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B cmamuve onucan memoo ceepxovicmpoil IneKmMpoHHON HAHOKPUCMANN0ZPaduu — KOH-
KPEemHoii peanuzauyuu Memooa ceepxovicmpoil INeKmpoRHO KPUCMANN0Zpaduu, ORMUMu3upo-
BAHHOIL 017 BbICOKOUYBCMEUMEIbHO20 U 8bICOKOIPheKmueHozo coopa OaHHbIX NPU UCC1E008a-
HUU HAHOCMPYKMYP C GbICOKUM 8DEMEHHBIM PA3PeUieHUeM, On RUKO 00 hemmoceKkyno. Imu 0o-
CIUMCEHUS OMKDPBLIU HOBbLE 803MONCHOCIU O U3YUEHUA KOZEPEHMHOU CMPYKMYPHOI OUHa-
Muxu nHanouacmuy. Hanocmpyxmypol xapaxmepusyiomca paoom HeoObIUHbIX C8OUCHE HO CPAB-
HeHulo ¢ ux oovemuvimu ananozamu. Ilpexcoe ecezo, IMo c6aA3aHO ¢ NPpoasIeHUEM KEAHMOBO-
pazmeprozo Ihhexma u omnocumenvHo 601bUO20 YUCAA CMPYKIMYPHBIX €OUHUY HAHOYACHULbL,
Haxooawuxca Ha ee nogepxnocmu. OOHOI U3 CMPYKMYPHBIX 0COOEHHOCMENl AGNAEMCA 603HUK-
HOBeHUe MAK HA3bIEAEMBIX HAHOKPUCHAIUYECKUX CHIPYKMYPHBIX MUNO08, KOMOpble UMEIOm
meHOeHYUI0 K 00pa306anuio 3aMKHYmMbIX 0007104€K, U C8A3AHBL C NOAGTEHUEM MAZUYEeCKUX Yucel
6 pacnpeodenenuu pazmepos. Mopgonozua u napamempul peuwiemKku HAHOKPUCMANI06 CUIbHO 34-
8UCAM OM NOOTIOHCKU U MOOUPUKAYUU ROCEPXHOCIU, YO NPUBOOUNL K CHCAMUIO U 00PA306AHUIO
2PAHUY 0BOUHUKOS U3-34 PeNaKCauyuu noeepxXHocmuslx deghopmayuii. Cmamosa onucvléaem IKc-
nepumeHnm ceepxovicmpoil INEKMPOHHOI HAHOKPUCMANI0ZPAduU, MEeOpUI0 Memood U aHalu3
OaHHBIX, A MAKIHCEe NPOUEOypy RPOGONOO2OMOBKU NOCEPXHOCHU NOOTIONCKU U 00pA3U06 npU uc-
cnedosanuu memooom UENC. Ilpedcmasnennvle npumepst 6K1104aom pe3yabmansl U3yUeHUs
CIPYKMYPHOU OUHAMUKU KOHOEHCUPOBAHHOU (ha3bl, NOGEPXHOCMEN U HAHOKPUCIAIN06, OUHA-
MUKU RIAGIEHUA HAHOYACIMUY U npAMOe HADI00enue 2eHepauunu Ko2epeHmHbIX ONMuU4ecKux
gononos 6 nanonnenxax. B cmamoe yumupyromes pe3yibmamol HECKOJIbKUX 6CEMUPHO U36ECH-
HBIX UCCTIE008AMENbCKUX ZPYRNL.

KiroueBble ci1oBa: cBepXObICTpast AIEKTPOHHAS HAHOKpUCTAIITOTpadus, epeXxoiHbIe HePaBHOBECHBIC
CTPYKTYPBI, KOTEPEHTHAS CTPYKTYpHAs THHAMHUKA, IIOBEPXHOCTH, HAHOYACTHIIBI, HAHO-KpHCTAIIIOrpagruecKue
CTPYKTYPbI, HAHOMATEPHAITBI
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This article shows the development of the UltrafaBtectron Nanocrystallography
(UENC), a specific implementation of Ultrafast Eleon Crystallography (UEC), optimized for
high sensitivity and high data acquisition efficiey and trained on the quantitative studies of
different solid nanostructures with high temporaésolution ranging from pico- to femtoseconds.
These achievements have opened up new possibilibestudying the coherent structural dy-
namics of the nanoparticles. Nanostructures are chaterized by a number of unusual properties
compared to their bulk counterparts. First of athis is due to the manifestation of the quantum-
size effect and the corresponding relatively-largercentage of structural units of the nanopar-
ticle being on its surface. One of the structuradtures is the emergence of the so-called nano-
crystallographic structure types, which have a temty to form closed shells and are connected
with the appearance of magic numbers in the sizetdbution. The morphology and lattice pa-
rameters of nanocrystals are strongly dependenttba substrate and the surface modification,
which results in the contraction, and the formatioof twin boundaries due to the relaxation of
the surface deformations. The article describes UEpBxperiment, the theory and data analysis,
and sample preparation. The presented examplesudel the investigation of the structural dy-
namics of condensed phase, surfaces, and nanoctgsthe melting dynamics of gold nanopar-
ticles and direct observation of coherent opticddgnons generation in nanofilms. The results of
several internationally renowned research groupsancluded and cited.

Key words: ultrafast electron nanocrystallography, transrertequilibrium structures, coherent struc-
tural dynamics, surfaces, nanoparticles, nano-aliggiraphic structure types, nanomaterials
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INTRODUCTION In order to understand the underlying pro-

The ultrafast electron diffraction methods givecesses of the phase changes of the nanomateréls an
direct information on structural changes occuriimg different chemical reactions with their particioatj it
the test object in real time, and are used at ptédee is required not only the structural imaging of Haen-
quantitative studies of dynamic phenomena occurringes and their interfaces in steady conditions,&bsm
in the nanosized objects in the time interval figioo-  the insight into their dynamics and the redistridoos
to femtoseconds [1-17]. In recent years, there avasof their structure in real time. The developmentibf
significant decrease in the duration of the electrarafast electron diffraction [3,6-12], ultrafastystal-
bunch and a significant increase of the accelegatifography (UEC) [1,4], ultrafast electron microscopy
voltage, which allowed obtaining electronic pulsés [13, 14] and the dynamic transmission electron asier
femtosecond duration. These advances have opere@y (DTEM) [15] allows combine atomic spatial res-
new opportunities for research of coherent stratturo|ution, achieved in the electron diffraction teichues,
dynamics of nanomaterials with a femtosecond timgith high time resolution of the femtosecond laeser
resolution. ) ) periments. In this context, the "optical pumpinglec-

One of the important stages of nanoparticle reron diffraction probing” has led to an extremetyp

search by the Ultrafast Electron Nanocrystallogyapherfyl tool for the investigation of the structudghamic
(UENC) method is the preparation of the matrixacef processes in different materials.

on which the studied nanoparticles are deposited][1 The possibilities of application of the method,

The high sensitivity and resolution of the UENGq not only the study of structural changes, bso ghe
method open the possibility of studying processes s qistribution of the charge and energy at thejifitese

as surface melting of nanoparticles, the non-émiliy,,nyaries were shown [4]. The UENC method cur-
rium structural dynamics of phase transitions dred trently allows us to study such low surface dersitie

response of adsorbed molecules on the non-equillc particlegim?, in fact, demonstrating the possibility
rium structural changes of the surface.

Processes of reversible melting of the surfacOf studying an isolated nanoparticle 41, Upon reach-
OV . . |ﬁg the submicron dimensions of the diagnostictedec
and recrystallization in the subpicosecond t'mdesc%unch we should expect fundamentally new restits o
and spatial resolution up to units picometres \gtird- the Stljd of 4D d nanﬁics of nanostructl)J/res witbra-c
ied. In ultrafast photoinduced melting processeseaof binati y £ diff 3{{ d t . thod
noparticles, which were carried out under non-éguil Ination of difiraction and Spectroscopic methodsiw

rium conditions, they determined the initial phasés Ultrahigh temporal resolution.

lattice deformation, the non-equilibrium electrohep 1. TIME-RESOLVED ELECTRON

non interaction and, in melting, the formation of-c NANOCRYSTALLOGRAPHY

lective bonds and poor coordination of atoms, trans - -

forming nanocrystaﬁites 10 nanofluids This article shows the development of UENC,
Structural excitation during prémelting and thé specific implementation of UEC, optimized for thig

coherent transformation from crystal to liquid, wito- Sensitivity and high data acquisition efficiencydan

existence of phases at photomelting, differ froenrt gg:]noes?r 0; trges qgt?]nwaﬂvtz:]tugr';srglo?'f{%rf?gomn
crystallization process in which ‘hot forms’ of tha- uctures with hig b - 99!

tice and the liquid phase coexist as a consequm‘ncefrom nanose(_:onds to femtosecondi@nostructures .
thermal contacts. The extent of structural chargess 2r¢ characterized by a number of unusual properties

thermodynamics of melting are dependent on the sig@mpared to their bulk counterparts. First ofthi; is
of nanoparticles. ue to the manifestation of the quantum-size etiadt

The applicability of UEC and UENC for thethe corr_esponding relative_ly-larg_e percgntagerufcst
study of the structural dynamics on the surfades, ttural units of the nanopartlple being on its susfa@ne
study of the influence of the adsorbed molecules, tof the structural features is the emergence ofstie
observation of the transitions from the crystatte called nano-crystallographic structure types [18, 1
liquid phases [1-5] and the investigation of théaes which have a tendency to form closed shells and are
with a variety of adsorbed molecules, molecular a§onnected with the appearance of magic numbehgin t
semblies, different nanoparticles has been experimesize distribution [20-22].
tally demonstrated. Here femtosecond laser pulses ~ The morphology and lattice parameters of
cause the coherent restructuring of the surfacersay nanocrystals are strongly dependent on the suestrat
with sub-angstrom displacement of the atoms and naind the surface modification [23], which resultshia
equilibrium dynamics of the surface structure iede contraction [24] and the formation of twin boun@ari
mined from Bragg diffraction spots and rings. [25] due to the relaxation of the surface deforovegi
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Along with these new structural forms new propsrtie
appear, that is connected with the increased etioel
between the electron degrees of freedom of theiatom
structure on the nanometer scale. The capabifities
building nanostructures with specific propertiea vi
nano-synthesis, or self-assembly open rather sitere
ing prospects of the use of the nanoparticles édibg
blocks for new devices with high specificity, speed
density which can be used in a variety of fieldsghs
as electronics [26], photonics [27], magnetism [28}
talysis [29,30] and sensors [31].

The temporal resolution in UENC greatly drops
as compared to time-resolved electron diffractién o
free molecules due to large paths of the electumth
in the surface layer. At present the perspectifebeo
study of the dynamics in complex nanostructuref wit
subpicosecond resolution appeared. For this puipose
is reasonable to implement the set of modern ingrov
ments such as the miniaturization in order to entu
distances of the electron paths as short as pe$3i2j, C
high accelerating field [33] for the generatiorierfito- g
second electron bunches, RF-compression [34,35] to
achieve the high brightness of the electron souhee,
photo-assisted field emission [36] for potentidiigh
spatial coherence and the special compression schem
of the wave front to reduce the mismatch of lighd a
electron velocities.

All these advances have opened new possibil-
ities for investigation of the coherent structuhaham-
ics of different nanomaterials with subpicosecond

(femtosecond) temporal resolution. Fig. 1. Nanopowder on the surface of the substeats: The elec-
tron beam diffraction in the solid angle of @-2t sliding reflection
1.1. BASIC CONCEPTS from the substarte surface with the nanopartidas. angle of in-

: a4 gidence is 1-5°. In order to minimize the interfeze caused by the
The progress towards getting of quamltatlvélectron scattering from the substrate the "safffdy layer is used

information at_’OUt_ th_e _Strucwral dynam_'CjS m__the-co lifting the nanoparticles above the substrate &g suppressing
densed state is still limited due to the difficedtin the this background signal. c: Ag nanoparticles witerage size d of
understandings of the systematic effects in thfeadif ~ 40 nm dispersed on the Si(111)-surface are obddyy scanning
tion patterns, obtained with a high temporal resoiy electron microscopy (SEM). d: The intensity of sedng I(s) for
and due to the lack of the reliable schemes allgwin, . ; ;. Ag nanoparticles [g] : i
. . 1. POILIIOK Ha MOBEPXHOCTH cybcrpara. a, b:udpax

solve the inverse problem of 3D atomic structure d&uy snexrpormoro myuka B TenecHom yrie O-2t npu ckomb3siem
termination. The modern approach to the developmefipaxennu or mosepxmocTH TOMIOXKKH, HA KOTOPYIO HAHECEHHI
of UENC is aimed to the development of the robuggnouacTuibi. Yrox najenus cocTapser 1-5°.YT06b1 MUHUMU3H-
methods of the data analysis and to the incread®eof PoBaT HHTEp(EPEHIINIO, BEI3BAHHYIO PACCESIHUEM JIEKTPOHOB OT

. . . g . IIOJUTOKKH, UCTIONBb3yeTCs «MATKUii» Oy(epHBIi CII0H, 0 IHIMAal0-
qua"ty of the experiments [4] In this field thh'ilﬂlng L1 HAHOYACTHUIIBl HaJ TIOJUI0KKONW U TEM CaMbIM MOAABJIAIOLIUI
point for initial experiments may be "powder diffra sror (OHOBBIN CUrHANI. C:HaHOYACTHLEI AJ, UMEIOIIME CPaaHMii
tion", when the nanostructures are dispersed osuthe mmamerp d ~ 40um, nucnepruposanHbie Ha nosepxuoctd Si (111);
face Of the Substrate Wlth Very |OW Coatlng denasy Ha6HIOIIeHHeCHOMOU_H)IO CKaHprIOU_[eﬁ 3IIeKTp0HHOI71 MUKPOCKO-
shown in Fig. 1 (a, b). i (SEM). d:I/IHTeHCHBHOCTI:A pa[(;lC]GSIHI/ISI | (S) st HaHOUACTHIL

In Time-Resolved Electron Microscopy (TEM) ?

when studying of a nanomaterial, placed on a medtarasitical effects and in order to perform moren€o
possible defects in the film may introduce artiéaict Prehensive investigations which include the stutly o
the diffraction data. Furthermore, intense lasdiara the dynamics of the interface, the particles arealiys

tion may cause fracture of the mesh. To avoid thegdaced at the surface of a solid substrate. Argjieiec-

bl bk lablala

I(s) (a.u.)
Shadow Region

o
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tron beam is being used to probe these partiaiemdd on Si surface via silanization process. Si(OMgdups
dition, a self-assembled monolayer (SAM) of amireact with the hydroxyl groups on Si surface, forgni
nosilane is being used as a buffer layer. Aminosila SAM layer coating with aminogroups, located on the
molecules have three important functions [37]: outer side of the layer.

(1) It helps to suppress the diffraction signal (c) Formation of more compact and organized
caused by the substrate, which (in the absencmif aSAM layer is performed by lipophilic interactions-b
nosilane) gives strong background signal greatly etween alkanes, which usually takes a few hourse Not
ceeding the diffraction signal from the nanopagscl that this process takes place at a certain temperat

(2) Allows obtain the diffraction patternim2 The sample is placed in an oven and heated to &P °C

solid-angle. the atmosphere of dry nitrogen of high purity [38].
(3) Provides the control of the charge of the na- (d) Terminal amino groups are protonated by
noparticles and the rate of heat transfer. placing the sample in a weak acidic solution. The p

In order to minimize the probability of subsetonated aminogroups are required for subsequedt bin
guent electron scattering on the second particie,re- ing of the negatively-charged colloidal particlésha
quired to maintain the optimum density of nanopkasi  clusters [31, 41, 42].

Popt :sinz(ei /dZ) (e) The sample is removed from the solution

(1) anddriedina nitrogen atmosphere.
whered — the electron beam incidence angle dnsl

the diameter of the nanoparticles. Fig. 1 (c) sh&&is (a)I (b)
(o]

image of typical sample that meets these critdifee m
mentioned Ag nanoparticles are 40 nm in diameter. > APTMS %v\ o
These nanopatrticles were scattered on the SAM layel ) S ooy
; . . = O,
applied to the Si(111)-substrate with the density o (C) W - e
~1um? The data were acquired during ~1 min (Fig. 1-d). £ & £ UZ ?gq\, e
Note, that the diffraction pattern has fairly gosid- I doo 3% gg"’\
nal/noise ratio, despite the fact that the nanapestoc- - ¢ £22 s8¢
cupy only 1% of the scattering region. This resuery m 555555555
different from data produced by similar experimeris '

il
lizing X-rays or neutron scattering, where highkbul
density of the sample and large size of the pagiate  (d)
required (from microns to mm) due to the relatively ©
scattering cross-section (<4t 10° times less than the H,0 @ \D’W

scattering cross-section for the electrons).

1.2. SAMPLE PREPARATION @Q 7 @ —_ HZNQHZ HZNQHZ

In order to obtain the diffraction patterns oL, 0 w Ufj/ ; &
which would allow for quantitative interpretatiori o : 2 Z Bobo Body
the experimental data it is required to preparestire w/ mj w/ —
face of the substrate. The rather important presgqu 855 sd> sdd

in this procedure is adequate molecular bufferirthe ———
substrate surface, allowing one to control the etisp _. — .
sion of the nanoparticles and to suppress of tha-ex Fig. 2. Schem_atlc diagram of the s_ample preparf_ﬂ_iba steps in-
P . pp cludea: cleaning the surface of Si using a modified RCAcer
neous e|eC'[I’_0n scattering from the S}Jb_Strate- &he s dure; b, ¢ dispersing the nanoparticles [4]: terminal amino
ple preparation for UEnC is rather similar to teeht-  groups are protonated by placing the sample inakweidic solu-
niques developed in molecular electronics [31,398, EF’”d, Thef tEVOtO”atffd lam'kz‘ogrogps”afg lreq;!f%‘iAﬁbSFqltJe”t
: : .1 binding of the negatively-charged colloidal pagibf Au clusters.
mglcohf nga\ﬁe r?]t:r?ésja?ﬁi];ulle??rﬁlg?ggeess flgirvtehemdz_?(ljlre: the sample is removed from the solution and drieai nitrogen
= cllatts. atmosphere [4]
steps of this process are shown in Fig. 2. Puc. 2. [IpuHIHMNManbHas CXeMa MPOOOTOATOTOBKH 06pasia.
(a) Si substrate is functionalized by hydroxyDTanLI BKJIFOYAIOT: 6\1': OYHCTKY MOBEPXHOCTH SiC HCIIOJIb30BaHUEM
groups using a modified RCA procedure [40]. The hytoauduuuposanoii npoueaypst RCA; b, C: sucriepruposaie
d I thick is 1-5 HaHouacTull [4]; d: IpoTOHMPOBaHHE TEPMUHAIBHBIX AMHHOTPYIIIT
roxyl layer thic f‘leSS.IS - r_]m' . . TyreM obpaboTku obpa3ia pacTBOpoM ciaaboil KucaoTsl. [IpoTo-
(b) Functionalized Si substrate is then iMauposannsie amuHorpymms HeoGXOMAMBI AT MOCHEYIOLIErO
mersed for 20 min in a solution of surface actiume cpsasbBanus OTPHULATENLHO 3apsDKEHHBIX KOJUIOMIHBIX YacTHIL
pounds’ Contalnlng termlnal am|no groups (ZNahd KJIaCTCPOB Au. e: yaaincHue 06pa3ua u3 paCTzopa U BBICYIIINBAHUC
polar group (-Si(OMe). SAM layer is being formed ero B atmocepe asora [4]

8 W3B. By30B. Xumus u xuM. texHosorus. 2017.T. 60.Brim. 6
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Controlled dispersion of nanoparticles igersion on the surface can also be achieved vieohyd
achieved by choosing the acidity and hydrophobicitghobicity of the solution. Remember, that terminal
of the solution. The density of binding -Nidroups amino groups are hydrophilic. By adding a suitable
may be controlled by adding a weak acid (e.g. Agetiamount of ethanol, the overall hydrophobicity oé th
[43], which determines the final optimal dispersiafn solution can be controlled [44]. The effect of dtgid
the nanoparticles. Fairly accurate control of tlis~ change is shown in Fig. 3 (a, b).

Bl Isolated
Bl Doubles
Triples
Quads

-0 QoD

0 100 200 300 400 500
Surface Coverage (NPs/um? ) Effect of Hydrophobicity - D.I. Water: Ethanol
Fig. 3. SEM images, showing the controlled depositf gold nanoparticles on the surface of Si (1&hjch is achieved by controlling
of pH of the sol of gold nanoparticles and hydrdmhity of functionalized Si(111)-surface. By addiaguitable amount of ethanol, the
overall hydrophobicity of the solution can be cotigd. a, b: The effect of acidity change is shows f: illustrates the distribution of
the nanopatrticles for four different concentratiomshe mixture of ethanol and deionized water.e\dhat the density of the coating
changes from 160 prfto 508 pn? with the increase of ethanol concentration. Thstolgiram g shows the increase in particle agglomer-
ation when the degree of surface coating is inec:§4]
Puc. 3.COM - u3o6paxxeHusl, IOKa3bIBAIOLINE KOHTPOJIUPYEMOE OCAKICHHE HAHOYACTHI] 30J10Ta Ha roBepxHocTH Si(111),ut0 mocTura-
€TCsI IyTeM peryJmpoBanus pH 30151 HAHOYACTHIL 30510Ta M THAPOPOOGHOCTH HYHKIMOHATH3UPOBaHHOH roBepxHOCTH Si(111)./To6GaBsst
HOIXOSIIEe KOJINYECTBO ITAHOJA, MOXKHO KOHTPOJIMPOBAThH OO0 THAPOPOGHOCTh pacTBopa. @, b:nokaszan 3 ekt U3MEHEH s KUC-
JOTHOCTH. C - f: WiuTIOCTpUpYeET pacnpese/icHie HAHOYACTHIL AJIS YEThIPEX Pa3IMYHBIX KOHIEHTPALMHA B CMECH TAHOJA M JJCHOHHU3HUPO-
BaHHOM BOJBI. CJ’IGI[yBT OTMETHUTB, YTO IVIOTHOCTH IOKPBITHS U3MEHSETCS OT 16010 508 MKM™2 ¢ YBEJIIMYEHUEM KOHIIEHTPALMK dTaHOJIA.
FI/ICTOI‘paMMa g TIOKa3bIBACT YBCIIMYCHHUC arjioMepaliui 4aCTUIl IIpH YBEJINYCHHUU CTCIICHU NOBEPXHOCTHOT'O ITOKPLITUA [4]

By adding acetic acid to the solution, it is posis required step in UEnC, which allows obtain tbats
sible to dramatically change the coating densitthef tering functionS(s)and its Fourier — transformation,
nanoparticles from 70 pfat pH = 7 to 300 urhat pH  the radial distribution function of the inter-nuatedis-
~ 2. The increase of the concentration of ethaeel diancesG(r). Here the electron momentum transfes
creases the hydrophobicity of the solution, whioh- ¢ determined by the standard equation:
respondingly increases the mobility of the nanapart : AT .
cles and leads to the noticeable change in thsiri-di s=lky —ki| = 75m(6'/2), @)
bution. Fig. 3 (c-f) illustrates the distributiohtbe na- A
noparticles for four different concentrations ie thix- Wherek —the wave vectork =|k| = Pl ko andks —
ture of ethanol and deionized water. Note, thatigre
sity of the coating changes from 160 fito 508 pn?
with the increase of ethanol concentration.

the wave vectors of the incident and the scattelect
trons; A — electron wavelength ardis scattering an-
gle. The details of initial data analysis dependlomn
1.3. THE INITIAL DATA ANALYSIS experimental technique (the electron diffraction, X
ys, or neutrons). However, all of them consighef

the “powder diffraction” patterns according to th etermination of the tqtal scatterin_g inten_S(t:;), the
work [4]. Just as in the method of the “common™ difcemponent 0§(s) funct|o'n, along vylth the incoherent
fraction with continuous electron beam, or TRELYackground from atomic scattering and subsequent

lease, see Part | and Il of this article), thiscedure normalizqtion using the _atomic scatterir)g amplitude
(P ), thtisce The Fourier transformation of the functi&s) gives

This section describes the initial processing d

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. ZOY. 60. N 6 9



Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. ZOY. 60. N 6

the radial distribution function of the interatonuis- Here the incoherent backgrouin() consists of
tancess(r). The validation of this approach can be pethe atomic scattering and inelastic scatte¥fig{(s).
formed by determining o&(s) andG(r) for the well- R(r) = 47720(r) (6)

known structures. All necessary steps in the inilia

processing are shown in Fig. 4 where g(r) is the atomic density. Both functions are

The first step is to obtain the total scatterin&:irly smooth and can be approximated by a polyno-

intensityl(S) by the radial averaging of Debye-Scher- lal Wif[h appropriate _ord(_ar [46]. In Egs. 345 atomic
Irer rinlg>s/ }orté% t)rlle nano;l)owzj/er. Ig;e?e it is ngcesmryscatter!ng factor, whileN is the total number of the
define the centers of these rings, which can be tgn scattering atoms. It should be_noted, 15a) andiu(s)
averaging of symmetrical diffraction curves forferf greatly lc:iepend on Ithe 'scart]terlng ge'ometry. h h
ent angular sectors of the rings. Of course, itris or example, In the experiments where the

portant to consider the incidence angle of thetedes, electron S(E[attermg ﬁccurs upon its re(l;lectl?]n,tt;bﬁr: di
the sample orientation, the distance from the egag COMPONEN!S are changing compared with the tradi-

point and the vertical deviation of the primary ipeia tional funpt!ons, used in the clearance scattegeqn-
the image plane etry, and it is important to introduce the so-afierm-

ative "absorption" function. Finally, the radiastlibu-
tion of interatomic distances is calculated aofeihg:

o) =2 ] §49-dsin(sies ™)

Im(s) function for the ground state of 2-nm gold nano-
particles, obtained using above-mentioned procgssin

-(b)

T ] T ¥ T v T
—1(s)=hofs)-BKg(s)] |

ty (a.u
SEEEEEE
Intensity (a.u.)

Intensi

1000 procedure, is shown in Fig. 5, where it is compavitd
3 : 410 3 the calculated scattering intensity for the knowbic
= \ 18 g; octahedral, decahedral and icosahedral structures.
5 o 16 2
k= — I(s)/Bkg(s) |4 4 2

- — Poly. Nomm. | | , = UENC Pattern

2 P T

§ 8 10
s(A")
—
zsono v .

15000 [~

Bond Density (a.u.)
T

200
220

311

PR U ST U ST WU ST S S
0 2 4 6 8 10 12 14 16 18 20
r(A)

Fig. 4. Data of pre-processing steps in UEnC, whaell to obtain- b

ing S(s)function and the radial distribution of the ingemic dis- 1

tances5(r), corresponding to the total scattering intenkit{s) [4] ]

Puc. 4. lllaru npeaBapuTelbHONH 0OpabOTKM NaHHBIX B METOZE ]
3

UENC, koTopble NMPUBOJAT K NONTy4eHUI0 S(S)- QyHKIMHN U HYHK-

LMY PaJHAIbHOTO PAaCIpeae/ICH s MeXKaTOMHBIX paccTostHui G(r),

COOTBETCTBYIOLICH MOJHOW HHTEHCUBHOCTH paccessHus lior(S) [4]

331 Data, 2nm

Iu(s)

Cuboctahedra
Decahedra

6 8 10 12
s(A")
_ When the' center Of the rings is foumldtgs) IS Fig. 5. The UenC diffraction pattera) @nd the experimental func-
obtained andi(s) is determined, then the functi®&r) tions S(s) for 2-nm gold nanoparticles (b); aldwg theoretical
can be calculated. The common relations between theves are presented calculated for octahedromheecon and

; ; ; . icosahedron models of gold nanparticles[4,35]
fUI’\CtIOﬂS|(S) " R(I’) are given in the work [45]' Puc. 5. a:ludpakunonnas kapruaa UENC @), sxcriepuMeHTab-

1(S) = 1a(S) + Im(S) (3)  mbe bysakimu S(S) s HaHouyacTul 3o0m0Ta (D), HMErOIINX cpel-
| A(S) =N < f >2 + | i”e|33“°(s) (4) HUH TaMeTp 2 HM; IIpeCTaBIeHbI TakoKe TEOPETHUCCKUE KPUBEIE,
; paccYuTaHHbIC VIS OKTadIPHUUYECKOI, IeKadApUUECKOil U HKOCad-
- 2 sin(sr
Im(s) =N(f) J-R(F)L dr. (%) pudecKoii Mozesel HaHoYacTHIl 30710Ta [4,35]
Sr
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It is clearly seen, that the experimental data are (@) r~2 —d 42
in good agreement with the theoretical functionther !
perfect cuboctahedral structure, which is calcdlate i r
based on the limited face-cenred cubic structue).(f !
The experimental and the calculated curved(of are 11 288

- X , 2 | 4.08
shown in Fig. 6, where they are compared with the i 3 1500
ter-atomic distances for fcc lattice. It can bensdkat 4 | 578
within 0.05-A accuracy the experimental data are in 5 | 6.46
good agreement with fcc. 6 | 7.07

Remember, thatys) — 1] is equivalent to the g g'?;
functionM(s), which is commonly used in the electron 9 [ 867
diffraction (see Part 1), but "modified radial dibu- | 10| 9.14
tion function" G(r), or f(r), becauses(r) = 47T o(r) = Orign 1 2 345678910
R(r)/r , is a reduced form of the functid®{r). There- | .
fore, G(r), orf(r) are the Fourier transforms si¥/(s): (b)

4 17 ]

G(r) :TZ_[ZSM(s)sin(sr)ds ) (8)

For the experiments in the reflection geometry,
the proposed procedure for the initial data analissi
not explicitly connected witlf(s) functions and is ra-
ther useful for UEnC data processing, becauserthe i
cident electron angle is being optimidaditudepend-
ing on the interface configuration. The total sexdtiy
intensity and hence the value Nfis determined via
fitting of 1a(s) to the canonical forrtf(s))? in transmis-
sion electron diffraction for sufficiently large luas of
s, where the contribution of the inelastic component
|"elastic(s) and the absorption effects are negligible. S FAL AL B

When analyzing the data for the excited elec- 0 5 10 15 20
tron states, in addition to the change of the alffion r (A)
pattern, caused by the structural dynamics, itris i Fig. 6. The structural analysis of the 2 nm goldaparticlesa: the
portant to take into account also the "distortitfec”, coordination of (fcc) shells corresponds to therimtomic dis-

. . . _tancesir calculated based on the bond order (i) and tlosvhriat-
associated with CQUIomb electron beam refr_actlogce constant a = 4.08 A for Ab: Experimental modified radial
caused by a photo-induced surface potential. Siace distribution functions for Au nanoparticles obtairia a static dif-
probe is the charged-particles beam, the electtans fraction mode and theoretical curves for cubic betaon, decaoc-
be deviated by photo-induced potential at the fater, tahedron and icosahedron [4,35]
caused by the photo-induced charge redistributiog‘ﬁc' 6. Crpyxrypibii anais nanodacti 307107a (cpenuii maverp

. . . . #m). & Koopaunanust (fcC) 060104ek COOTBETCTBYET MEXKATOM-
This leads to the dlsplacement of the dlﬂ:l’aCtl(Hll-p HBIM PACCTOSIHHUSM [i, PACCYNTAHHBIM Ha OCHOBE Hopsijka cBsi3u (i)
tern. By measuring the shift of Coulomb refractitin, u ussectnoii nocrosuuoii pemerku a = 4,08 Ans Au. b: Dkere-
is possible to determine the transient photo-p@kntpuvenTanbhbie MOHbUIMPOBAHHbIC QYHKIMK PATHATBHOTO pac-
associated with the charge transfer in the sullgey. PCACICHHA JUIi HaHOUACTHIL AU, NONYYCHHEIC NIPH AUppaKn
Note, that non-uniform shift of the rocking curvehe HETPEPBIBHOTO ITyYKa DJIEKTPOHOB U TEOPETHUECKHUE KPUBBIE IS

- ; 5 Ky0OOKTas/pa, AeKaoKTasapa u ukocaszpa [4, 35]
reflection electron diffraction due to the changmsfer

at the surface is discussed in the paper [47hénex- However, the phase shift is present implicitly
periments with the powders, this shift is usuay-p jn the complex transformation oB(r) extraction,
pendicular to the surface and distorts the circey§an- hich is based on the total amplitude. This ideatza
metry of the diffraction rings toward the edge b€t ,sed to implement an iterative scheme of "Fourier-
shade of th(_a central beam, which correqundlngbhasingn process, which re-symmetrizes the diffrac-
causes the displacement of the central scatterigiga tjgn pattern with the angular dependence of the-Cou

(s=0) from the direction of the original electrogetm.  |omp refraction. It has rather simple form in thase of
This leads to a phase shift sif/(s) and, correspond- the dipole Coulomb field (Fig. 7):

ingly, of G(r). Vsl Vo= (8O- 86 + 5422 - 8 & + )] 1 (4+ &) (9)

—
Au 2nm NP

UENnC Data

Bond Density (a.u.)
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where \{ —is adjustable parameter that is used to getime scales). In order to observe the subsequeavte
erate the observed shift = (8o - &) of the Bragg ery of the ground state and its reproducibilityisite-

peaks and ¥is the initial electron energy.

Vg=<E*l>

8 7
93/
AVA

++++++++++ 4+
Fig. 7. Photo-induced Coulomb refraction of thérdition pattern.
Here6i — incidence angle of the electrons0g) - Bragg scattering
angle 0o — the angle of the electron exit in the absent¢kephoto-
induced field Ef'i - the incidence angle of electrons @hdis exit
angle of the electrons in the presence of the pimatoced field E;

| - the depth of the electron penetration [4]
Puc. 7. ®oronHnynrpoBaHHas KyJIOHOBCKas pedpaxuust audpak-
MUOHHOU KapTHHBI. 3/1ech Oi - yroJ majeHus 3JeKTpoHOoB, (1 - OB)
- yroJ Op3rroBCKOTo paccesiHust, 0o - yroi BBIX0/1a JJICKTPOHA B OT-
cyrctBue (GoToMHIYIMpoBaHHOTO Moyt E; 0'i - yron mamenus
DJIEKTPOHOB U 9'0 - YroJji BeIxoJa 3JICKTPOHOB B IPUCYTCTBUU (1)0-
TOUHAYLMPOBAHHOTO 1101151 E; | - niiyOuHa MpOHUKHOBEHUS BIIEK-

TpOHOB [4]

For complex fields which cannot be satisfacto

rily modeled by the dipole Coulomb potential, the a
gular dependence is determined by either by tlcenga
of the electron beam, or by in situ extracted flOau-
lomb refraction effect. In the latter case a lovgiee
polynomial is utilized for the representation oé tn-

gular dependence. Then parameters of the polynomi \i

are recalculated for the correction of the distortf the
anisotropic Bragg diffraction pattern caused byithe
terfacial Coulomb forces. The iteration of the syetiy
of the image and Fourier-phasing allow for simudtan
ous determination of both the surface potential thied
structural changes from the diffraction patterns.
Herethe temporal resolutiors determined by
the effective width of the electron pulse and usul
is in the range from 200 fs to several picosecodéds,
pending on the incidence angle and the size célde
tron bunch. The sequence of the electron pulsa®is

quired to acquire the diffraction patterns in thporal
intervals of up to 1 ms. For each time delay thopesi-
tion time is ~20-100 s at the pulse repetition mite
1 kHz. Here the diffraction pattern is usually neleml
for svalues in the range of 1-15'AFrom the obtained
diffraction patterns it is possible extraetsituthe tran-
sient structure, its temperature and the chargjeeaha-
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 involued
structural transition on the prerequisite subpicogad
(10712 s) time scale were recorded by Miller et al. [32]
and are shown in Fig. 8A. These frames catch the si
plest possible structural transition — the act eftimg —
but under rather special boundary conditions inedlv
with strongly driven phase transitions [48]. Thetiga
ular question being addressed by this work datek ba
to a long-standing debate in the 1930s concerthiag t
onset of the liquid state [49]. This issue also faasi-
fications for understanding the state of mattesthrer
extreme conditions, such as the interior of plaoets
stars [50]. To put this question in proper contern-
sider the melting of a block of ice. We all knove ic
Its from the surface. We also know that if weclir
a blow torch to the ice it will melt faster. Thigezyday
experience is referred to as heterogeneous numbeati
What if you could heat up a material so fast tlzestelol
on extrapolations of heating rates and melt vaksit
you would predict that the material should meltdas
than the atoms could move or, more correctly, faste
than the speed of sound? The answer can be gleaned
from this data (Fig. 8A) directly, without a higavil
of analysis [12,51]. The experiment used a special
“blow torch” — In this case, a femtosecond lasatemy
— to achieve heating rates approachinty ks for Al

grammed in such a way that they arrive either teefof@S OPPOSed to ice in the above analogy). At SOfis

the excitation of the sample (at negative times)
the pump laser pulse (at positive times) with #ra-t
poral intervals corresponding to the rate of thacst
tural changes.

To study the structural dynamics of the
particles, the changes of the diffraction pattestmsul
be traced up to a few nanoseconds [1, 4]. It allo
monitor the long-term process of diffusion relagati

(compared to the structural dynamics of the phato-e

citation, which takes place on the femto-picoseco

12

fgr  can see high-order diffraction rings illustratihgt the

Al is still in its nascent face-centered cubic (FT4-
tice. At 1.5 ps, you can see these rings becommdim
as the initially photoexcited electrons lose enegy

nandattice phonons. The increase in root mean square
d (RMS) motion of the atoms reduces the lattice coher
Jence and corresponding diffraction as describdery

perature-dependent Debye-Waller factors. The most
astonishing event happens between 2.5 ps and 3.5 ps
'U1ere is an incredibly fast lattice collapse in ebhi

rl)onds are broken and the first coordination nunober
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Fig. 8. Evolution in femtosecond electron diffracti A: The first grainy frames of an atomic movielee photo-induced melting of Al
in intensive field of laser radiation. It is podsilto see by eye the increased thermal motion hgallond breaking (0.5 to 2.5 ps) and
collapse of the FCC lattice to the shell-like struetaf a liquid (2.5 and 3.5 ps). B: The transformatdf diffraction intensity in a space
of internuclear distances [32]. C: The dramatic ioyement in femtosecond electron diffraction, inethit is possible to directly observe
(reciprocal space) the atomic motions involvechi $uppression of charge density waves (CDWs) irsTa8a single diffraction order
out of hundreds to give the structural changesedpanded view of the two different structures aseobed in electron diffraction is
shown with a schematic representation of the atonaitons captured on the 100-fs time scale [52CBTaSe, in which one observes
similar effects — however, with important differescowing to different inter-plane couplings. (Froeh [48])
Puc. 8.OBomomnus dpemrocexyHHOM audpaxuun 31ekTpoHoB. A: IlepBbie kaaps! aTOMHOTO (QrutbMa GOTOMHIYIMPOBAHHOTO TIIABICHHUS
Al s HWHTCHCHUBHOM I10JIC JIa3€PHOI'0 U3JIYUCHUS. Ha ria3 moxHO Ha6IIIOIIaTb YCUJICHUE TCIIOBOI'O ABUKCHUSA aTOMOB, BEAYIEC K pa3pbIBY
cesizeii (ot 0,510 2,5mc¢) u koswtanc FCCperuerku 10 060104e4YHO# CTPYKTYpBI kuakoctd (2,5u 3,51c). B: IIpeobpasoBanue audpak-
[[MOHHOW MHTEHCUBHOCTHU B MPOCTPAHCTBO MEXbsAEPHBIX paccrosiHuil [32]. C: Peskoe ynyunienne GeMTOCCKYHIHOM AUPAKINH DIICK-
TPOHOB, B KOTOPOM MOKHO HEMOCPEICTBEHHO Hab0aaTh (06paTHOE POCTPAHCTBO) ATOMHBIC ABHKCHHS, yIACTBYIOLINE B TIOIaBICHUN
BOJIH INIOTHOCTH 3apsaa (CDWS)B TaSe2 mia ogHoro nopsiika AU(paKkLUUN U3 COTEH, IPUBOAAIINX K CTPYKTYPHBIM U3MeHeHHM. [1o-
Ka3aHO YBEJIMYCHHOE W300paKeHHE IBYX PA3UYHBIX CTPYKTYP, HAOII0aeMbIX HPH AUPPAKIUH dJICKTPOHOB, H CXEMaTHYECKOE MPel-
CTaBJICHHE aTOMHBIX JIBIKCHUH, oy4deHHoe B MaciuTabe Bpemenu 100¢c [52]. B, C:B TaSe nabntogatorcst aHanorugeie 3G hexrs,
OJHAKO C BAXXHBIMHU pa3jINuUAMU BCJICICTBUC pa3m/m1/n‘/'1 B MCXKIIIIOCKOCTHBIX B3aPIMOZ[eI71(:TBHS[X [48]

the FCC lattice goes from 12 to an ensemble avera@eeterogeneous nucleation), the system was melting
of 10 for the unstructured shell-like structuradquid from the “inside out” (homogeneous nucleation).sThi
[48]. Once reaching the critical point for this degyof provided an atomic view of homogeneous nucleation
superheating, the whole melting process occurrdidat could be used to test the accuracy of atormisbi-
within 1 ps. This time scale has to be fully apptsd. lecular dynamics calculations [53]. From the realce
This is 10 times faster than this process coulduocctransform, it was possible to discern that thedatg
through normal heterogeneous nucleation. Rather thehanges involve shear atomic motions, with the col-
melting from the surface in an “outside-in” fashiorlapse of the transverse barrier as part of forntirey
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liquid state. These observations showed how taobnt Effectively, it is a direct observation of the dlen-
nucleation growth to as few as 10 atoms and a\are c lattice coupling [48].

itation-induced shock waves and thermal damage-in | From a chemistry perspective, the real power
ser-driven ablation [48]. On the basis of this niaw of high—bunch charge and -brightness electron ssurc
sight, a picosecond infrared laser tuned to the Ofis been recently demonstrated by using femtosecond
stretch of water in tissue was developed for laser crystallography to follow the photo-induced reastio
gery, with the correct temporal profile to restnicicle- dynamics of organic systems [48, 59, 60], the ntains
ation growth. This method has now been shown to o chemistry. This class of materials invariablyl@s
capable of cutting tissue without scar tissue faiona thermal conductivities and involve large-amplitude
[54]. Subsequent work in the area has primarily fanotions as part of the reaction dynamics that tyreat
cused on photoinduced phase transitions. On theit the sampling rate and number of photocyclas.
femtosecond time scale of the photoexcitation gece addition, organic systems have much more complex
the lattice is effectively frozen. The optical tsition  Structures than do the solid-state systems disdusse
to a higher lying electronic state instantaneousBbove. There were hundreds of diffraction ordeas th
changes the electron distribution relative to tneet went out to better than 0.4 A to serve as congsamn
scale of nuclearmotions. This provides an oppotyunithe determination of the time-dependent structures.
to observe the effects of changes in electronibistr The signal-to-noise ratio of a single diffractiawler is

tion and electron correlation energies on bondipg omparable with high quality, integrated, all-optic
observing the atomic motions in response to thefgmp-probe measurements, but with direct connection
changes [12, 51]. These studies include strongiedr to structure [59].

phase transitions involved in nonthermal melting or 5 > PHOTOINDUCED STRUCTURAL CHANGES
electronically driven nucleation effects [55, 5&jeat- IN GOLD NANOCRYSTALS

ing states of warm dense matter with a countetimgui
apparent increase in bond strengths at high eisitat
levels [50]; and the observation of highly coopieegt
coherent, responses to weak perturbations of diron

correlated electron-lattice systems [57]. With exdp . . :
to the latter case, the highest-quality atomic reswif gold and silver clusters and their experimentally-o

structural transitions have been observed in Iayergerved inter-conversions prompted a large numbibeof

compounds that exhibit interesting two-dimensionziieseamhers to their intensive study in the lastdac-

. : .ades. The investigations of gold clusters, pas=ivhy
FI];GC;Z 05rl eé%:tron correlation energies and bcgw“@lkylthiolates, showed that the size of the clissteas

, changing discretely and had rather unusual stabilit
, . Charge density waves (CDWs) are e@mples The possibility for direct observation of the
in which a small modulation of the atomic positiams . :
. ) , structural change was first demonstrated by higlore

th? plane leads coIIe_:che!y to higher ovgrallldmsta- . lution transmission electron microscopy. In thoge e
'?r Iiltl)tt):ti[;lr?].th?g g;%g;g%ﬁ;‘ngcg iﬁhfz?g:slgei\?vzgri:dl periments, continuous electron beam was utilized fo

S . o . the sample heating [63]. Probably the most intergst
and mter-plqne coupling is modified, and thed:a!tlne-_ phenomenon is "surface pre-melting”, when at the
laxes to a higher symmetry state. The atomic moing early stage of the process the formation of a dicpuir-
the photoinduced suppression of the CDW modulathglce layer on the core of the particles takes place

in TaS_is particu_larly i_nteresting; one can ob_serve hich results in the subsequent melting. This mecha
dramatic effect in which both the suppression a sm has been invoked to explain the changes in the

reformation of the CDW occur at the fundamentall
fastest possible speeds [48]. This work has been %é pape of the gold nanorods [64], the prematuresdeer

X the intensity of the reflection [65], the satioa of
tended to other related systems [52, 58], sucle&eT - |
(Fig. 8, B and C), in which one observes simil acoustic frequency [66] and the coalescing of thld g

o . ! ... hanoparticles after its photo-excitation by theetas
— however, with important differences owing to € P P y

: ) ulses at temperatures below the melting point [67
ent inter-plane couplings. When one observes suctPa P gp [67]

. . - The experimentally-observed non-uniform dy-
collective effect at the atomic level, there isimme-

di o t the highl _ off namics of the atoms during the Au-surface meltgg i
late appreciation of the highly cooperative natlre ., qistant with the theoretical concepts proposelod
strongly correlated electron-lattice systems. Tisaal

_ _ \}Japers [62, 68]. Ruan and co-workers studied tiie-st
connection to the many-body effects helps to drivig,5| gynamics of 2-nm gold nanoparticles photo-ex-

home the operating physics in a single measurement.

The unexpecteddiscovery of non-crystallo-
graphic structural types of different nanoclus{e@,
5] and their variations [its form fluctuations [6fhe
re-melting [23, 62], the structural variety offdient
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cited by 800-nm laser pulses [37]. Such photoexcita (a) in the reciprocal space in order to establish
tion allows avoid the plasmon resonance and subgke loss of the long-range order based on the Bragg
quent photomechanical sample modification [69].  peak analysis.

Using the difference diffraction patterns, the (b) in the real space to determine the changes
structural changes after the pulsed laser heafitizeo of the short-range order based on the analysiewof d
nanoparticles were determined (Fig. 9). Such imvessity of the inter-nuclear distance functiGr).
gations were done:

31 mJlem?, 2nm 75 mJdlem?, 2nm

2300
1000

PRS- S - -

Time (ps)

200 5 10 15 200

Fig. 9. The melting dynamics of 2 nm Au nanopagticlLeft: mMRDF map constructed by stacking modiRedlial Distribution Functions
(MmRDFs) of UENC patterns at a sequence of delaygelea 5-2300 ps at irradiation fluence F=31 m3/Gurface melting (enclosed by the
dashed white line) is visible. Right: mMRDF mapFer75 mJ/cri Full scale melting is observed. The liquid stateclosed by dashed white
line) is characterized by the drop of 2nd nearessity (at ~ 5A) to (1-1/e) of the static valuer{agative time) [35]
Puc. 9. [lunamuka 1JIaBJIeHHs] HAHOYACTHI] 30JI0Ta, UMEIOIINX cpeauuii pasmep 2 uM. CiieBa: Moau(UIUPOBaHHbIC QYHKIMH PAJAHATBHOTO
pacnpenenenus (MRDF)o6pasios, moiayuennsie Merogom UENCrpu nmocienoBarenbHbix 3aepikkax Bo Bpemenu ot 5-2300mc u mwioT-
HOCTH 3Hepruy nazepHoro usitydenus F = 31mJIx / cM?. BuaHo niapieHue HOBEPXHOCTH (IITPHXOBLIE JIMHUM Genoro npera). Crpasa;
MRDF ma F = 75m/Ix / cm2 Habmogaercs nonsomacimtabHoe muasienue. JKujkoe cocTosHue (turpuxoBast TuHMS GEIOrO IBETA)
XapaKTepU3yeTcst MajeHHeM BTopoil Gimmkaiiureit motHoetH (mpu ~ 5A) o (1-1/€)ot cTaTiueckoro 3uaueHns (OTPUIATEIEHOE BPEMS,
XOJIOIHBIN HAHOKpHCTAILTHT) [35]

The effective surface potential Vs (Eg. 9) is The loss of the middle-range order in the tem-
simultaneously clarified in the Fourier — phasingoral interval of 0-20 ps can be explained by eithe
method. As shown in Fig. 9 (a), the "melting" occurthermal disorder, or by a decrease of persistewitie
in three stages: caused by partial melting. Thermal disorder is rofte

(1) 0-20 ps: the intensity of the Bragg peaks igken into account in the Debye-Waller analysisga
reduced, which is presumably caused by the loswef on the concept of random, uniform distance vanetio
dium-range order for 2-nm gold nanocrystals; over the entire crystal. The drop in Bragg's diffran

(2) 20-200 ps: the behavior of the Bragg pealgtensity is caused by an increase in the rms dnafels
may be related with the coexistence of the disedierof the atomic oscillations in the plane perpendict
domains and with the partial recovery of the mediunth€ corresponding Bragg plane and is defined by:
range order; I(s, t> 0)/I(s, t < 0) X u(ty) s74, (10)

(3) at 335 ps and after: the negative peawghere u(t) is_the amplitude of_perpe_ndi_cular oaei_ll
largely disappear, while some of the weak positiéons. Assuming that the atomic oscillations am@ is
peaks corresponding to the ground state of Bragd'§Pic relative to their equilibrium positions,ist pos-
spectrum of nanoparticles become stronger. This in§ible o determine the average oscillation ampétud

cates an appearance of the transient state atwated 2nd then the temperature of the crystal from tee &
temperature. 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) andLj3¥ surface atoms reside on {111} planes which are the

Bragg peaks and established the existence of the anost stable against surface premelting. The appeara

sotropy between these three groups (Fig. 10). Higre of a contiguous liquid layer (complete surface pem

ferent Bragg peaks are consistent with the diffievalk  ing) is size dependent and is not observed in se3dl

ues of the rms amplitudes, that cannot be explainadnoparticles [70].

within the model of homogeneous thermal fluctua-

tions. The fact, that the high-order peak (331yeor (a) —t

sponds to a lower degree of the ordering, comparin 0.06 1

with the low-order peaks, suggests that the lirffkb® 0.05 -

large inter-atomic distances are subject to grediser

turbance. Finally, it indicates a decrease of thesip- oz 1
° 0.03 1

tence length for the nanocrystals. N ]

To describe the local structures in this example < 0.02
we use the radial distribution functi@r,t). As com- ¥ 0011 &
pared to the ground statg(r, t = -1 pg, (Fig. 10b) in 1
the range of 10-20 ps the correlation density,ezorr ]
sponding to the bonds of the nearest environment (0017 1
2.89-7.50 A), falls in a substantially smaller poop 0024, ., . .-
tion. This is a clear indication of the decreas¢h@a
lattice ordering and a significant decrease optrsis-
tence length. When measuring the increase of the di
tances in the nearest environment, it is possibget ~ (®)
a preliminary estimation of the lattice temperature
based on the thermal expansion coefficient [7Q}als
determined experimentally, that the maximum temper- <% 0.1 )
ature of the lattice (Fig. 10) is ~ 950 K [4], whic
rather close to the value of 900 K, correspondiripé Ar/r(2.88A) 993
melting point under steady state conditions [71]%o 0.011 —— iR K
nm gold nanocrystals, but is significantly highleatt | JH
the temperature of the surface melting which isaéqu ~ 1€-34 | -
to 377 K [67].

Also it was studied the joint change of the po- 14 . :
tential Vs (Eg. 9) and the thermal expansion and it was we: 1000
shown that these processes take place at diffénest Time (ps)
scales. Thus, by combining the analysis basesMgs, Fig- 10. a: The projections of the perpendiculapktdes of
t) andG(r, t) functions it is possible to relate the |os&tomic oscillations_Au(t)%, derived from the_intensity qf Bragg
of long-range order and the decrease of the persist peaks changes using Debye-Waller analysis. Theotaos be-

. " tween the peaks is clearly seen, since the pedk @B8responds
length with the phenomenon of non'homerneOl’ﬁaIower degree of ordering than the peaks oétawder, indicat-

pre-melting.” However, without quantitative 3D -ing the reduction of the persistence length inrtheocrystals (see
modeling it is impossible to distinguish between-"c text). b: The transient surface potentialds measured in the nano-
existence of phases"”, when the nanoparticles are dhrticles (left axis). The lattice temperature whtined by analyz-
vided into homogeneously-distributed crystallitesl a ing of the fluc_:tuations_ qf the nearest atoms v_\mte?g the thermal
the disordered domains, and the "surface pre-nggltin expansion coefficient of the bulk material (rigkisy [4]

. . . Puc. 10. a:II
when a liquid layer forms a continuous surface,civhi "¢ > & POSTLI HEPHCHATKYIAPHBIX AMILIITYA ATOMHBIX
KOHe6aHI/H/I (Au(t) >, IIOJYYCHHbBIC U3 U3MCHCHUA WHTCHCUBHOCTHU

thickness increases with the increase of the tampeﬁparromxnx IMMKOB; HMCIOJIB30BaH aHau3 MetoaoM Jlebas-You-
ture [62, 72]- nepa. SICHO BUIHA aHM30TPOIIHS MEX LY ITMKAMHU, TaK Kak K (331)

A reversible nonhomogeneous surface Pre&oorsercrByer Oonee HU3KOI CTENEHH YHOPSIOYCHUS, UM ITHKU
melting of Au nanoparticles is demonstrated througfnee nuskoro nopska, uto ykaspisaeT Ha yMEHbIIEHUE [IAHbI
molecular dynam|cs s|mu|at|ons [70] Wlth |ncre@|n MNEPCUCTCHTHOCTH B HAHOKPUCTAJLIAX (CM. TeKCT). B: HepeXOZ[HLIﬁ
temperature, quuid-like atoms first appear at soBTe MOTEHI[HAIT TOBEPXHOCTH Vs, ©3MEPEHHbIN B HAHOUACTHIAX (JieBast

. o LT -
tices and edges of surface facets, then smaldiggs %) [CMIICPATYPa PELICTKI NOIYCHA IyTEM aHAIIZA §IyKTya
1005051 6HH)KaI/IHIHX aTOMOB IIPpU UCII0JIB30BAaHUHU KO3(1)(1)HHI/I€HT3

glonjc*‘ grow and, at temperatures C|OS€I t.O the Fmr_tICTeHHOBoro pacupenust 00beMHOro Matepuana (mpasas ocs) [4]
melting temperature, most of the remaining soke-li

0.04 4

= 331
v 311+220

0.00

-5 0 5 10 15 20 25
Time (ps)

14 ' Au 2nm 3

=
o
<
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On the nanosecond time scale, is clearly sesaper-lattice. In this approach, the sum of theasegi
the increase in the density of the correlationlmhty of the differences of normalized experimental dred t
larger distances with respect to the structurehef toretical G(r) and sM(s) functions, the functionak?,
ground state [70]. should be minimized. The results for selected tealpo

4D - refinement of the structure by the in- frames are shown in Fig. 11.
verse Monte-Carlo method The radial distribution
function G(r) is a one-dimensional D) 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 structureyé-
quired to propose a model structure and then rdtfine
parameters using the experimental data. The
nanostructures typically require more parametens-co
paring with the powders. To avoid ambiguity, when
determining the structure, it is used the complexim
eling method, which combines the theory and the ex-
periment in a self-consistent procedure [73]. Fortu
nately, for small homo-nucleus Au crystals, theedet
mination of the ground state is facilitated by tiee
strictions on symmetry of the crystal lattice wéties-
olution of ~ 0.05 A. However, to determine the stru
ture of the excited state, which has much loweeerd
ing, the search process will diverge, since thelbam
of possible solutions is increased and it is reslito
find the suitable parameters in order to restri t
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 ae-
tive scheme of the perturbations. It is known, thexe
the inverse Monte-Carlo method allows determine the
global minimum. However, it may give ambiguous so-
lutions. To resolve these ambiguities, it is reedito
utilize the algorithms, which allow introduce thene Fi9- 11. Th‘l?hr:(S:Lcj)lct)?d?:\gt]ignufJ?tﬁ]:at,r;i :t‘éen:zefgﬁt"ie”%etm
straints and direct t_he search of the global _mlmnuzre?a%;/esrr]].ows that the melting process occurs viace melloting
[74]. In the work [4] it was proposed the refraigiap- mechanism, but not via partial (bulk) melting [4]
proach in the process of the search in the inverB&. 11.Pesynsrate ncnonssosanus o6parsoro metona MonTe-
Monte-Carlo method. The approach utilizes the refeapio. Koopaunarus aroMos AU Ut pasHbIX 3a/IEpXKeK BO Bpe-
ence pOintS in UEnC da.ta. These pOiI’ltS are deted.niriv[eHH IIOKAa3bIBACT, YTO B IIPOLICCCC IJIABJICHUS peaJ'II/I3}/eTC$I Mmexa-
by the temporal interval between the neighborirfg di"" HHaBHeﬁﬁ:&?ﬁiﬁgﬁ;ﬁg: :;Hﬁizzif;rngogﬁemom) "
fraction patterns (frames), for which the struckura

changes between the neighboring conjugated time in- These 3D images show the features of the ex-
tervals are small. This provides a structural datt@ jted structures that are important for the choiceif-
between the frames and therefore allows trackitg®f terent scenarios of the melting process. It isrijea
changes consistently and reliably in a limited sear seen the emergence and development of the surface
space, without requiring the global search. Usig t |ayer, With the increasing temperature, the surface
approach, 3D transient structures of nanocrys@llingyer becomes thicker, causing the compressioheof t
gold were established. crystal core. Note, that at the peak of the surfaek-
Let's start with the model of the super-lattic§ng in the interval of 15-20 ps, less than 25% te t
of cuboctahedral 2.5-nm nanocrystal with the cubigtoms are structured in the central core. Usingtie
cell size of 50 A. The algorithm of the inverse M®N gjze as a signpost, it is possible to trace theasbof
Carlo method fits botfB(r) andsM(s) functions to the the melting process and to observe the front oédtie
experimental data in order to refine the strucafrthe phase. The proposed scheme for the refinement of 3D
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structure helps not only to visualize the estimbtesed pulse-excited skin layer (~15 nm) of the antimaim f
on the 1D difference diffraction analysis performedtudied in [75].

previously, but also offers the possibility for tteter- The space lattice of antimony refers to the
mination of the correlated changes in the atormiccst rhombohedral system with two atoms in the cell A7
ture of the higher orders. The last allow examiaehe [20]. The structure of the complete representaticthe
step in the reorganization of the network of thealo vibrational modes of the structural type A7 hadthmm:

bonds during the phase transformation. [ =MAg+ A+ Eg+E, (11)
3. DIRECT OBSERVATION OF COHERENT OPTICAL where Ay andEy are the optical modes active in the
PHONONS GENERATION IN NANOEILMS Raman spectra aml, andE, are the acoustic modes.

_ _ In the work [75], reported the first direct obsdiwa
‘The generation of coherent optical phonons igf the generation afoherent opticaphonons in thin
an antimony film has been directly observed Dy theimony films using the TRED method. To the bést o

fgmtosecond TRED method. The sample has been gx; knowledge, only low-frequen@pherent acoustic
cited by a femtosecond laser pulae=(800 nm) and phonons in bismuth films were observed using this

probed with a pulsed photoelectron beam. Osciltatio ethod in [81, 82]. The scheme of the experimental

of the_TRED in'gensity correspont_jing to vibratiom-fr setup used in our experiments and implementing the
quencies of optical phonons excited by the lasee harRepD method is shown in Fig. 12.

been observed in the obtained diffraction pattetms:

tally symmetric Ay) and twofold degenerat&;) pho- 7 . 7
non modes of antimony and their combinations [75].

Note that the coherent optical phonons arising s L
under the impact of a high-power ultrashort lagéggp ~ 800+400 nm (}/2
on a solid has been studied for a quite long tignef 6,
tical spectroscopy and X-ray diffraction methods;-p s 40;2,,,“
ticularly in semimetals, where the efficiency oéith ’\Egnm
generation is relatively large (please, see, f8-79] 7% wl
and references therein). The drawback of opticéhme 61=

ods is that the wavelength of the probing radiaigh ~ soonm ¢ ==
um) is much larger than the characteristic sizes a =71 4
which the variations of the crystal lattice (~10)mn- 11

cur. Therefore, they cannot determine the absolutl- 12. Experimental scheme: (1) vacuum chami2grtutbomo-
value of atomic displacemens, though, according (ffUAr Pums; (3 amelfer o e lecton e e b o
the results of the comparison of the data of optiod  (5) anode + target, (6) beam splitters, (7) mirr¢83 radiation at-
X-ray measurements performed in [76], they adeenuator, (9) converters into the second and thadmnonics,
quately demonstrate the dynamics of coherent vibréo) lenses, (11) diaphragm, (12) polarization tataand (13)

tions of atoms in the crystal lattice. delay line [75]

; c. 12. Cxema skcriepuMeHTalbHON ycTaHoBKH: (1) BakyymHas
In contrast to light, accelerated electrons (af(%lMepa, (2) ryp6omonekyisipHblit Hacoc, (3) yCHIHTENb SJIEKTPOH-

well as X-rays) make it pOSSibIe to obtain inforioat HOTO TOKa Ha OCHOBE MUKpOKaHAIBHBIX IutacTiH 1 CCDmatpuns,
about the dynamics of the distribution functionirof  (4) cepepsubiit dorokaron, (5)anon + muwens, (6) xenureny na-
ternuclear distances, which is the Fourier imagihef 3eproro usiyuenus, (7) sepkana, (8) ocnaburens usnydenus, (9)
diffraction intensity (please, see Part |)’ diryecftbm npeoOpa3oBaTeny Ja3epHoro n3aydenus Bo |l u lll rapmonuky,
. . . 10) nuu3sl, (11) nuadparmsl, (12) Bpamaresns MIOCKOCTH IIO-
the observed time-dependent diffraction patterre T APHSAIAN JIA3CPHOTO MATYYCHHS  (13) ONTHYecKas IuHm
detection of the time behavior of the amplitude and sazepkkn [75]
shape of the diffraction maxima arising at electron
probing makes it possible to determine the characte
the motion of atoms within the unit cell under mge
laser irradiation of the sample. Electron probiras h
another advantage because the scattering crogsnse
of fast electrons is four or five orders of magddu
larger than the scattering cross section of X fay30].
Therefore, electrons whose mean free path is many
ders of magnitude less than that of X-ray photars c
be used to probe thin samples, in particular, gteal-

The main frequency of a femtosecond Ti:sap-
phire laserXa = 800 nm) was used as the pump beam
and the photoelectron beam formed under the irradia
(ﬂon of the semitransparent photocathode with tivel t
armonic of the Ti:sapphire lasér € 266 nm) was
used as the probe beam. In this manner, the opiichl
Bhotoelectron pulses were strictly synchronized.
The laser pulse duration was 50 fs. The pulse
repetition frequency was 1 kHz. The photocathode ma
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terial was a silver layer with a thickness of ~30 de-
posited on a thin quartz plate. The studied sanvpe
an antimony film with a thickness of about 30 nra-pr
pared by thermal deposition in vacuum on a standard
carbon substrate with a thickness of 20—30 nm used
transmission electron microscopes. The pump laser r
diation was incident on the sample at an anglesof 4
The energy density in the laser beam on the sasople
face was 1.5 mJ/cnSuch radiation energy density
made it possible to perform rather long-term measur
ments without noticeable degradation of the sample.
The kinetic energy of probe photoelectrons waseX0 k
The diameter of the electron beam in the region
of the sample was ~0.1 mm. A lens based on a a@nstgig. 13. Electron diffraction pattern of the antimydilms (~ 30 nm)
magnet adapted for the given energy of the electrobtained using _electron photoelectrt_)n pulse diffoac The first,
beam served as a focusing system that made imssfecond, and third groups of reflgctlons corresptnthe (110),
L . : . 300), and (220) planes, respectively. The receagd sector
to minimize the time-of-flight interval of electren show the analyzed regions of the diffraction pat{@s]
The sample-diffracted electron beam amplified @ thpuc. 13. Tudpaxumonnas kapruna nienok cypsmbi (~ 30uM), 0~
detector using microchannel plates got to the l@minny4enHsx ¢ ucmnonp30BaHHEM (OTOIICKTPOHHON UMITYIbCHO
phore and was detected on a CCD camera. IupPaKIuK MIEKTPOHOB. [lepBast, BTOpast U TPeThs TPYIIIHI OT-

. . . . axxeHuil coorBercTBYOT miockoctsM (110), (300 (220)co-
Fig. 13 shows a typical electron dlffraCtlongTBeTCTBeHHO. IpsMOYTrOIBbHUKOM H CEKTOPOM ITOKA3aHBI

pattern of the studied antimony film obtained ie #fb- aHaNM3MpyeMble 001acTh AU(PAKLIHOHHON KapTHHBI [75]
sence of optical excitation. The presence of bright
flections unambiguously indicates the crystal (prob 1.0
bly polycrystalline) nature of the studied sample. 03[ (a) Reflex 1

The variation of the intensity of the diffraction 2 ; 3— ' ' ' '
pattern c_aus_ed by the o_ptical excitation_ of thedam 5 0.5F ®) Reflex 2 //\/\/W
was studied in the experiment as a function otilay £ 0 L : ' : :
time between the pump and probe photoelectror= 0~~~
pulses. The intensity of separate reflectiby® and3 Eo 0'(5) ) (©) Reflex3 . /W
and the integral signal in the sector shown in ER). @
were measured. Time scanning of the probe photoelec 0.5}

i d Sector

tron pulse with respect to the pump femtoseconrer las oL—= s L - :
pulse was performed using a delay line with a sfep 4 g tl&s) 13 2

60 fs. The signal acquisition time at each stepivas _. . o . . .

. . . . Fig. 14. Normalized relative intensity of electmiffraction reflec-
The_ Intensity val_ues m_easured in this mann(_ar WEI€ Niions in the antimony film versus the delay betwéenpump op-
malized to the intensity of the corresponding I&fle tical and probe photoelectron pulses. Curves a-respond to re-
tions in the absence of optical pumping_ The resare flections 1-3, respectively, in Fig. 13 and theveud is the sector
shown in Fig. 14. signal (please, see Fig. 13) [75]

" Itcan be seen that the dynamics observed i, 14 mrerioets wopwonanol noenenmiocn pebier
Fig. 14 is reproduced well at the detection irsalbied  jepwxxu mexay Bo36y)IaOMIM ONTHUECKAM 1 30HAMPYIOLIM
regions of the diffraction pattern for the positiime  dorosnexrpornsM nmiyascom. Kpusbie 8—CCOOTBETCTBYIOT pe-
delays corresponding to the arrival of the problsgu ®7excam 1, 2, ia puc.13, kpusas d —cexropanbHbii curtai (cu.
after the pump one. At the excitation time, a ship puc. 13) [75]

cay in the diffraction signal is observed, whiclpés-
ticularly distinct in Fig. 14d. The characteridiime of
this decay is about 300 fs. A similar decay was o
served in experiments on superfast electron diffsac
in bismuth films in théncoherentesponse associated

However, unlike the cited works, along with
the rather complicated subsequent dynamics, one can
eparate the distinct oscillating component withgh-
riod on the order of a nanosecond reaching the -maxi

: ; ) . mum values and then relaxing in several picoseconds
with the Debye—Waller effect owing to the increase The Fourier analysis (Fig. 15) showed that the ob-

the rms stochastic displacement of atoms aftee¥ie gop e signal modulation is due to the presenéeunf
citation of the sample [83, 84]. modes with frequencies of 1.1, 3.4, 4.6, and 6.4, TH
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three of which were observed in [78, 79] in experio the time resolution of experiment [75]. It shibalso
ments onoptical probing after the impact of a laser be noted that the shape of the signal of cohereot p
pulse with an energy density of ~1 mJfan an anti- nons in Fig. 17 differs noticeably from thatbserved
mony sample. Following the attribution of the modesarlier in experiments with optical probing [76-18]
given in these works, it is possible to associagefte- the rather significant delay of their “excitatiowlith
guencies of 4.6 and 3.4 THz with the totally synmiet respect to the incoherent response. This effectbean
(A1g) and twofold degenerat&d) optical phonons of explained by the same reasons asdélay of the ap-
antimony and 1.1 THz with the difference optical vipearance and the large amplitude ofitle®herent sig-

brationA.—Eg. nal of the vibrational modes from the surface as-co
pared to the volume in thin bismuth films obserired
100 ; [84]. At the same time, this problem needs furiher
Foog vestigations.
800 [ 1 To summarize, the generation of coherent op-
2 L 4,,—E, tical phonons in a thin antimony film has been ctise
% 600 - =1.1 THz observed for the first time using ultrafast electdif-
éz:‘ _4./2,'%111 fraction. These studies of the coherent dynamic¢kef

g antimony lattice indicate that a subpicosecond time
=3.4THz . resolution has been achieved. This is confirmethby
4 . =46THz 2E, theoretical estimates and the direct observatiotoef
herent optical phonon modes of antimony with tlee fr
Ll guencies varying from 1 to 5-7 THz.
1 2 3 4 5 6 7 8

Frequency CONCLUDING REMARKS

Fig. 15. Fourier spectrum of laser-induced osadte of the dif- In 1927, Davisson, Germer [85], independently

fraction signal in the antimony film presented ig.R26. The dashed . .
line shows the experimental data and the solidisitiee Lorentzian Thomson, and Reid [86] discovered the phenomenon of

fit to the peaks. The frequencies and attributibthe correspond- eleCtron diffraCtiO_n in the CryStal: This find?ngmﬂined
ing peaks are also presented. (From ref. [75]) to ‘static’ diffraction. After the first experimest per-

Puc. 15. dypre-cniextp nasepro-unayuuposannbix ocuwnsmwnit - formed by Mark and Wierl in 1930 [87], the electron
AGPaKIMONHOro curHana b miienke Sb, npejcTasnentoro na  gifraction method conceptually remained unchanged
puc. 14.1lITpuxoBas NTUHUA — SKCIEPHUMEHT, CIJIOIIHAS JIU- . , . .
HHS — aNIPOKCUMALUs SKCTIEPUMEHTAIBHBIX JAHHBIX (yHKINEH until the early 80's. Only 50 years later it beC(:]JDSSI-
Jlopena [75] ble to introduce in the fourth dimension in elentubf-
fraction — time, introducing the concepts of stouat
The frequency of 6.4 THz for antimony in thedynamics, and research in the 4D space—time contin-
time region was not observed earlier. It can beass uum Electron diffraction with time resolution opened
ated with the second harmoriig. We note that the the possibility of direct observation of processesur-
pump laser pulse with a duration of 50 fs, the spet ring in the transition state of the substance.
of which makes it possible to create phonons with f Motion of the atoms can be observed using the
guencies to 7-8 THz, is responsible for the germarat time-resolved electron diffraction methods in teak.
of coherent oscillations in our experiment. Rupture of chemical bonds, their formation and gean
The reliable detection of oscillations at the difin the geometry of the molecule occur at a ratsecto
ference frequency with a period of about 1 ps (E&). 1000 m/s. Consequently, the registration of theadyn
makes it possible to state that the time resoluifdhe ics at the atomic scale, i.e. at distances of tderoof
performed experiment determined by the electraangstrom requires (on average) the temporal resolut
pulse duration is close to the calculated valuetedo of 100 fs. Regardless of the fact that the mole@ile
ver,the usage of the small step (60 fs) at the 8oan- isolated or enters the composition of any phasesg-ul
ning of the photoelectron pulse with a duratior®d0 fast transformations in it are a dynamic procesgslin
fs allowed detecting the frequency of phonons@# ing the concerted rearrangement of the electromand
THz. The relation of the coherent amplitudestttd clear subsystems of the reacting molecules. Typmeal
main phonon modes and their overtones ariothi- tramolecular fluctuations occur over a time intéfa
nations in our experiment differs from the datah& hundreds of femtoseconds. That is why the useeof th
optical study of the coherent dynamics of thedatti term ‘ultrafast diffraction’ is justified to somextent.
which can be due both to the specificity of theiat- In this case, it is clear that the diffraction pFss is de-
tion between fast electrons and nuclei of thedatind termined for electrons by the accelerating voltage
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a single act of scattering occurs in the rangenafwof Ruan with co-workers studied different Au na-
attoseconds for electrons with energies of ~100. keV noparticles with their diameters ranging from 2tb
The time resolution of about 100 fs wasym using UenC [37]. The reversible surface melting
achieved, which corresponds to the transition tihe and the recrystallization were observed with sutypic
the system through the energy barrier of the pi@ientsecond temporal and a few picometer spatial resolu-
surface that describes a chemical reaction — theegs  tion. In ultrafast photo-induced melting processas
of breaking and the formation of new bonds of tie i der non-equilibrium conditions, the phases of tfie i
teracting substances. Thus, it became possibledy s tial deformation of the lattice, the electron-phorin-
the coherent nuclear dynamics of molecular systertexaction, the formation of the collective bondd &éme
and condensed matter. In the past two decades; it Histurbance of the atomic coordinations, transfagni
came possible to observe the motion of the nualei the nanocrystals in the nanofluids, were estallishe
the time interval corresponding to the period dfiles The structural excitation during pre-melting antieo
lations of the nuclei. The observed coherent chaiirge ent transformation from the crystal to the liquidth
the nuclear subsystem in these time intervals aiter the coexistence of different phases during the gghot
the fundamental shift from the standard kineticth®o melting, noticeably differ from the re-crystallizat
dynamics of the phase trajectory of the single mol@rocess, in which the "hot forms" of the latticel dhe
cule, the tomography of the molecular quantum statdiquid phase coexist as a result of their thernaai-c
The effectiveness of both UEC and UENC hatscts. The degree of the structural changes and the
been demonstrated by several groups in the staflieanelting thermodynamics was found to be dependent on
the photo-induced structural homogeneous transitiothe size of the nanoparticles [37].
for the gold nanocrystals [4, 37], in the invediiga of Currently, the method of ultrafast diffraction is
the interfacial charge dynamics [88] and in the kgor being developed intensively. Great opportunities to
on the molecular electronics [89]. Thus, the high-s study the 4D structural dynamics are offered by the
sitivity and high spatio-temporal resolution of $be methods ultrafast electron crystallography, narecry
methods give the important opportunity to observe uallography, and electron microscopy with time teso
trafast processes such as surface melting of the-nation from pico- to femtoseconds.
particles, the non-equilibrium dynamics of the stru Acknowledgements.Support by RFBR grant
tural phase transitions and the response of ttarlagld No. 16-29-1167 OFI_m and partial support by grant
molecules on the non-equilibrium structural charages No. 15-59-32401 RT-omi.
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