  ,   M.     Vicanek  ,   G.     Simon   ,  Proc. SPIE   3343 ,  388  
( 1998 ). 
  132.       M.     Martyniuk  ,   J.     Antoszewski  ,   C.A.     Musca  ,   J.M.     Dell  ,   L.     Faraone   ,  Smart 
Mater. Struct.   15 ,  S29  ( 2006 ). 
  133.       D.     Typke  ,   C.J.     Gilpin  ,   K.H.     Downing  ,   R.M.     Glaeser   ,  Ultramicroscopy   107 , 
 106  ( 2007 ). 
  134.       D.     Typke  ,   K.     Downing  ,   R.     Glaeser   ,  Microsc. Microanal.   10 ,  21  ( 2004 ). 
  135.       R.     Henderson   ,  Q. Rev. Biophys.   28 ,  171  ( 1995 ). 
  136.       S.P.     Hau-Riege  ,   R.A.     London  ,   R.M.     Bionta  ,   D.     Ryutov  ,   R.     Soufl i  ,   S.     Bajt  , 
  M.A.     McKernan  ,   S.L.     Baker  ,   J.     Krzywinski  ,   R.     Sobierajski  ,   R.     Nietubyc  ,   D.   
  Klinger  ,   J.B.     Pelka  ,   M.     Jurek  ,   L.     Juha  ,   J.     Chalupský  ,   J.     Cihelka  ,   V.     Hájková  ,   A.   
  Velyhan  ,   J.     Krása  ,   K.     Tiedtke  ,   S.     Toleikis  ,   H.     Wabnitz  ,   M.     Bergh  ,   C.     Caleman  , 
  N.     Timneanu   ,  Appl. Phys. Lett.   95 ,  111104  ( 2009 ). 
  137.       C.     Caleman  ,   C.     Ortiz  ,   E.     Marklund  ,   F.     Bultmark  ,   M.     Gabrysch  ,   F.G.     Parak  , 
  J.     Hajdu  ,   M.     Klintenberg  ,   N.     Tîmneanu   ,  Eur. Phys. Lett.   85 ,  18005  ( 2009 ). 
  138.       M.J.     Galtrey  ,   R.A.     Oliver  ,   M.J.     Kappers  ,   C.J.     Humphreys  ,   D.J.     Stokes  , 
  P.H.     Clifton  ,   A.     Cerezo   ,  Appl. Phys. Lett.   90 ,  061903  ( 2007 ). 
  139.       C.     Kisielowski  ,   T.     Bartel   ,  Appl. Phys. Lett.   91 ,  176101  ( 2007 ). 
  140.       A.V.     Martin  ,   K.     Ishizuka  ,   C.     Kisielowski  ,   L.J.     Allen   ,  Phys. Rev. B   74 ,  172102  
( 2006 ). 
  141.       J.W.     Miao  ,   P.     Charalambous  ,   J.     Kirz  ,   D.     Sayre   ,  Nature   400 ,  342  ( 1999 ). 
  142.       W.R.     Fright  ,   R.H.T.     Bates   ,  Optik   62 ,  219  ( 1982 ). 
  143.       K.L.     Garden  ,   R.H.T.     Bates   ,  Optik   62 ,  131  ( 1982 ). 
  144.       R.H.T.     Bates   ,  Optik   61 ,  247  ( 1982 ). 
  145.       J.     Hajdu  ,   F.R.N.C.     Maia   ,  Nat. Phys.   4 ,  351  ( 2008 ). 
  146.       D.     van der Spoel  ,   F.R.N.C.     Maia  ,   C.     Caleman   ,  Phys. Chem. Chem. Phys.  
 10 ,  6344  ( 2008 ). 
  147.       F.R.N.C.     Maia  ,   T.     Ekeberg  ,   N.     Tîmneanu  ,   D.     van der Spoel  ,   J.     Hajdu   ,  Phys. 
Rev. E   80 ,  031905  ( 2009 ). 
  148.       C.J.     Jia  ,   M.     Lentzen  ,   K.     Urban   ,  Science   299 ,  870  ( 2003 ). 
  149.       P.E.     Batson  ,   N.     Dellby  ,   O.L.     Krivanek   ,  Nature   418 ,  617  ( 2002 ). 
  150.       M.     Haider  ,   S.     Uhlemann  ,   E.     Schwan  ,   H.     Rose  ,   B.     Kabius  ,   K.     Urban   ,  Nature  
 392 ,  768  ( 1998 ). 
  151.       B.     Kabius  ,   M.     Haider  ,   S.     Uhlemann  ,   E.     Schwan  ,   K.     Urban  ,   H.     Rose   ,  J. 
Electron Microsc.   51 ,  S51  ( 2002 ). 
  152.       M.     Lentzen  ,   B.     Jahnen  ,   C.L.     Jia  ,   A.     Thust  ,   K.     Tillmann  ,   K.     Urban   , 
 Ultramicroscopy   92 ,  233  ( 2002 ). 
  153.       J.     Zach  ,   M.     Haider   ,  Optik   98 ,  112  ( 1995 ). 
  154.      www - cxro . lbl . gov  . 
  155.       A.     Singer  ,   I. A.     Vartanyants  ,   M.     Kuhlmann  ,   S.     Duesterer  ,   R.     Treusch  ,   J.   
  Feldhaus   ,  Phys. Rev. Lett.   101 ,  254801  ( 2008 ). 
  156.       B.J.     Siwick  ,   J.R.     Dwyer  ,   R.E.     Jordan  ,   R.J.D.     Miller   ,  J. Appl. Phys.   92 ,  1643  
( 2002 ). 
  157.       T.     van Oudheusden  ,   E.F.     de Jong  ,   S.B.     van der Geer  ,   W.P.E.M.     Op’t Root  , 
  O.J.     Luiten  ,   B.J.     Siwick   ,  J. Appl. Phys.   102 ,  093501  ( 2007 ). 
  158.       P.     Baum  ,   A.H.     Zewail   ,  Chem. Phys. Lett.   462 ,  14  ( 2008 ). 
  159.       A.H.     Zewail   ,  Annu. Rev. Phys. Chem.   57 ,  65  ( 2006 ).         

  Alexander Ziegler  is employed at the Max-
Planck Institute for Biochemistry in the 
Department of Molecular Structural Biology 
in Germany. He received his MS (1999) and 
PhD (2001) degrees from the University of 
California, Berkeley. He has served as an author 
on numerous publications and has contributed  
many presentations. Ziegler can be reached 
by tel. +49-(0)89-8578-2636; e-mail  ziegler@
chiochem.mpg.de .     

For more information, 
visit www.mmr.com

Seebeck Effect Measurement Systems
Turnkey Systems

Configurable and Modular Systems

Automated Instrumentation

Wide Temperature Ranges Available

Easy to Use

Reliable Results

The Industry Standard!

and Environmental Sustainability

EDITORS 

David S. Ginley and David Cahen

Fundamentals of
Materials for Energy

COMING FALL 2011

Fundamentals of Materials for Energy  

and Environmental Sustainability

Published in partnership by  

the Materials Research Society  

and Cambridge University Press

A unique, interdisciplinary  

TEXTBOOK with contributions  

from more than 100 experts  

in energy and the environment  

from around the world. 

Editors:  

David S. Ginley and David Cahen

https://doi.org/10.1557/mrs.2011.14 Published online by Cambridge University Press

https://doi.org/10.1557/mrs.2011.14

