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В статье описан метод сверхбыстрой электронной нанокристаллографии ‒ кон-
кретной реализации метода сверхбыстрой электронной кристаллографии, оптимизиро-
ванной для высокочувствительного и высокоэффективного сбора данных при исследова-
нии наноструктур с высоким временным разрешением, от пико до фемтосекунд. Эти до-
стижения открыли новые возможности для изучения когерентной структурной дина-
мики наночастиц. Наноструктуры характеризуются рядом необычных свойств по срав-
нению с их объемными аналогами. Прежде всего, это связано с проявлением квантово-
размерного эффекта и относительно большого числа структурных единиц наночастицы, 
находящихся на ее поверхности. Одной из структурных особенностей является возник-
новение так называемых нанокристаллических структурных типов, которые имеют 
тенденцию к образованию замкнутых оболочек, и связаны с появлением магических чисел 
в распределении размеров. Морфология и параметры решетки нанокристаллов сильно за-
висят от подложки и модификации поверхности, что приводит к сжатию и образованию 
границ двойников из-за релаксации поверхностных деформаций. Статья описывает экс-
перимент сверхбыстрой электронной нанокристаллографии, теорию метода и анализ 
данных, а также процедуру пробоподготовки поверхности подложки и образцов при ис-
следовании методом UEnC. Представленные примеры включают результаты изучения 
структурной динамики конденсированной фазы, поверхностей и нанокристаллов, дина-
мики плавления наночастиц и прямое наблюдение генерации когерентных оптических 
фононов в нанопленках. В статье цитируются результаты нескольких всемирно извест-
ных исследовательских групп. 
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This article shows the development of the Ultrafast Electron Nanocrystallography 
(UEnC), a specific implementation of Ultrafast Electron Crystallography (UEC), optimized for 
high sensitivity and high data acquisition efficiency and trained on the quantitative studies of 
different solid nanostructures with high temporal resolution ranging from pico- to femtoseconds. 
These achievements have opened up new possibilities for studying the coherent structural dy-
namics of the nanoparticles. Nanostructures are characterized by a number of unusual properties 
compared to their bulk counterparts. First of all, this is due to the manifestation of the quantum-
size effect and the corresponding relatively-large percentage of structural units of the nanopar-
ticle being on its surface. One of the structural features is the emergence of the so-called nano-
crystallographic structure types, which have a tendency to form closed shells and are connected 
with the appearance of magic numbers in the size distribution. The morphology and lattice pa-
rameters of nanocrystals are strongly dependent on the substrate and the surface modification, 
which results in the contraction, and the formation of twin boundaries due to the relaxation of 
the surface deformations. The article describes UEnC experiment, the theory and data analysis, 
and sample preparation. The presented examples include the investigation of the structural dy-
namics of condensed phase, surfaces, and nanocrystals, the melting dynamics of gold nanopar-
ticles and direct observation of coherent optical phonons generation in nanofilms. The results of 
several internationally renowned research groups are included and cited. 
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INTRODUCTION 

The ultrafast electron diffraction methods give 
direct information on structural changes occurring in 
the test object in real time, and are used at present for 
quantitative studies of dynamic phenomena occurring 
in the nanosized objects in the time interval from pico- 
to femtoseconds [1-17]. In recent years, there was a 
significant decrease in the duration of the electron 
bunch and a significant increase of the accelerating 
voltage, which allowed obtaining electronic pulses of 
femtosecond duration. These advances have opened 
new opportunities for research of coherent structural 
dynamics of nanomaterials with a femtosecond time 
resolution. 

One of the important stages of nanoparticle re-
search by the Ultrafast Electron Nanocrystallography 
(UEnC) method is the preparation of the matrix surface 
on which the studied nanoparticles are deposited [1, 4]. 
The high sensitivity and resolution of the UEnC 
method open the possibility of studying processes such 
as surface melting of nanoparticles, the non-equilib-
rium structural dynamics of phase transitions and the 
response of adsorbed molecules on the non-equilib-
rium structural changes of the surface.  

Processes of reversible melting of the surface 
and recrystallization in the subpicosecond time scale 
and spatial resolution up to units picometres were stud-
ied. In ultrafast photoinduced melting processes of na-
noparticles, which were carried out under non-equilib-
rium conditions, they determined the initial phases of 
lattice deformation, the non-equilibrium electron–pho-
non interaction and, in melting, the formation of col-
lective bonds and poor coordination of atoms, trans-
forming nanocrystallites to nanofluids. 

Structural excitation during premelting and the 
coherent transformation from crystal to liquid, with co-
existence of phases at photomelting, differ from the re-
crystallization process in which ‘hot forms’ of the lat-
tice and the liquid phase coexist as a consequence of 
thermal contacts. The extent of structural changes and 
thermodynamics of melting are dependent on the size 
of nanoparticles.  

The applicability of UEC and UEnC for the 
study of the structural dynamics on the surfaces, the 
study of the influence of the adsorbed molecules, the 
observation of the transitions from the crystal to the 
liquid phases [1-5] and the investigation of the surfaces 
with a variety of adsorbed molecules, molecular as-
semblies, different nanoparticles has been experimen-
tally demonstrated. Here femtosecond laser pulses 
cause the coherent restructuring of the surface layers 
with sub-angstrom displacement of the atoms and non-
equilibrium dynamics of the surface structure is deter-
mined from Bragg diffraction spots and rings. 

In order to understand the underlying pro-
cesses of the phase changes of the nanomaterials and 
different chemical reactions with their participation, it 
is required not only the structural imaging of the sam-
ples and their interfaces in steady conditions, but also 
the insight into their dynamics and the redistributions 
of their structure in real time. The development of ul-
trafast electron diffraction [3,6-12], ultrafast crystal-
lography (UEC) [1,4], ultrafast electron microscopy 
[13, 14] and the dynamic transmission electron micros-
copy (DTEM) [15] allows combine atomic spatial res-
olution, achieved in the electron diffraction techniques, 
with high time resolution of the femtosecond laser ex-
periments. In this context, the "optical pumping – elec-
tron diffraction probing" has led to an extremely pow-
erful tool for the investigation of the structural dynamic 
processes in different materials. 

The possibilities of application of the method, 
to not only the study of structural changes, but also the 
redistribution of the charge and energy at the interphase 
boundaries were shown [1, 4]. The UEnC method cur-
rently allows us to study such low surface densities of 
~6 particles/µm2, in fact, demonstrating the possibility 
of studying an isolated nanoparticle [1, 4]. Upon reach-
ing the submicron dimensions of the diagnostic electron 
bunch, we should expect fundamentally new results of 
the study of 4D dynamics of nanostructures with a com-
bination of diffraction and spectroscopic methods with 
ultrahigh temporal resolution. 

1. TIME-RESOLVED ELECTRON 
NANOCRYSTALLOGRAPHY  

This article shows the development of UEnC, 
a specific implementation of UEC, optimized for high 
sensitivity and high data acquisition efficiency and 
trained on the quantitative studies of different solid 
nanostructures with high temporal resolution ranging 
from nanoseconds to femtoseconds. Nanostructures 
are characterized by a number of unusual properties 
compared to their bulk counterparts. First of all, this is 
due to the manifestation of the quantum-size effect and 
the corresponding relatively-large percentage of struc-
tural units of the nanoparticle being on its surface. One 
of the structural features is the emergence of the so-
called nano-crystallographic structure types [18, 19], 
which have a tendency to form closed shells and are 
connected with the appearance of magic numbers in the 
size distribution [20-22]. 

The morphology and lattice parameters of 
nanocrystals are strongly dependent on the substrate 
and the surface modification [23], which results in the 
contraction [24] and the formation of twin boundaries 
[25] due to the relaxation of the surface deformations. 
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Along with these new structural forms new properties 
appear, that is connected with the increased correlation 
between the electron degrees of freedom of the atomic 
structure on the nanometer scale. The capabilities for 
building nanostructures with specific properties via 
nano-synthesis, or self-assembly open rather interest-
ing prospects of the use of the nanoparticles as building 
blocks for new devices with high specificity, speed and 
density which can be used in a variety of fields, such 
as electronics [26], photonics [27], magnetism [28], ca-
talysis [29,30] and sensors [31]. 

The temporal resolution in UEnC greatly drops 
as compared to time-resolved electron diffraction of 
free molecules due to large paths of the electron bunch 
in the surface layer. At present the perspectives of the 
study of the dynamics in complex nanostructures with 
subpicosecond resolution appeared. For this purpose it 
is reasonable to implement the set of modern improve-
ments such as the miniaturization in order to ensure the 
distances of the electron paths as short as possible [32], 
high accelerating field [33] for the generation of femto-
second electron bunches, RF-compression [34,35] to 
achieve the high brightness of the electron source, the 
photo-assisted field emission [36] for potentially high 
spatial coherence and the special compression scheme 
of the wave front to reduce the mismatch of light and 
electron velocities.  

All these advances have opened new possibil-
ities for investigation of the coherent structural dynam-
ics of different nanomaterials with subpicosecond 
(femtosecond) temporal resolution. 

1.1. BASIC CONCEPTS 

The progress towards getting of quantitative 
information about the structural dynamics in the con-
densed state is still limited due to the difficulties in the 
understandings of the systematic effects in the diffrac-
tion patterns, obtained with a high temporal resolution, 
and due to the lack of the reliable schemes allowing 
solve the inverse problem of 3D atomic structure de-
termination. The modern approach to the development 
of UEnC is aimed to the development of the robust 
methods of the data analysis and to the increase of the 
quality of the experiments [4]. In this field the starting 
point for initial experiments may be "powder diffrac-
tion", when the nanostructures are dispersed on the sur-
face of the substrate with very low coating density as 
shown in Fig. 1 (a, b).  

In Time-Resolved Electron Microscopy (TEM) 
when studying of a nanomaterial, placed on a mesh, 
possible defects in the film may introduce artifacts in 
the diffraction data. Furthermore, intense laser radia-
tion may cause fracture of the mesh. To avoid these 

 
а 

 
b 

 
c 

 
d 

Fig. 1. Nanopowder on the surface of the substrate. a, b: The elec-
tron beam diffraction in the solid angle of 0-2π  at sliding reflection 
from the substarte surface with the nanoparticles. The angle of in-
cidence is 1-5°. In order to minimize the interference caused by the 
electron scattering from the substrate the "soft" buffer layer is used 
lifting the nanoparticles above the substrate and thus suppressing 
this background signal. c: Ag nanoparticles with average size d of 
~ 40 nm dispersed on the Si(111)-surface are observed by scanning 
electron microscopy (SEM). d: The intensity of scattering I(s) for 

Ag nanoparticles [4] 
Рис. 1. Нанопорошок на поверхности субстрата. a, b: Дифрак-
ция электронного пучка в телесном угле 0-2π при скользящем 
отражении от поверхности подложки, на которую нанесены 
наночастицы. Угол падения составляет 1-5°. Чтобы минимизи-
ровать интерференцию, вызванную рассеянием электронов от 
подложки, используется «мягкий» буферный слой, поднимаю-
щий наночастицы над подложкой и тем самым подавляющий 
этот фоновый сигнал. c: наночастицы Ag, имеющие срадний 
диаметр d ~ 40 нм, диспергированные на поверхности Si (111); 
наблюдение с помощью сканирующей электронной микроско-
пии (SEM). d: интенсивность рассеяния I (s) для наночастиц 

Ag [4] 
 

parasitical effects and in order to perform more com-
prehensive investigations which include the study of 
the dynamics of the interface, the particles are usually 
placed at the surface of a solid substrate. A sliding elec-
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tron beam is being used to probe these particles. In ad-
dition, a self-assembled monolayer (SAM) of ami-
nosilane is being used as a buffer layer. Aminosilane 
molecules have three important functions [37]: 

(1) It helps to suppress the diffraction signal 
caused by the substrate, which (in the absence of ami-
nosilane) gives strong background signal greatly ex-
ceeding the diffraction signal from the nanoparticles. 

(2) Allows obtain the diffraction pattern in 2π–
solid-angle. 

(3) Provides the control of the charge of the na-
noparticles and the rate of heat transfer. 

In order to minimize the probability of subse-
quent electron scattering on the second particle, it is re-
quired to maintain the optimum density of nanoparticles: 

( )22sin dρ iopt θ=
,  (1) 

where θi  – the electron beam incidence angle and d is 
the diameter of the nanoparticles. Fig. 1 (c) shows SEM 
image of typical sample that meets these criteria. The 
mentioned Ag nanoparticles are 40 nm in diameter. 
These nanoparticles were scattered on the SAM layer 
applied to the Si(111)-substrate with the density of  
~1 µm-2. The data were acquired during ~1 min (Fig. 1-d). 
Note, that the diffraction pattern has fairly good sig-
nal/noise ratio, despite the fact that the nanoparticles oc-
cupy only 1% of the scattering region. This result is very 
different from data produced by similar experiments uti-
lizing X-rays or neutron scattering, where high bulk 
density of the sample and large size of the particles are 
required (from microns to mm) due to the relatively low 
scattering cross-section (~10-4 to 10-5 times less than the 
scattering cross-section for the electrons). 

1.2. SAMPLE PREPARATION 

In order to obtain the diffraction patterns 
which would allow for quantitative interpretation of 
the experimental data it is required to prepare the sur-
face of the substrate. The rather important prerequisite 
in this procedure is adequate molecular buffering of the 
substrate surface, allowing one to control the disper-
sion of the nanoparticles and to suppress of the extra-
neous electron scattering from the substrate. The sam-
ple preparation for UEnC is rather similar to the tech-
niques developed in molecular electronics [31, 38, 39], 
which provide rather useful approaches for the build-
ing of “SAM – nanoparticle” interfaces. Five major 
steps of this process are shown in Fig. 2. 

(а) Si substrate is functionalized by hydroxyl 
groups using a modified RCA procedure [40]. The hy-
droxyl layer thickness is 1-5 nm. 

(b) Functionalized Si substrate is then im-
mersed for 20 min in a solution of surface active com-
pounds, containing terminal amino groups (-NH2) and 
polar group (-Si(OMe)3). SAM layer is being formed 

on Si surface via silanization process. Si(OMe)3 groups 
react with the hydroxyl groups on Si surface, forming 
SAM layer coating with aminogroups, located on the 
outer side of the layer. 

(c) Formation of more compact and organized 
SAM layer is performed by lipophilic interactions be-
tween alkanes, which usually takes a few hours. Note, 
that this process takes place at a certain temperature. 
The sample is placed in an oven and heated to 80 ºC at 
the atmosphere of dry nitrogen of high purity [38]. 

(d) Terminal amino groups are protonated by 
placing the sample in a weak acidic solution. The pro-
tonated aminogroups are required for subsequent bind-
ing of the negatively-charged colloidal particles of Au 
clusters [31, 41, 42]. 

(e) The sample is removed from the solution 
and dried in a nitrogen atmosphere. 

 

 

Fig. 2. Schematic diagram of the sample preparation. The steps in-
clude a: cleaning the surface of Si using a modified RCA proce-
dure; b, c: dispersing the nanoparticles [4]. d: terminal amino 
groups are protonated by placing the sample in a weak acidic solu-
tion. The protonated aminogroups are required for subsequent 
binding of the negatively-charged colloidal particles of Au clusters. 
e: the sample is removed from the solution and dried in a nitrogen 

atmosphere [4] 
Рис. 2. Принципиальная схема пробоподготовки образца. 
Этапы включают: a: очистку поверхности Si с использованием 
модифицированной процедуры RCA; b, c: диспергирование 
наночастиц [4]; d: протонирование терминальных аминогрупп 
путем обработки образца раствором слабой кислоты. Прото-
нированные аминогруппы необходимы для последующего 
связывания отрицательно заряженных коллоидных частиц 
кластеров Au. е: удаление образца из раствора и высушивание 

его в атмосфере азота [4] 
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Controlled dispersion of nanoparticles is 
achieved by choosing the acidity and hydrophobicity 
of the solution. The density of binding -NH2 groups 
may be controlled by adding a weak acid (e.g. Acetic) 
[43], which determines the final optimal dispersion of 
the nanoparticles. Fairly accurate control of their dis-

persion on the surface can also be achieved via hydro-
phobicity of the solution. Remember, that terminal 
amino groups are hydrophilic. By adding a suitable 
amount of ethanol, the overall hydrophobicity of the 
solution can be controlled [44]. The effect of acidity 
change is shown in Fig. 3 (a, b). 

 

 
 

Fig. 3. SEM images, showing the controlled deposition of gold nanoparticles on the surface of Si (111), which is achieved by controlling 
of pH of the sol of gold nanoparticles and hydrophobicity of functionalized Si(111)-surface. By adding a suitable amount of ethanol, the 
overall hydrophobicity of the solution can be controlled. a, b: The effect of acidity change is shown. c – f: illustrates the distribution of 
the nanoparticles for four different concentrations in the mixture of ethanol and deionized water. Note, that the density of the coating 
changes from 160 µm-2 to 508 µm-2 with the increase of ethanol concentration. The histogram g shows the increase in particle agglomer- 

ation when the degree of surface coating is increased [4] 
Рис. 3. СЭМ - изображения, показывающие контролируемое осаждение наночастиц золота на поверхности Si(111), что достига-
ется путем регулирования рН золя наночастиц золота и гидрофобности функционализированной поверхности Si(111). Добавляя 
подходящее количество этанола, можно контролировать общую гидрофобность раствора. a, b: показан эффект изменения кис-
лотности. c - f: иллюстрирует распределение наночастиц для четырех различных концентраций в смеси этанола и деионизиро-
ванной воды. Следует отметить, что плотность покрытия изменяется от 160 до 508 мкм-2 с увеличением концентрации этанола. 

Гистограмма g показывает увеличение агломерации частиц при увеличении степени поверхностного покрытия [4] 
 
By adding acetic acid to the solution, it is pos-

sible to dramatically change the coating density of the 
nanoparticles from 70 µm-2 at pH = 7 to 300 µm-2 at pH 
~ 2. The increase of the concentration of ethanol de-
creases the hydrophobicity of the solution, which cor-
respondingly increases the mobility of the nanoparti-
cles and leads to the noticeable change in their distri-
bution. Fig. 3 (c-f) illustrates the distribution of the na-
noparticles for four different concentrations in the mix-
ture of ethanol and deionized water. Note, that the den-
sity of the coating changes from 160 µm-2 to 508 µm-2 
with the increase of ethanol concentration. 

1.3. THE INITIAL DATA ANALYSIS 

This section describes the initial processing of 
the “powder diffraction” patterns according to the 
work [4]. Just as in the method of the “common” dif-
fraction with continuous electron beam, or TRED 
(please, see Part I and II of this article), this procedure 

is required step in UEnC, which allows obtain the scat-
tering function S(s) and its Fourier – transformation, 
the radial distribution function of the inter-nuclear dis-
tances, G(r). Here the electron momentum transfer s is 
determined by the standard equation: 

( ) ,2sin
4

0 θ
λ
π=−= skks         (2) 

where k – the wave vector, ,
4

λ
π== kk  k0 and ks – 

the wave vectors of the incident and the scattered elec-
trons; λ – electron wavelength and θ is scattering an-
gle. The details of initial data analysis depend on the 
experimental technique (the electron diffraction, X-
rays, or neutrons). However, all of them consist of the 
determination of the total scattering intensity I(s), the 
component of S(s) function, along with the incoherent 
background from atomic scattering and subsequent 
normalization using the atomic scattering amplitudes. 
The Fourier transformation of the function S(s) gives 



 
Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2017. V. 60. N 6 

 

10  Изв. вузов. Химия и хим. технология. 2017. Т. 60. Вып. 6 
 
 

the radial distribution function of the interatomic dis-
tances G(r). The validation of this approach can be per-
formed by determining of S(s) and G(r) for the well-
known structures. All necessary steps in the initial data 
processing are shown in Fig. 4. 

The first step is to obtain the total scattering 
intensity I tot(s) by the radial averaging of Debye-Scher-
rer rings from the nanopowder. Here it is necessary to 
define the centers of these rings, which can be done by 
averaging of symmetrical diffraction curves for differ-
ent angular sectors of the rings. Of course, it is im-
portant to consider the incidence angle of the electrons, 
the sample orientation, the distance from the scattering 
point and the vertical deviation of the primary beam in 
the image plane.  

 

 

Fig. 4. Data of pre-processing steps in UEnC, which lead to obtain-
ing S(s) function and the radial distribution of the inter-atomic dis-
tances G(r), corresponding to the total scattering intensity I tot(s) [4] 
Рис. 4. Шаги предварительной обработки данных в методе 
UEnC, которые приводят к получению S(s) - функции и функ-
ции радиального распределения межатомных расстояний G(r), 
соответствующей полной интенсивности рассеяния I tot(s) [4] 

 

When the center of the rings is found, I tot(s) is 
obtained and IM(s) is determined, then the function R(r) 
can be calculated. The common relations between the 
functions I(s) и R(r) are given in the work [45]: 

Is(s) = IA(s) + IM(s)  (3) 
IA(s) = N 〈 f 〉2 + I inelastic(s)       (4) 

IM(s) = N 〈 f 〉2 ( ) .
)sin(

∫ dr
sr

sr
rR            (5) 

Here the incoherent background IA(s) consists of 
the atomic scattering and inelastic scattering Iinelastic(s). 

R(r) = 4πr2ρ(r),   (6) 

where ρ(r) is the atomic density. Both functions are 
fairly smooth and can be approximated by a polyno-
mial with appropriate order [46]. In Eqs. 3-5 f is atomic 
scattering factor, while N is the total number of the 
scattering atoms. It should be noted, that Is(s) and IM(s) 
greatly depend on the scattering geometry. 

For example, in the experiments where the 
electron scattering occurs upon its reflection, the both 
components are changing compared with the tradi-
tional functions, used in the clearance scattering geom-
etry, and it is important to introduce the so-called form-
ative "absorption" function. Finally, the radial distribu-
tion of interatomic distances is calculated as following: 

( ) ( )[ ] ( )∫
∞

−
π

=
0

sin1
2

dssrsSsrG

                     
(7) 

IM(s) function for the ground state of 2-nm gold nano-
particles, obtained using above-mentioned processing 
procedure, is shown in Fig. 5, where it is compared with 
the calculated scattering intensity for the known cubic 
octahedral, decahedral and icosahedral structures. 
 

 

 
Fig. 5. The UenC diffraction pattern (а) and the experimental func-
tions S(s) for 2-nm gold nanoparticles (b); also, the theoretical  
curves are presented calculated for octahedron, decahedron and 

icosahedron models of gold nanparticles[4,35] 
Рис. 5. a: Дифракционная картина UEnC (а), эксперименталь-
ные функции S(s) для наночастиц золота (b), имеющих сред-
ний диаметр 2 нм; представлены также теоретические кривые, 
рассчитанные для октаэдрической, декаэдрической и икосаэд- 

рической моделей наночастиц золота [4,35] 
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It is clearly seen, that the experimental data are 
in good agreement with the theoretical function for the 
perfect cuboctahedral structure, which is calculated 
based on the limited face-cenred cubic structure (fcc). 
The experimental and the calculated curves of G(r) are 
shown in Fig. 6, where they are compared with the in-
ter-atomic distances for fcc lattice. It can be seen, that 
within 0.05-Å accuracy the experimental data are in 
good agreement with fcc. 

Remember, that [S(s) – 1] is equivalent to the 
function M(s), which is commonly used in the electron 
diffraction (see Part I), but "modified radial distribu-
tion function" G(r), or f(r), because G(r) = 4πrρ(r) = 
R(r)/r , is a reduced form of the function R(r). There-
fore, G(r), or f(r) are the Fourier transforms of sM(s): 

( ) ( ) ( )∫
∞

π
=

0

sin
2

dssrssMrG  .     (8) 

For the experiments in the reflection geometry, 
the proposed procedure for the initial data analysis is 
not explicitly connected with f(s) functions and is ra-
ther useful for UEnC data processing, because the in-
cident electron angle is being optimized in situ depend-
ing on the interface configuration. The total scattering 
intensity and hence the value of N is determined via 
fitting of IA(s) to the canonical form 〈f(s)〉2 in transmis-
sion electron diffraction for sufficiently large values of 
s, where the contribution of the inelastic component, 
I inelastic (s) and the absorption effects are negligible.  

When analyzing the data for the excited elec-
tron states, in addition to the change of the diffraction 
pattern, caused by the structural dynamics, it is im-
portant to take into account also the "distortion effect", 
associated with Coulomb electron beam refraction, 
caused by a photo-induced surface potential. Since our 
probe is the charged-particles beam, the electrons can 
be deviated by photo-induced potential at the interface, 
caused by the photo-induced charge redistribution. 
This leads to the displacement of the diffraction pat-
tern. By measuring the shift of Coulomb refraction, it 
is possible to determine the transient photo-potential 
associated with the charge transfer in the surface layer. 
Note, that non-uniform shift of the rocking curve in the 
reflection electron diffraction due to the charge transfer 
at the surface is discussed in the paper [47]. In the ex-
periments with the powders, this shift is usually per-
pendicular to the surface and distorts the circular sym-
metry of the diffraction rings toward the edge of the 
shade of the central beam, which correspondingly 
causes the displacement of the central scattering angle 
(s = 0) from the direction of the original electron beam. 
This leads to a phase shift of sM(s) and, correspond-
ingly, of G(r). 

 
Fig. 6. The structural analysis of the 2 nm gold nanoparticles. a: the 
coordination of (fcc) shells corresponds to the inter-atomic dis-
tances ri, calculated based on the bond order (i) and the known lat-
tice constant a = 4.08 Å for Au. b: Experimental modified radial 
distribution functions for Au nanoparticles obtained in a static dif-
fraction mode and theoretical curves for cubic octahedron, decaoc- 

tahedron and icosahedron [4,35] 
Рис. 6. Структурный анализ наночастиц золота (средний диаметр 
2 нм). a: Координация (fcc) оболочек соответствует межатом-
ным расстояниям ri, рассчитанным на основе порядка связи (i) 
и известной постоянной решетки a = 4,08 Å для Au. b: Экспе-
риментальные модифицированные функции радиального рас-
пределения для наночастиц Au, полученные при дифракции 
непрерывного пучка электронов и теоретические кривые для  

кубооктаэдра, декаоктаэдра и икосаэдра [4, 35] 
 
However, the phase shift is present implicitly 

in the complex transformation of G(r) extraction, 
which is based on the total amplitude. This idea can be 
used to implement an iterative scheme of "Fourier-
phasing” process, which re-symmetrizes the diffrac-
tion pattern with the angular dependence of the Cou-
lomb refraction. It has rather simple form in the case of 
the dipole Coulomb field (Fig. 7): 
Vs / V0 = [(θ0δ − θiθ0  + δ 2/2)2 - θi

2(θ0  + δ )2] / (θi +θ0)2, (9) 
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where Vs – is adjustable parameter that is used to gen-
erate the observed shift δ  = (θ’ 0 - θ0) of the Bragg 
peaks and V0 is the initial electron energy. 
 

 
Fig. 7. Photo-induced Coulomb refraction of the diffraction pattern. 
Here θi – incidence angle of the electrons, (π-θB) - Bragg scattering 
angle, θ0 – the angle of the electron exit in the absence of the photo-
induced field E; θ’ i - the incidence angle of electrons and θ’ 0 is exit 
angle of the electrons in the presence of the photo-induced field E; 

l - the depth of the electron penetration [4] 
Рис. 7. Фотоиндуцированная кулоновская рефракция дифрак-
ционной картины. Здесь θi - угол падения электронов, (π - θB) 
- угол брэгговского рассеяния, θ0 - угол выхода электрона в от-
сутствие фотоиндуцированного поля E; θ’ i - угол падения 
электронов и θ'0 - угол выхода электронов в присутствии фо-
тоиндуцированного поля E; l - глубина проникновения элек- 

тронов [4] 
 
For complex fields which cannot be satisfacto-

rily modeled by the dipole Coulomb potential, the an-
gular dependence is determined by either by the tracing 
of the electron beam, or by in situ extracted from Cou-
lomb refraction effect. In the latter case a low-degree 
polynomial is utilized for the representation of the an-
gular dependence. Then parameters of the polynomial 
are recalculated for the correction of the distortion of the 
anisotropic Bragg diffraction pattern caused by the in-
terfacial Coulomb forces. The iteration of the symmetry 
of the image and Fourier-phasing allow for simultane-
ous determination of both the surface potential and the 
structural changes from the diffraction patterns. 

Here the temporal resolution is determined by 
the effective width of the electron pulse and usually it 
is in the range from 200 fs to several picoseconds, de-
pending on the incidence angle and the size of the elec-
tron bunch. The sequence of the electron pulses is pro-
grammed in such a way that they arrive either before 
the excitation of the sample (at negative times) or after 
the pump laser pulse (at positive times) with the tem-
poral intervals corresponding to the rate of the struc-
tural changes. 

To study the structural dynamics of the nano-
particles, the changes of the diffraction patterns should 
be traced up to a few nanoseconds [1, 4]. It allows 
monitor the long-term process of diffusion relaxation 
(compared to the structural dynamics of the photo-ex-
citation, which takes place on the femto-picosecond 

time scales). In order to observe the subsequent recov-
ery of the ground state and its reproducibility, it is re-
quired to acquire the diffraction patterns in the temporal 
intervals of up to 1 ms. For each time delay the acquisi-
tion time is ~20-100 s at the pulse repetition rate of  
1 kHz. Here the diffraction pattern is usually recorded 
for s values in the range of 1-15 Å-1. From the obtained 
diffraction patterns it is possible extract in situ the tran-
sient structure, its temperature and the charge of the na-
noparticles, as will be shown in the next section. 

2. EXPERIMENTAL RESULTS 

2.1. MELTING OF AL UNDER STRONGLY DRIVEN 
CONDITIONS 

The first grainy pictures with sufficient dif-
fraction orders to resolve atomic motions involved in a 
structural transition on the prerequisite subpicosecond 
(10−12 s) time scale were recorded by Miller et al. [32] 
and are shown in Fig. 8A. These frames catch the sim-
plest possible structural transition – the act of melting – 
but under rather special boundary conditions involved 
with strongly driven phase transitions [48]. The partic-
ular question being addressed by this work dates back 
to a long-standing debate in the 1930s concerning the 
onset of the liquid state [49]. This issue also has rami-
fications for understanding the state of matter in other 
extreme conditions, such as the interior of planets or 
stars [50]. To put this question in proper context, con-
sider the melting of a block of ice. We all know ice 
melts from the surface. We also know that if we direct 
a blow torch to the ice it will melt faster. This everyday 
experience is referred to as heterogeneous nucleation. 
What if you could heat up a material so fast that based 
on extrapolations of heating rates and melt velocities, 
you would predict that the material should melt faster 
than the atoms could move or, more correctly, faster 
than the speed of sound? The answer can be gleaned 
from this data (Fig. 8A) directly, without a high level 
of analysis [12,51]. The experiment used a special 
“blow torch” – In this case, a femtosecond laser system 
– to achieve heating rates approaching 1015 K/s for Al 
(as opposed to ice in the above analogy). At 500 fs, you 
can see high-order diffraction rings illustrating that the 
Al is still in its nascent face-centered cubic (FCC) lat-
tice. At 1.5 ps, you can see these rings become dimmer 
as the initially photoexcited electrons lose energy to 
lattice phonons. The increase in root mean square 
(RMS) motion of the atoms reduces the lattice coher-
ence and corresponding diffraction as described by tem-
perature-dependent Debye-Waller factors. The most 
astonishing event happens between 2.5 ps and 3.5 ps. 
There is an incredibly fast lattice collapse in which 
bonds are broken and the first coordination number of 
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Fig. 8. Evolution in femtosecond electron diffraction. A: The first grainy frames of an atomic movie of the photo-induced melting of Al 
in intensive field of laser radiation. It is possible to see by eye the increased thermal motion leading bond breaking (0.5 to 2.5 ps) and 
collapse of the FCC lattice to the shell-like structure of a liquid (2.5 and 3.5 ps). B: The transformation of diffraction intensity in a space 
of internuclear distances [32]. C: The dramatic improvement in femtosecond electron diffraction, in which it is possible to directly observe 
(reciprocal space) the atomic motions involved in the suppression of charge density waves (CDWs) in TaSe2 for a single diffraction order 
out of hundreds to give the structural changes. An expanded view of the two different structures as observed in electron diffraction is 
shown with a schematic representation of the atomic motions captured on the 100-fs time scale [52]. B, C: TaSe2, in which one observes  

similar effects – however, with important differences owing to different inter-plane couplings.  (From ref. [48]) 
Рис. 8. Эволюция фемтосекундной дифракции электронов. A: Первые кадры атомного фильма фотоиндуцированного плавления 
Al в интенсивном поле лазерного излучения. На глаз можно наблюдать усиление теплового движения атомов, ведущее к разрыву 
связей (от 0,5 до 2,5 пс) и коллапс FCC решетки до оболочечной структуры жидкости (2,5 и 3,5 пс). B: Преобразование дифрак-
ционной интенсивности в пространство межъядерных расстояний [32]. C: Резкое улучшение фемтосекундной дифракции элек-
тронов, в котором можно непосредственно наблюдать (обратное пространство) атомные движения, участвующие в подавлении 
волн плотности заряда (CDWs) в TaSe2, для одного порядка дифракции из сотен, приводящих к структурным изменениям. По-
казано увеличенное изображение двух различных структур, наблюдаемых при дифракции электронов, и схематическое пред-
ставление атомных движений, полученное в масштабе времени 100 фс [52]. B, C: В TaSe2 наблюдаются аналогичные эффекты,  

однако с важными различиями вследствие различий в межплоскостных взаимодействиях [48] 
 

the FCC lattice goes from 12 to an ensemble average 
of 10 for the unstructured shell-like structure of a liquid 
[48]. Once reaching the critical point for this degree of 
superheating, the whole melting process occurred 
within 1 ps. This time scale has to be fully appreciated. 
This is 10 times faster than this process could occur 
through normal heterogeneous nucleation. Rather than 
melting from the surface in an “outside-in” fashion 

(heterogeneous nucleation), the system was melting 
from the “inside out” (homogeneous nucleation). This 
provided an atomic view of homogeneous nucleation 
that could be used to test the accuracy of atomistic mo-
lecular dynamics calculations [53]. From the real space 
transform, it was possible to discern that the largest 
changes involve shear atomic motions, with the col-
lapse of the transverse barrier as part of forming the 
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liquid state. These observations showed how to control 
nucleation growth to as few as 10 atoms and avoid cav-
itation-induced shock waves and thermal damage in la-
ser-driven ablation [48]. On the basis of this new in-
sight, a picosecond infrared laser tuned to the OH 
stretch of water in tissue was developed for laser sur-
gery, with the correct temporal profile to restrict nucle-
ation growth. This method has now been shown to be 
capable of cutting tissue without scar tissue formation 
[54]. Subsequent work in the area has primarily fo-
cused on photoinduced phase transitions. On the 
femtosecond time scale of the photoexcitation process, 
the lattice is effectively frozen. The optical transition 
to a higher lying electronic state instantaneously 
changes the electron distribution relative to the time 
scale of nuclearmotions. This provides an opportunity 
to observe the effects of changes in electron distribu-
tion and electron correlation energies on bonding by 
observing the atomic motions in response to these 
changes [12, 51]. These studies include strongly driven 
phase transitions involved in nonthermal melting or 
electronically driven nucleation effects [55, 56]; creat-
ing states of warm dense matter with a counterintuitive 
apparent increase in bond strengths at high excitation 
levels [50]; and the observation of highly cooperative, 
coherent, responses to weak perturbations of strongly 
correlated electron-lattice systems [57]. With respect 
to the latter case, the highest-quality atomic movies of 
structural transitions have been observed in layered 
compounds that exhibit interesting two-dimensional 
effects on electron correlation energies and bonding 
[12, 48, 51, 57]. 

Charge density waves (CDWs) are examples 
in which a small modulation of the atomic positions in 
the plane leads collectively to higher overall lattice sta-
bility [48]. By photoinducing a change in charge dis-
tribution, this delicate balance in forces between intra- 
and inter-plane coupling is modified, and the lattice re-
laxes to a higher symmetry state. The atomic movie of 
the photoinduced suppression of the CDW modulation 
in TaS2 is particularly interesting; one can observe a 
dramatic effect in which both the suppression and 
reformation of the CDW occur at the fundamentally 
fastest possible speeds [48]. This work has been ex-
tended to other related systems [52, 58], such as TaSe2 
(Fig. 8, B and C), in which one observes similar effects 
– however, with important differences owing to differ-
ent inter-plane couplings. When one observes such a 
collective effect at the atomic level, there is an imme-
diate appreciation of the highly cooperative nature of 
strongly correlated electron-lattice systems. The visual 
connection to the many-body effects helps to drive 
home the operating physics in a single measurement. 

Effectively, it is a direct observation of the electron-
lattice coupling [48]. 

From a chemistry perspective, the real power 
of high–bunch charge and -brightness electron sources 
has been recently demonstrated by using femtosecond 
crystallography to follow the photo-induced reaction 
dynamics of organic systems [48, 59, 60], the mainstay 
of chemistry. This class of materials invariably as low 
thermal conductivities and involve large-amplitude 
motions as part of the reaction dynamics that greatly 
limit the sampling rate and number of photocycles. In 
addition, organic systems have much more complex 
structures than do the solid-state systems discussed 
above. There were hundreds of diffraction orders that 
went out to better than 0.4 Å to serve as constraints in 
the determination of the time-dependent structures. 
The signal-to-noise ratio of a single diffraction order is 
comparable with high quality, integrated, all-optical 
pump-probe measurements, but with direct connection 
to structure [59].  

2.2. PHOTOINDUCED STRUCTURAL CHANGES  
IN GOLD NANOCRYSTALS 

The unexpected discovery of non-crystallo-
graphic structural types of different nanoclusters [20, 
25] and their variations [its form fluctuations [61], the 
pre-melting [23, 62], the structural variety of different 
gold and silver clusters and their experimentally-ob-
served inter-conversions prompted a large number of the 
researchers to their intensive study in the last two dec-
ades. The investigations of gold clusters, passivated by 
alkylthiolates, showed that the size of the clusters was 
changing discretely and had rather unusual stability. 

The possibility for direct observation of the 
structural change was first demonstrated by high-reso-
lution transmission electron microscopy. In those ex-
periments, continuous electron beam was utilized for 
the sample heating [63]. Probably the most interesting 
phenomenon is "surface pre-melting", when at the 
early stage of the process the formation of a liquid sur-
face layer on the core of the particles takes place, 
which results in the subsequent melting. This mecha-
nism has been invoked to explain the changes in the 
shape of the gold nanorods [64], the premature decrease 
in the intensity of the reflection [65], the saturation of 
acoustic frequency [66] and the coalescing of the gold 
nanoparticles after its photo-excitation by the laser 
pulses at temperatures below the melting point [67]. 

The experimentally-observed non-uniform dy-
namics of the atoms during the Au-surface melting is 
consistent with the theoretical concepts proposed in the 
papers [62, 68]. Ruan and co-workers studied the struc-
tural dynamics of 2-nm gold nanoparticles photo-ex-
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cited by 800-nm laser pulses [37]. Such photoexcita-
tion allows avoid the plasmon resonance and subse-
quent photomechanical sample modification [69]. 

Using the difference diffraction patterns, the 
structural changes after the pulsed laser heating of the 
nanoparticles were determined (Fig. 9). Such investi-
gations were done: 

(a) in the reciprocal space in order to establish 
the loss of the long-range order based on the Bragg 
peak analysis. 

(b) in the real space to determine the changes 
of the short-range order based on the analysis of den-
sity of the inter-nuclear distance function G(r). 

 

 
Fig. 9. The melting dynamics of 2 nm Au nanoparticles. Left: mRDF map constructed by stacking modified Radial Distribution Functions 
(mRDFs) of UEnC patterns at a sequence of delays between 5-2300 ps at irradiation fluence F=31 mJ/cm2. Surface melting (enclosed by the 
dashed white line) is visible. Right: mRDF map for F=75 mJ/cm2. Full scale melting is observed. The liquid state (enclosed by dashed white  

line) is characterized by the drop of 2nd nearest density (at ~ 5Å) to (1-1/e) of the static value (at negative time) [35] 
Рис. 9. Динамика плавления наночастиц золота, имеюших средний размер 2 нм. Слева: модифицированные функции радиального 
распределения (mRDF) образцов, полученные методом UEnC при последовательных задержках во времени от 5-2300 пс и плот-
ности энергии лазерного излучения F = 31 мДж / см2. Видно плавление поверхности (штриховые линии белого цвета). Справа: 
mRDF для F = 75 мДж / см2. Наблюдается полномасштабное плавление. Жидкое состояние (штриховая линия белого цвета) 
характеризуется падением второй ближайшей плотности (при ~ 5Å) до (1-1/e) от статического значения (отрицательное время,  

холодный нанокристаллит) [35] 
 
The effective surface potential Vs (Eq. 9) is 

simultaneously clarified in the Fourier – phasing 
method. As shown in Fig. 9 (a), the "melting" occurs 
in three stages: 

(1) 0-20 ps: the intensity of the Bragg peaks is 
reduced, which is presumably caused by the loss of me-
dium-range order for 2-nm gold nanocrystals; 

(2) 20-200 ps: the behavior of the Bragg peaks 
may be related with the coexistence of the disordered 
domains and with the partial recovery of the medium-
range order; 

(3) at 335 ps and after: the negative peaks 
largely disappear, while some of the weak positive 
peaks corresponding to the ground state of Bragg’s 
spectrum of nanoparticles become stronger. This indi-
cates an appearance of the transient state at an elevated 
temperature. 

The loss of the middle-range order in the tem-
poral interval of 0-20 ps can be explained by either the 
thermal disorder, or by a decrease of persistent length 
caused by partial melting. Thermal disorder is often 
taken into account in the Debye-Waller analysis, based 
on the concept of random, uniform distance variations 
over the entire crystal. The drop in Bragg’s diffraction 
intensity is caused by an increase in the rms amplitudes 
of the atomic oscillations in the plane perpendicular to 
the corresponding Bragg plane and is defined by: 

I(s, t > 0)/I(s, t < 0) = 〈 u(t)2〉 s2/4, (10) 
where u(t) is the amplitude of perpendicular oscilla-
tions. Assuming that the atomic oscillations are iso-
tropic relative to their equilibrium positions, it is pos-
sible to determine the average oscillation amplitudes 
and then the temperature of the crystal from the loss of 
Bragg peak intensity. Ruan with colleagues [4] ana-
lyzed the time-dependent mean-squared amplitudes of 
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the oscillations in the groups (220), (311) and (331) of 
Bragg peaks and established the existence of the ani-
sotropy between these three groups (Fig. 10). Here dif-
ferent Bragg peaks are consistent with the different val-
ues of the rms amplitudes, that cannot be explained 
within the model of homogeneous thermal fluctua-
tions. The fact, that the high-order peak (331) corre-
sponds to a lower degree of the ordering, comparing 
with the low-order peaks, suggests that the links of the 
large inter-atomic distances are subject to greater dis-
turbance. Finally, it indicates a decrease of the persis-
tence length for the nanocrystals.  

To describe the local structures in this example 
we use the radial distribution function G(r,t). As com-
pared to the ground state, G(r, t = -1 ps), (Fig. 10b) in 
the range of 10-20 ps the correlation density, corre-
sponding to the bonds of the nearest environment (~ 
2.89-7.50 Å), falls in a substantially smaller propor-
tion. This is a clear indication of the decrease in the 
lattice ordering and a significant decrease of the persis-
tence length. When measuring the increase of the dis-
tances in the nearest environment, it is possible to get 
a preliminary estimation of the lattice temperature 
based on the thermal expansion coefficient [70]. It was 
determined experimentally, that the maximum temper-
ature of the lattice (Fig. 10) is ~ 950 K [4], which is 
rather close to the value of 900 K, corresponding to the 
melting point under steady state conditions [71] for 2-
nm gold nanocrystals, but is significantly higher that 
the temperature of the surface melting which is equal 
to 377 K [67]. 

Also it was studied the joint change of the po-
tential Vs (Eq. 9) and the thermal expansion and it was 
shown that these processes take place at different time 
scales. Thus, by combining the analysis based on sM(s, 
t) and G(r, t) functions it is possible to relate the loss 
of long-range order and the decrease of the persistence 
length with the phenomenon of "non-homogeneous 
pre-melting." However, without quantitative 3D - 
modeling it is impossible to distinguish between "co-
existence of phases", when the nanoparticles are di-
vided into homogeneously-distributed crystallites and 
the disordered domains, and the "surface pre-melting", 
when a liquid layer forms a continuous surface, which 
thickness increases with the increase of the tempera-
ture [62, 72].  

A reversible nonhomogeneous surface pre-
melting of Au nanoparticles is demonstrated through 
molecular dynamics simulations [70]. With increasing 
temperature, liquid-like atoms first appear at some ver-
tices and edges of surface facets, then small liquid re-
gions grow and, at temperatures close to the particle 
melting temperature, most of the remaining solid-like 

surface atoms reside on {111} planes which are the 
most stable against surface premelting. The appearance 
of a contiguous liquid layer (complete surface premelt-
ing) is size dependent and is not observed in very small 
nanoparticles [70]. 
 

 

 
Fig. 10. a: The projections of the perpendicular amplitudes of 
atomic oscillations ‹∆u(t)2›, derived from the intensity of Bragg 
peaks changes using Debye-Waller analysis. The anisotropy be-
tween the peaks is clearly seen, since the peak (331) corresponds 
to a lower degree of ordering than the peaks of lower order, indicat-
ing the reduction of the persistence length in the nanocrystals (see 
text). b: The transient surface potential Vs was measured in the nano-
particles (left axis). The lattice temperature was obtained by analyz-
ing of the fluctuations of the nearest atoms while using the thermal  

expansion coefficient of the bulk material (right axis) [4] 
Рис. 10. a: Проекции перпендикулярных амплитуд атомных 
колебаний ‹∆u(t)2›, полученные из изменения интенсивности 
Брэгговских пиков; использован анализ методом Дебая-Уол-
лера. Ясно видна анизотропия между пиками, так как пик (331) 
соответствует более низкой степени упорядочения, чем пики 
более низкого порядка, что указывает на уменьшение длины 
персистентности в нанокристаллах (см. текст). B: Переходный 
потенциал поверхности Vs, измеренный в наночастицах (левая 
ось). Температура решетки получена путем анализа флуктуа-
ции ближайших атомов при использовании коэффициента  
теплового расширения объемного материала (правая ось) [4] 
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On the nanosecond time scale, is clearly seen 
the increase in the density of the correlation on slightly 
larger distances with respect to the structure of the 
ground state [70]. 

4D – refinement of the structure by the in-
verse Monte-Carlo method. The radial distribution 
function G(r) is a one-dimensional (1D) projection of 
a 3D atomic structure containing only inter-atomic 
bonds of the first order. To calculate higher order 
bonds and to reconstruct a 3D atomic structure, it is re-
quired to propose a model structure and then refine its 
parameters using the experimental data. The 
nanostructures typically require more parameters com-
paring with the powders. To avoid ambiguity, when 
determining the structure, it is used the complex mod-
eling method, which combines the theory and the ex-
periment in a self-consistent procedure [73]. Fortu-
nately, for small homo-nucleus Au crystals, the deter-
mination of the ground state is facilitated by the re-
strictions on symmetry of the crystal lattice with a res-
olution of ~ 0.05 Å. However, to determine the struc-
ture of the excited state, which has much lower order-
ing, the search process will diverge, since the number 
of possible solutions is increased and it is required to 
find the suitable parameters in order to restrict the 
space of their specification. 

The solution of this 3D problem is based on the 
inverse Monte-Carlo method, which utilizes the mod-
eling of the annealing to refine the structure and itera-
tive scheme of the perturbations. It is known, that here 
the inverse Monte-Carlo method allows determine the 
global minimum. However, it may give ambiguous so-
lutions. To resolve these ambiguities, it is required to 
utilize the algorithms, which allow introduce the con-
straints and direct the search of the global minimum 
[74]. In the work [4] it was proposed the refraining ap-
proach in the process of the search in the inverse 
Monte-Carlo method. The approach utilizes the refer-
ence points in UEnC data. These points are determined 
by the temporal interval between the neighboring dif-
fraction patterns (frames), for which the structural 
changes between the neighboring conjugated time in-
tervals are small. This provides a structural correlation 
between the frames and therefore allows tracking of the 
changes consistently and reliably in a limited search 
space, without requiring the global search. Using this 
approach, 3D transient structures of nanocrystalline 
gold were established. 

Let’s start with the model of the super-lattice 
of cuboctahedral 2.5-nm nanocrystal with the cubic 
cell size of 50 Å. The algorithm of the inverse Monte-
Carlo method fits both G(r) and sM(s) functions to the 
experimental data in order to refine the structure of the 

super-lattice. In this approach, the sum of the squares 
of the differences of normalized experimental and the-
oretical G(r) and sM(s) functions, the functional χ2, 
should be minimized. The results for selected temporal 
frames are shown in Fig. 11. 

 

 
Fig. 11. The results of the use of the inverse Monte-Carlo method 
are given. The coordination of the Au atoms for different temporal 
delays shows that the melting process occurs via surface melting  

mechanism, but not via partial (bulk) melting [4] 
Рис. 11. Результаты использования обратного метода Монте-
Карло. Координация атомов Au для разных задержек во вре-
мени показывает, что в процессе плавления реализуется меха-
низм плавления поверхности, а не механизм (объёмного) ча- 

стичного плавления нанокристалла [4] 
 
These 3D images show the features of the ex-

cited structures that are important for the choice of dif-
ferent scenarios of the melting process. It is clearly 
seen the emergence and development of the surface 
layer. With the increasing temperature, the surface 
layer becomes thicker, causing the compression of the 
crystal core. Note, that at the peak of the surface melt-
ing in the interval of 15-20 ps, less than 25% of the 
atoms are structured in the central core. Using the core 
size as a signpost, it is possible to trace the spread of 
the melting process and to observe the front of the solid 
phase. The proposed scheme for the refinement of 3D 
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structure helps not only to visualize the estimates based 
on the 1D difference diffraction analysis performed 
previously, but also offers the possibility for the deter-
mination of the correlated changes in the atomic struc-
ture of the higher orders. The last allow examine each 
step in the reorganization of the network of the local 
bonds during the phase transformation. 

3. DIRECT OBSERVATION OF COHERENT OPTICAL 
PHONONS GENERATION IN NANOFILMS 

The generation of coherent optical phonons in 
an antimony film has been directly observed by the 
femtosecond TRED method. The sample has been ex-
cited by a femtosecond laser pulse (λ = 800 nm) and 
probed with a pulsed photoelectron beam. Oscillations 
of the TRED intensity corresponding to vibration fre-
quencies of optical phonons excited by the laser have 
been observed in the obtained diffraction patterns: to-
tally symmetric (A1g) and twofold degenerate (E2g) pho-
non modes of antimony and their combinations [75]. 

Note that the coherent optical phonons arising 
under the impact of a high-power ultrashort laser pulse 
on a solid has been studied for a quite long time by op-
tical spectroscopy and X-ray diffraction methods, par-
ticularly in semimetals, where the efficiency of their 
generation is relatively large (please, see, e.g., [76-79] 
and references therein). The drawback of optical meth-
ods is that the wavelength of the probing radiation (~1 
µm) is much larger than the characteristic sizes at 
which the variations of the crystal lattice (~10 pm) oc-
cur. Therefore, they cannot determine the absolute 
value of atomic displacements, though, according to 
the results of the comparison of the data of optical and 
X-ray measurements performed in [76], they ade-
quately demonstrate the dynamics of coherent vibra-
tions of atoms in the crystal lattice.  

In contrast to light, accelerated electrons (as 
well as X-rays) make it possible to obtain information 
about the dynamics of the distribution function of in-
ternuclear distances, which is the Fourier image of the 
diffraction intensity (please, see Part I), directly from 
the observed time-dependent diffraction pattern. The 
detection of the time behavior of the amplitude and 
shape of the diffraction maxima arising at electron 
probing makes it possible to determine the character of 
the motion of atoms within the unit cell under intense 
laser irradiation of the sample. Electron probing has 
another advantage because the scattering cross section 
of fast electrons is four or five orders of magnitude 
larger than the scattering cross section of X rays [5,80]. 
Therefore, electrons whose mean free path is many or-
ders of magnitude less than that of X-ray photons can 
be used to probe thin samples, in particular, the optical-

pulse-excited skin layer (~15 nm) of the antimony film 
studied in [75]. 

The space lattice of antimony refers to the 
rhombohedral system with two atoms in the cell A7 
[20]. The structure of the complete representation of the 
vibrational modes of the structural type A7 has the form:  

Γ = A1g + A1u + Eg + Eu,  (11) 
where A1g and Eg are the optical modes active in the 
Raman spectra and A1u and Eu are the acoustic modes. 
In the work [75], reported the first direct observation 
of the generation of coherent optical phonons in thin 
antimony films using the TRED method. To the best of 
our knowledge, only low-frequency coherent acoustic 
phonons in bismuth films were observed using this 
method in [81, 82]. The scheme of the experimental 
setup used in our experiments and implementing the 
TRED method is shown in Fig. 12. 
 

 
Fig. 12. Experimental scheme: (1) vacuum chamber, (2) turbomo-
lecular pump, (3) amplifier of the electron current on the basis of 
microchannel plates and CCD chamber, (4) silver photocathode, 
(5) anode + target, (6) beam splitters, (7) mirrors, (8) radiation at-
tenuator, (9) converters into the second and third harmonics, 
(10) lenses, (11) diaphragm, (12) polarization rotator, and (13)  

delay line [75] 
Рис. 12. Схема экспериментальной установки: (1) вакуумная 
камера, (2) турбомолекулярный насос, (3) усилитель электрон-
ного тока на основе микроканальных пластин и CCD матрицы, 
(4) серебряный фотокатод, (5) анод + мишень, (6) делители ла-
зерного излучения, (7) зеркала, (8) ослабитель излучения, (9) 
преобразователи лазерного излучения во II и III гармоники, 
(10) линзы, (11) диафрагмы, (12) вращатель плоскости по-
ляризации лазерного излучения и (13) оптическая линия  

задержки [75] 
 

The main frequency of a femtosecond Ti:sap-
phire laser (λ1 = 800 nm) was used as the pump beam 
and the photoelectron beam formed under the irradia-
tion of the semitransparent photocathode with the third 
harmonic of the Ti:sapphire laser (λ2 = 266 nm) was 
used as the probe beam. In this manner, the optical and 
photoelectron pulses were strictly synchronized. 

The laser pulse duration was 50 fs. The pulse 
repetition frequency was 1 kHz. The photocathode ma-



 
Изв. вузов. Химия и хим. технология. 2017. Т. 60. Вып. 6 
 

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2017. V. 60. N 6   19 
 
 

terial was a silver layer with a thickness of ~30 nm de-
posited on a thin quartz plate. The studied sample was 
an antimony film with a thickness of about 30 nm pre-
pared by thermal deposition in vacuum on a standard 
carbon substrate with a thickness of 20–30 nm used in 
transmission electron microscopes. The pump laser ra-
diation was incident on the sample at an angle of 45°. 
The energy density in the laser beam on the sample sur-
face was 1.5 mJ/cm2. Such radiation energy density 
made it possible to perform rather long-term measure-
ments without noticeable degradation of the sample. 
The kinetic energy of probe photoelectrons was 20 keV. 

The diameter of the electron beam in the region 
of the sample was ~0.1 mm. A lens based on a constant 
magnet adapted for the given energy of the electron 
beam served as a focusing system that made it possible 
to minimize the time-of-flight interval of electrons. 
The sample-diffracted electron beam amplified on the 
detector using microchannel plates got to the lumino-
phore and was detected on a CCD camera.  

Fig. 13 shows a typical electron diffraction 
pattern of the studied antimony film obtained in the ab-
sence of optical excitation. The presence of bright re-
flections unambiguously indicates the crystal (proba-
bly polycrystalline) nature of the studied sample. 

The variation of the intensity of the diffraction 
pattern caused by the optical excitation of the sample 
was studied in the experiment as a function of the delay 
time between the pump and probe photoelectron 
pulses. The intensity of separate reflections 1, 2, and 3 
and the integral signal in the sector shown in Fig. 13 
were measured. Time scanning of the probe photoelec-
tron pulse with respect to the pump femtosecond laser 
pulse was performed using a delay line with a step of 
60 fs. The signal acquisition time at each step was 1 s. 
The intensity values measured in this manner were nor-
malized to the intensity of the corresponding reflec-
tions in the absence of optical pumping. The results are 
shown in Fig. 14.  

It can be seen that the dynamics observed in 
Fig. 14 is reproduced well at the detection in all studied 
regions of the diffraction pattern for the positive time 
delays corresponding to the arrival of the probe pulse 
after the pump one. At the excitation time, a sharp de-
cay in the diffraction signal is observed, which is par-
ticularly distinct in Fig. 14d. The characteristic time of 
this decay is about 300 fs. A similar decay was ob-
served in experiments on superfast electron diffraction 
in bismuth films in the incoherent response associated 
with the Debye–Waller effect owing to the increase in 
the rms stochastic displacement of atoms after the ex-
citation of the sample [83, 84].  

 
Fig. 13. Electron diffraction pattern of the antimony films (~ 30 nm) 
obtained using electron photoelectron pulse diffraction. The first, 
second, and third groups of reflections correspond to the (110), 
(300), and (220) planes, respectively. The rectangle and sector  

show the analyzed regions of the diffraction pattern [75] 
Рис. 13. Дифракционная картина пленок сурьмы (~ 30 нм), по-
лученных с использованием фотоэлектронной импульсной 
дифракции электронов. Первая, вторая и третья группы от-
ражений соответствуют плоскостям (110), (300) и (220) со-
ответственно. Прямоугольником и сектором показаны 

анализируемые области дифракционной картины [75] 
  

 
Fig. 14. Normalized relative intensity of electron diffraction reflec-
tions in the antimony film versus the delay between the pump op-
tical and probe photoelectron pulses. Curves a–c correspond to re-
flections 1–3, respectively, in Fig. 13 and the curve d is the sector  

signal (please, see Fig. 13) [75] 
Рис. 14. Зависимость нормированной интенсивности рефлек-
сов электронной дифракции в пленке сурьмы от времени за-
держки между возбуждающим оптическим и зондирующим 
фотоэлектронным импульсом. Кривые a–c соответствуют ре-
флексам 1, 2, 3 на рис.13, кривая d – секторальный сигнал (см.  

рис. 13) [75] 
 
However, unlike the cited works, along with 

the rather complicated subsequent dynamics, one can 
separate the distinct oscillating component with the pe-
riod on the order of a nanosecond reaching the maxi-
mum values and then relaxing in several picoseconds. 
The Fourier analysis (Fig. 15) showed that the ob-
served signal modulation is due to the presence of four 
modes with frequencies of 1.1, 3.4, 4.6, and 6.4 THz, 
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three of which were observed in [78, 79] in experi-
ments on optical probing after the impact of a laser 
pulse with an energy density of ~1 mJ/cm2 on an anti-
mony sample. Following the attribution of the modes 
given in these works, it is possible to associate the fre-
quencies of 4.6 and 3.4 THz with the totally symmetric 
(A1g) and twofold degenerate (Eg) optical phonons of 
antimony and 1.1 THz with the difference optical vi-
bration A1u–Eg. 

 

 
Fig. 15. Fourier spectrum of laser-induced oscillations of the dif-
fraction signal in the antimony film presented in Fig. 26. The dashed 
line shows the experimental data and the solid line is the Lorentzian 
fit to the peaks. The frequencies and attribution of the correspond- 

ing peaks are also presented. (From ref. [75]) 
Рис. 15. Фурье-спектр лазерно-индуцированных осцилляций 
дифракционного сигнала в пленке Sb, представленного на 
рис. 14. Штриховая линия – эксперимент, сплошная ли-
ния – аппроксимация экспериментальных данных функцией  

Лоренца [75] 
 
The frequency of 6.4 THz for antimony in the 

time region was not observed earlier. It can be associ-
ated with the second harmonic Eg. We note that the 
pump laser pulse with a duration of 50 fs, the spectrum 
of which makes it possible to create phonons with fre-
quencies to 7–8 THz, is responsible for the generation 
of coherent oscillations in our experiment. 

The reliable detection of oscillations at the dif-
ference frequency with a period of about 1 ps (Fig. 15) 
makes it possible to state that the time resolution of the 
performed experiment determined by the electron 
pulse duration is close to the calculated value. Moreo-
ver, the usage of the small step (60 fs) at the time scan-
ning of the photoelectron pulse with a duration of ≈300 
fs allowed detecting the frequency of phonons of ≈6.4 
THz. The relation of the coherent amplitudes of the 
main phonon modes and their overtones and/or combi-
nations in our experiment differs from the data of the 
optical study of the coherent dynamics of the lattice, 
which can be due both to the specificity of the interac-
tion between fast electrons and nuclei of the lattice and 

to the time resolution of experiment [75]. It should also 
be noted that the shape of the signal of coherent pho-
nons in Fig. 17 differs noticeably from that observed 
earlier in experiments with optical probing [76-79] in 
the rather significant delay of their “excitation” with 
respect to the incoherent response. This effect can be 
explained by the same reasons as the delay of the ap-
pearance and the large amplitude of the incoherent sig-
nal of the vibrational modes from the surface as com-
pared to the volume in thin bismuth films observed in 
[84]. At the same time, this problem needs further in-
vestigations. 

To summarize, the generation of coherent op-
tical phonons in a thin antimony film has been directly 
observed for the first time using ultrafast electron dif-
fraction. These studies of the coherent dynamics of the 
antimony lattice indicate that a subpicosecond time 
resolution has been achieved. This is confirmed by the 
theoretical estimates and the direct observation of co-
herent optical phonon modes of antimony with the fre-
quencies varying from 1 to 5-7 THz. 

CONCLUDING REMARKS 

In 1927, Davisson, Germer [85], independently 
Thomson, and Reid [86] discovered the phenomenon of 
electron diffraction in the crystal. This finding pertained 
to ‘static’ diffraction. After the first experiments, per-
formed by Mark and Wierl in 1930 [87], the electron 
diffraction method conceptually remained unchanged 
until the early 80’s. Only 50 years later it became possi-
ble to introduce in the fourth dimension in electron dif-
fraction – time, introducing the concepts of structural 
dynamics, and research in the 4D space–time contin-
uum. Electron diffraction with time resolution opened 
the possibility of direct observation of processes occur-
ring in the transition state of the substance. 

Motion of the atoms can be observed using the 
time-resolved electron diffraction methods in real time. 
Rupture of chemical bonds, their formation and change 
in the geometry of the molecule occur at a rate close to 
1000 m/s. Consequently, the registration of the dynam-
ics at the atomic scale, i.e. at distances of the order of 
angström requires (on average) the temporal resolution 
of 100 fs. Regardless of the fact that the molecule is 
isolated or enters the composition of any phase, ultra-
fast transformations in it are a dynamic process involv-
ing the concerted rearrangement of the electron and nu-
clear subsystems of the reacting molecules. Typical in-
tramolecular fluctuations occur over a time interval of 
hundreds of femtoseconds. That is why the use of the 
term ‘ultrafast diffraction’ is justified to some extent. 
In this case, it is clear that the diffraction process is de-
termined for electrons by the accelerating voltage and 
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a single act of scattering occurs in the range of units of 
attoseconds for electrons with energies of ~100 keV. 

The time resolution of about 100 fs was 
achieved, which corresponds to the transition time of 
the system through the energy barrier of the potential 
surface that describes a chemical reaction – the process 
of breaking and the formation of new bonds of the in-
teracting substances. Thus, it became possible to study 
the coherent nuclear dynamics of molecular systems 
and condensed matter. In the past two decades, it be-
came possible to observe the motion of the nuclei in 
the time interval corresponding to the period of oscil-
lations of the nuclei. The observed coherent changes in 
the nuclear subsystem in these time intervals determine 
the fundamental shift from the standard kinetics to the 
dynamics of the phase trajectory of the single mole-
cule, the tomography of the molecular quantum state. 

The effectiveness of both UEC and UEnC has 
been demonstrated by several groups in the studies of 
the photo-induced structural homogeneous transitions 
for the gold nanocrystals [4, 37], in the investigation of 
the interfacial charge dynamics [88] and in the works 
on the molecular electronics [89]. Thus, the high sen-
sitivity and high spatio-temporal resolution of these 
methods give the important opportunity to observe ul-
trafast processes such as surface melting of the nano-
particles, the non-equilibrium dynamics of the struc-
tural phase transitions and the response of the adsorbed 
molecules on the non-equilibrium structural changes at 
the surfaces. 

Ruan with co-workers studied different Au na-
noparticles with their diameters ranging from 2 to 20 
nm using UenC [37]. The reversible surface melting 
and the recrystallization were observed with subpico-
second temporal and a few picometer spatial resolu-
tion. In ultrafast photo-induced melting processes un-
der non-equilibrium conditions, the phases of the ini-
tial deformation of the lattice, the electron-phonon in-
teraction, the formation of the collective bonds and the 
disturbance of the atomic coordinations, transforming 
the nanocrystals in the nanofluids, were established. 
The structural excitation during pre-melting and coher-
ent transformation from the crystal to the liquid, with 
the coexistence of different phases during the photo-
melting, noticeably differ from the re-crystallization 
process, in which the "hot forms" of the lattice and the 
liquid phase coexist as a result of their thermal con-
tacts. The degree of the structural changes and the 
melting thermodynamics was found to be dependent on 
the size of the nanoparticles [37]. 

Currently, the method of ultrafast diffraction is 
being developed intensively. Great opportunities to 
study the 4D structural dynamics are offered by the 
methods ultrafast electron crystallography, nanocrys-
tallography, and electron microscopy with time resolu-
tion from pico- to femtoseconds. 
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