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ZusammenfassungKonventionelle und aberrations-korrigierte Hohau�ösungs-Transmissionselektronenmik-roskopie (HRTEM) sowie Raster-TEM (STEM) und Elektronenbeugung (ED) wurde indieser Arbeit experimentell auf den Fehlanpassungsshihtkristall (PbS)1.14NbS2 angewen-det.Ziel war es, die individuellen Atomsäulenpositionen an den Grenz�ähen des Systemsmit einer Präzision im sub-Ångstrom Bereih bestimmen zu können. Mit der so erreihtenGenauigkeit in der Bestimmung von Atomsäulenabständen sollten quantitative Auswer-tungen an Modulationen der atomaren Struktur sowie Inhomogenitäten des Gitters ent-lang der Grenz�ähen durhgeführt werden. Eine besondere Herausforderung stellt hierbeidie Au�ösung der leihten Shwefel Atomsäulen in unmittelbarer Nahbarshaft zu denweitaus shwereren Blei- und Niobsäulen dar.Die Entwiklung einer neuen Generation von Hohau�ösungs-Mikroskopen, die durhAberrations-Korrektur Messungen mit räumlihen Au�ösungen unterhalb von 1 Ångstromermöglihen, hat einen signi�kanten Fortshritt in der Genauigkeit von experimentellenUntersuhungn von Materialien auf atomarer Ebene in der Festörperphysik und Materi-alwissenshaft bewirkt.Speziell die Tehnik des negativen sphärishen Bildkontrastes (NCSI ontrast ima-ging) ermögliht durh die Kombination von stark unterdrükter Bilddelokalisierung beigleihzeitigem optimalen Kontrasttransfer die Au�ösung atomarer Säulen auh bei Ab-ständen von unter einem Ångstrom und stark untershiedlihen Kernladungszahlen undsomit atomaren Streufaktoren.Die Tehnik der Austrittswellenfunktions-Rekonstruktion ermögliht weiterhin durhnumerishe Verfahren das Berehnen der Phase und Amplitude der quantenmehanishenElektronenwellenfunktion aus Fokusserien. Die Kenntnis der genauen Werte der Aberra-tionen der Objektivlinse in einem aberrations-korrigierten Mikroskop steigert die Genaui-geit der Rekonstruktion.Der Shwerpunkt der Arbeit lag auf dem Verfahren der oben beshrieben NCSI Tehnik,um die Au�ösung der individuellen Shwefel, Niob- und Bleisäulen entlang der Grenz�ä-hen der Subsysteme PbS und NbS2 zu ermöglihen, was auh gelang.Benutzt wurden hierfür das jüngst installierte konventionalle HRTEM Tenai F 30S-Twin im Kieler Nanolabor und das aberrations-korrigierte Titan T 80-300 kV am ErnstRuska-Centrum für Mikroskopie und Spektroskopie mit Elektronen des Instituts für Fest-



4körperphysik am Forshungszentrum Jülih. Dieses geshah im Rahmen einer DFG geför-derter Kollaboration.Unterstützt wurden diese so entstandenen experimentellen Bilder stets durh soge-nannte multislie Simulationen, die Elektronenbeugung und Bildentstehung bei der Elek-tronenmikroskopie auf numerisher Basis berehnen und ergänzend zur besseren Bewer-tung von experimentellen Resultaten herangezogen wurden.Der Fehlanpassungsshihtkristall (PbS)1.14NbS2 weist entlang seiner inkommensurablenGrenz�ähen, die aufgrund seiner sandwih-artigen Shihtstruktur in sehr hoher Zahlvorkommen, vershiedene Modulationen der atomaren Säulenstruktur und Inhomogenitä-ten auf, von denen einige hier erstmalig beshrieben werden. Mit Hilfe der NCSI Tehnikwurden diese harakterisiert und erstmalig detailiert auf lokaler Ebene, d.h. direkt durhAuswertung von Atomsäulenpositionen quanti�ziert, im Einzelnen:
• Die Störung der Stapelfolge des PbS Subsystems;
• Die Tetragonale Verzerrung des PbS;
• Langreihweitige Undulationen des Gesamtgitters.Vergleihbare neuste Arbeiten [5℄ mit aberrations-korrigierter HRTEM an komplexenSystemen liefern Genauigkeiten von 3-5 pm in der Atomsäulenpositionsbestimmung. Dieim Rahmen dieser Arbeit beste erreihte statistishe Genauigkeit bei der Bestimmungvon Atomsäulenabständen liegt mit 6 pm zwar unter der Genauigkeit von Röntgenbeu-gungsexperimenten [13℄, im Gegensatz zu diesen Verfahren ist die Aussagekraft jedohniht durh räumlihe Mittellungen beshränkt, sondern ermögliht direkte Einsiht indie lokale atomare Gitterstruktur des Kristalls.
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1
Chapter 1IntrodutionIn the last deade a ompletely new generation of high-resolution transmission eletron mi-rosopes (HRTEM) with aberration-orreted eletron optis has been developed whihenables solid state physis and materials siene studies to be performed at sub-Ångstromresolution. Suh instruments an also be equipped with energy �lters and spetrometersand thus allow studies not only of the struture but also the hemial omposition andeletroni properties of materials at high spatial resolution.Sine the invention of the tehnique, experimental TEM images su�ered from thee�ets of lens aberrations. In partiular, the spherial aberration (Cs) of the objetivelens deloalizes the objet information and auses a strong degradation of the image. Thee�et of distortion of the eletron wave due to the spherial aberration is used to produephase ontrast in onventional HRTEM by ombining this aberration with a negativedefous of the objetive lens, that ats then like a Zernike phase plate [1℄. Unfortunately,high spatial frequenies orresponding to eletrons that are sattered at large angles showstrong deloalization and ompliated ontrast transfer whih makes experimental imagesinaessable to diret interpretation.The invention of spherial aberration orretors that allow the value of the Cs of theoptial system to be tuned like a parameter to small negative values solves these problemsand opens a new dimension for the resolution limits [2℄ [3℄ [4℄. In fat the enhaned on-trast transfer together with the strong suppression of image deloalization under negative
Cs imaging (NCSI) onditions is apable of resolving the atomi lattie struture of evenomplex systems, and the auray of spatial measurements has reahed a few piome-ters [5℄. Atomi olumn positions of even very light elements like oxygen situated next toheavy elements have been deteted with sub-Ångstrom auray [6℄. The high preisionin atomi olumn position determination makes this tehnique perfetly appliable for theinvestigation of ertain lattie struture features like defets and other inhomogeneities.The transition metal dihalogenide (TMDC) mis�t layer ompounds onsist of alter-nating staking of up to three layers of hexagonal transition metal dihalogenides anddouble layers of ubi rok salt monohalogenide with the general formula (MX)n(TX2)m(M = Sn, Pb, Bi or rare earths; X = S, Se, Te; T = Ta, Ti, Nb, V; n = 1.08....1.19; m



2 Introdution= 1,2,3) [7℄ [8℄. Suh layered systems an be understood as an interalated TMDC withthe monohalogenide being interalated into the van-der-Waals gaps of the TMDC om-pound [9℄. As a result of di�erent lattie onstants in one rystallographi diretion, thesesystems have inommensurate interfaes between eah MX and TX2 slab. This is the ori-gin of the term mis�t layered ompound. These systems were prepared for the �rst timein 1970 but not immediately reognized as mis�ts [10℄ [11℄ [12℄.The mis�t layered ompound (PbS)1.14NbS2 was �rst deribed in detail by Wiegers etal [13℄ who derived the rystal struture from x-ray di�ration data. Although this exper-imental tehnique is very preise in terms of auray in lattie parameter determinationit laks any loal information about the lattie struture as the data are assembled byaveraging over relatively large volumes of the samples.In early literature [14℄, hints on several lattie inhomogeneities and defets in thispartiular system an be found that might be related to the inommensurate interfaes.In prior artiles [15℄ [16℄ that were published during the work on this thesis, it wasdemonstrated that it is possible to detet and qualitatively desribe ertain lattie in-homogeneities along the inommensurate diretion of this system with the experimentaltehnique of aberration-orreted HRTEM.The goal of this study is to investigate the methodologial advantages of aberration-orreted HRTEM and NCSI ontrast imaging tehniques on the auray of atom ol-umn position determination at interfaes by quantitative omparison with x-ray di�rationdata. The method of NCSI ontrast imaging was applied suessfully to resolve the in-dividual atomi olumns at the interfaes of the mis�t layered ompound (PbS)1.14NbS2,where weakly sattering sulphur olumns are loated lose to the muh more strongly sat-tering niobium and lead olumns. A detailed quantitative analysis from NCSI ontrastimages with loal lattie struture determination auraies down to some piometers onseveral defets and inhomogeneities is presented.This work was performed in lose ollaboration with the Ernst Ruska-Centre for Mi-rosopy and Spetrosopy with Eletrons (Institute of Solid State Researh) at the Re-searh Centre Jülih where the aberration-orreted HRTEM experiments were performed.The work was funded by the German Researh Foundation (DFG) [17℄. The sampleswere provided by the surfae siene group of Prof. Kipp (former group leader Prof.Skibowski) of the Departement of Experimental and Applied Physis at the Christian-Albrehts-University Kiel in the framework of a DFG Researh Group [18℄.



3
Chapter 2Fundamentals of (aberration-orreted)HRTEMFor deades objet information in transmission eletron mirosopy was limited by thesperial aberration of the objetive lens that introdues strong deloalization e�ets.When imaging very thin objets, spherial aberration an be used to produe phase on-trast whih is indeed applied in high-resolution transmission eletron mirosopy: Theobjetive lens ats analogous to a Zernike plate for phase ontrast imaging in light optisby ompensating the distortion of the eletron wave due to the spherial aberration with anegative defous by mimiking a distortion with opposite sign [1℄. Unfortunately high spa-tial frequenies orresponding to eletrons that are sattered at large angles show strongdeloalisation and rather ompliated ontrast transfer under these onditions. This anbe partly minimized by seleting ertain defous values but never for the whole frequenyrange that is transferred by the mirosope.The invention of spherial aberration orretors that allow the Cs of the optial systemto be tuned like a parameter to small negative values solves most of these problems andopens a new dimension for the resolution limits [2℄ [3℄. In fat the enhaned ontrasttransfer together with the strong suppression of image deloalisation under negative Csimaging (NCSI) onditions is apable of resolving the atomi lattie struture of evenomplex systems like the TMDC mis�t ompounds as will be demonstrated in hapter 5.In line with that, omputational exit-wave reonstrution of the phase from foal seriesallows diret interpretation of the HRTEM image ontrast features. The basi theoryand progress from onventional HRTEM to aberration-orreted instruments inludingdynami eletron sattering, ontrast transfer and the physial priniples behind modernimage simulation algorithms and the exit-wave reonstrutions will be desribed in thishapter.Additionally a short overview on high-angle annular dark �eld sanning transmissioneletron mirosopy (HAADF-STEM) will be given as this tehnique was also applied onthe mis�t ompound for the �rst time with the reently installed Tenai F 30 S-Twininstrument in Kiel in order to aquire Z-ontrast images.



4 Fundamentals of (aberration-orreted) HRTEM2.1 HRTEM and image intensity simulationThe high-resolution transmission eletron mirosopy (HRTEM) imaging proess allowsto gain struture information down to the sale of atomi distanes in solids (≈ 2Å).In ontrast to other sattering tehniques like x-ray or neutron experiments that gatherinformation averaged over a mesosopi or marosopi objet area the HRTEM givesdiret loalized insight into the speimen. In the following setions the basi priniplesof the HRTEM, the interations of the eletron beam with the objet and the ontrasttransfer and its e�et on the image formation are explained.2.1.1 Basi priniplesAs invented by Ernst Ruska and o-workers in the 1930s (Nobelprize Ernst Ruska 1986),the basi priniples of transmission eletron mirosopes hold also true for its suessor,the HRTEM: An aelerated eletron beam penetrates through a thin (≤ 10 nm) objetand reassembles in a magni�ed image that an be visualized by a �uoresene sreen. Theoptial path of the eletron rays is direted by an eletromagneti lens system.With inreasing quality of the mirosopes due to tehnial progress in e.g. the highvoltage supply, the eletron emitting soure and the eletromagneti lenses the imageresolution inreased more and more but at the same time their interpretation beameinremental di�ult. Two main reasons an be spei�ed that lead to these problems:First, the eletron does not at as a lassial partile when traversing through the sample.Instead it has quantum mehanial properties assoiated with it, i.e. it is an eletronwave that an interfere. Therefore the intensity observed at the sreen is the square ofthe absolute of the eletron wavefuntion, whih means that any information about thephase is lost. The seond reason is of tehnial origin: The eleromagneti lenses usedin modern HRTEMs annot be ompared in their quality to optial ones of light-optialsystems, suh as e.g. in spae telesopes. The omparatively low imaging quality of thelenses limits the resolution and even worse introdues distortions to the wave funtionfrom lens aberrations. When trying to obtain the information about the objet from aHRTEM image one has to solve three independent problems:
• The objet information is enrypted by interferene within the wavefuntion.
• The exit-plane wave funtion is distorted due to optial aberrations.
• The phase information is lost.In order to deal with those problems many suessful approahes both on the tehnial(e.g. �eld emission guns for inreased oherene [19℄) as well as on the omputationalside (ontrast interpretation with numerial image simulation software [20℄) have beendeveloped and set to standard for use in ommerial instruments so far. With the help ofimage simulation software the eletron sattering in the objet and the eletromagnetialimaging proess is omputed and ompared with the experimental data. In an iterativeproess the input model is hanged until the alulated image mathes the experimental



2.1.2 Dynami eletron sattering 5image. The physial proess is omputed in the order it naturally takes plae in themirosope.In ontrary, another approah is to invert this problem and try to reonstrut theexit-plane wave funtion from the images [21℄ [22℄. This method will be explained inmore detail later, as it was also used in this work. As an experimental alternative theeletron holography [23℄ [24℄ is apable to nearly diretly measure the wavefuntion ofan objet. The latest development whih is now available in new mirosopes is theaberration-orretor [2℄ [3℄, that is able to push the resolution limit below 1 Å. Both suhan instrument (the Titan T 80-300 kV in Jüelih) and a onventional HRTEM (the TenaiF 30 S-Twin in Kiel) were used to study the mis�t ompound (PbS)1.14NbS2 in this workand it's priniples will be disussed in the following setions.2.1.2 Dynami eletron satteringAs deribed above two proesses are relevant for image formation within a HRTEM, theinteration of the eletrons with the objet in the form of di�ration and the eletron-optial imaging of the exit-plane wave funtion by the eletromagnetial lens system. Thissetion will give an overview about the �rst step, the sattering of the eletron waves inthe rystal potential.In the initial situation an inident plane wave is modi�ed in amplitude and phase bythe potential of the atoms in the objet and thus in ase of a rystalline solid transfersinformation about the lattie when leaving the objet as the exit-plane wave funtion.The eletron interation with the sattering potential is very strong and so the thiknessof the sample plays an important role and prohibits easy preditions about the quantityof the modulations. In fat a rystal struture under the same mirosope parameterslead to totally di�erent exit-plane wave funtions and thus to totally di�erent imageswhen only the sample thikness is altered. An ab-initio analytial derivation of the wholesattering proess in real materials is impossible, but several suessful approahes ofnumerial alulations of the di�ration exist. Two of them will now be desribed inmore detail, the Bloh-wave and the multislie method. Both methods allow at knownobjet parameters (like the sattering potential) to ompute the assoiated exit-planewave funtion of rystalline speimens for varying sample thiknesses. It is important tounderstand these algorithms in detail in order to ba able to judge mits importane wheninterpreting the experimental results by aompanying image intensity simulations.It must be stated that in the following ertain simpli�ations need to be made to dealwith suh a omplex proess as the dynamial eletron sattering. First the inident beamdiretion is always onsidered to be exatly along a zone axis of the rystalline struture.Furthermore inelasti sattering will not be disussed and e�ets from thermal di�usesattering will be negleted.After the derivations of the Blohwave and multislie algorithms, a short desriptionof some useful approximations for the ase of thin objets is given for pratial purposes.



6 Fundamentals of (aberration-orreted) HRTEMThe Blohwave algorithmThe Bethe-Bloh method [25℄ [26℄ starts with the relativistily orreted Shrödingerequation for an eletron wave Ψ(r) that is aelerated by the mirosope's high voltage
E in the rystal potential V (r):

∇2Ψ(r) +
2me

~2
[E∗ + V (r)]Ψ(r) = 0, (2.1)with e being the elementary harge, m = m0(1 + eE/E0) the relativistily orretedeletron mass and

E∗ = E
2E0 + eE

2(E0 + eE)
(2.2)the relativistily orreted aeleration potential with E0 = m0c

2 the rest energy of theeletron. The rystal potential is periodi and an thus be expressed as a Fourier seriesof the reiproal lattie vetors h:
V (r) =

∑

h

Vh exp(2πih · r). (2.3)As an ansatz for the wave funtion the well known Blohfuntion is used
Ψ(r) = C(r) exp(2πik · r), (2.4)where C(r) possesses the periodiity of the rystal and an as well be expanded as aFourier series.Inserting those terms into equation (2.1) and exploiting the fat that V0 is generallyfour orders of magnitude lower than E∗ one ends up with a full set of equations for eahvalue of g, i.e. for eah sattered beam:

[K2 − (k+ g)2]Cg +
∑

h 6=g

Ug−hCh = 0 (2.5)with
K2 =

2me

~2
(E∗ + V0) (2.6)as an averaged wave vetor of the eletrons in the rystal and

Uh =
2me

~2
Vh (2.7)as the modi�ed potential.Using an in�nite number of beams as in the real mirosope is of ourse not viable soone has to approximate the algorithm for pratial reasons. In the ase of the two-beamdi�ration ondition for the beams k and (k+ g) one starts with the wave funtion

Ψ(r) = C0 exp(2πik · r) + Cg exp(2πi(k+ g) · r), (2.8)



2.1.2 Dynami eletron sattering 7and arrives at, aording to (2.5), with the equations
[K2 − (k+ g)2]Cg + UgC0 = 0

(K2 − k2)C0 + U−gCg = 0. (2.9)This equation system an be solved in the ase that the determinant vanishes
(

K2 − k2 U−g

Ug K2 − (k + g)2)

)

= 0. (2.10)As an be seen this equation is of the order of k4. Generally using n beams leads to anequation of the order k2n with 2n roots of whih n are positive and n negative aordingto forward- and baksattering. The baksattered eletrons an be negleted for highenergies and therefore the general solution for the wave funtion is a linear ombinationof n Blohwaves with j di�erent wave vetors:
Ψ(r) =

n∑

j=1

α(j)Ψ(j)(r), (2.11)where α(j) is the amplitude of the j-th Bloh wave.The Bloh-states for the wave funtion beome mixed, and this leads to interferenee�ets for the waves with the di�erent vetors k(j). When splitting the wave funtion intothe individual beams one obtains
Ψ(r) =

∑

g

Ψg exp(2πig · r) (2.12)with the omplex valued Fourier oe�ients
Ψg(t) =

∑

j

α(j)C(j)
g exp(2πik(j)

z t) (2.13)where t denotes the sample thikness in the inident beam diretion and k
(j)
z the ompo-nent of the j-th Blohwave vetor along that diretion. Important is to point out thatnow the propagation perpendiular to the inident beam diretion is desribed in theexponential term of equation (2.12) alone while the propagation parallel to the inidentbeam is given by the Fourier oe�ients of (2.13). The interferene introdued by thesum in equation (2.13) is the origin of the thikness dependene of the Fourier oe�ient'smodulations.Using the high energy approximation (K ≈ k(j), K ≫ g and thus K ≈ |k + g|) andsplitting the Blohwave vetors into a omponent perpendiular and one tangential to theLaue plane, one gets two equations analog to (2.9).Now one an go a step further and add more beams in the same manner. The set ofequations keeps its form and an generally for many beams be written as

1

2K








−k2
t U−g U−h · · ·

Ug −(kt + g)2 Ug−h · · ·
Uh Uh−g −(kt + h)2 · · ·... ... ... . . . 













C
(j)
0

C
(j)
g

C
(j)
h...








= (k(j)
z − K)








C
(j)
0

C
(j)
g

C
(j)
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. (2.14)



8 Fundamentals of (aberration-orreted) HRTEMThe matrix has the size (n × n) where n is the number of beams. This equation an besolved by diagonalisation and with a few assumptions, one obtains the �nal expressionfor the oe�ient vetor Ψ

Ψ(t) =








Ψ0(t)
Ψg(t)
Ψh(t)... 






= C[exp(2πikj
zt)]DC−1u, (2.15)where C is the matrix with the eigenvetors C(j) in it's olumns, [· · · ]D a diagonal matrixand u = (1, 0, 0, · · · , 0). The Fourier oe�ients are thus ompletely desribed by theeigenvalues and eigenvetors of the matrix from equation (2.14) and an be omputednumerially by diagonalisation algorithms. This is only possible for a limited numberof beams n beause the run-time is up to the order of n3. This approah is thereforeonly viable for simple periodi rystals without defets or distortions in the lattie. Assoon as omplexities or interfaes between di�erent rystal latties and the like our, theBlohwave method is no longer feasible. A numerially superior method is the multisliemethod that will be disussed now.The multislie methodThe interation of the inident eletron wave and the periodi lattie potential V (r)is desribed as a sequene of phase shifts on onseutive di�ration planes within themultislie approah [27℄ [28℄. Figure 2.1 shows suh a sequene of "slies"shematially:A slie ontains an in�nitely thin di�ration plane perpendiular to the inident beamdiretion that indues a phase shift to the wave funtion Ψ(r). Between the di�rationplanes vauum of the thikness ∆z is assumed. Suh a slie re�ets the distribution ofthe atom potential originating from the atoms within the slie that modi�es the passingeletron waves. The potential is projeted onto a plane and the thikness is mimiked bythe vauum. The phase shift modulation is mathematially desribed by the phase-gratingfuntion and the dispersion between the di�ration planes via the propagator funtion.(a) The phase-grating funtionThe inident eletron beam is desribed by

Ψ(r) = Ψ0 exp(2πik0 · r), (2.16)with the relativistially orreted wavevetor ko in the vauum
|k0| =

(
2meE∗

~2

)1/2

, (2.17)and
|ki(r)| =

(
2me(E∗ + V (r))

~2

) 1

2 V ≪E∗

≈ |k0| +
meV (r)

~2|k0|
, (2.18)
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Δ Zslice
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n

n+1

n+2

n+3

n+4Figure 2.1: Illustration of the basi priniple of the multislie method: 5 slies are shemat-ily drawn that onsist eah of an in�nitely thin di�ration plane and vauum of thethikness ∆z. The atomi potential is projeted onto eah di�ration plane.in the rystal, where E∗ is the aelerating potential and V (r) the rystal potential. Afterbeing transmitted by a slab of the rystal with the thikness dz the wave funtion hasexperiened a phase shift ompared to a wave in the vauum whih an mathematiallybe written as
Ψ(x, y, z + dz) = Ψ0 exp(2πik0 · r) exp

[
2πimeV (r)dz

~2|k0|

]

, (2.19)and after integration along ∆z

Ψ(x, y, z + ∆z) = Ψ(x, y, z) exp

[
2πime

~2|k0|

∫ ∆z

0

V (x, y, z)dz

]

︸ ︷︷ ︸

Q

, (2.20)with the phase-grating funtion Q. The phase shift indued by the sattering at therystal potential is thus desribed by a multipliation of the wave funtion with thephase-grating funtion. The projeted rystal potential Vp(x, y) that is onstant alongthe slie in z diretion an be alulated and Q beomes
Q(x, y) = exp

[
2πime

~2|k0|
Vp(x, y)∆z

]

, (2.21)with
Vp(x, y) =

1

∆z

∫ ∆z

0

V (x, y, z)dz. (2.22)The result shows that the phase-grating funtion has the form of a phasefator that is afuntion only of the transmitted objet thikness ∆z and the projeted rystal potential.(b) The propagator funtionThe wave dispersion between two slies n and n + 1 an be understood in analogy tolassial wave mehanis: Every point in the di�ration plane n generates a oherent



10 Fundamentals of (aberration-orreted) HRTEMspherial wave. All waves sum up in the n + 1 plane, aording to the Huygens-Fresnelpriniple. Due to the fat that the added waves di�er in their optial path lengths theirphases are then di�erent too.Consider a spherial wave Ψn(X, Y ) exp(2πikr) that started from the point (X, Y) inthe n-th di�ration plane. To alulate the resulting wave at the point (x, y) of the n + 1plane one has to integrate over all possible points of origin of the plane n:
Ψn+1(x, y) ∼

∫ +∞

−∞

∫ +∞

−∞

Ψn(X, Y ) exp(2πikr)dXdY. (2.23)Using the paraboli approximation for the spherial wave fronts and ignoring the phase-fator of exp(2πik∆z) that is the same for all beams emitted from any point in the n-thplane, this an be rewritten to
Ψn+1(x, y) =

ik

∆z

∫ +∞

−∞

∫ +∞

−∞

Ψn(X, Y ) exp

(
πik

∆z
[(x − X)2 + (y − Y )2]

)

dXdY. (2.24)The normalisation onstant aounts for the intensity onservation. Mathematially thisexpression is a onvolution of the wave funtion in the n-th plane and the so-alled Fresnelpropagator funtion P (x, y) that desribes the spatial dispersion of the wave:
Ψn+1(x, y) = Ψn(x, y) ∗ P (x, y), (2.25)with
P (x, y) =

i

λ∆z

(
πi(x2 + y2)

λ∆z

)

, (2.26)using k = 1/λ.Equation (2.26) an be transformed into the Fourier spae for pratial reasons:
F(P (r)) = P (g) = exp(πiλ∆z|g|2). (2.27)() The multislie algorithmIn real spae the exit wave funtion of the (n + 1)-th plane is given by the reursionformula
Ψn+1(r) = [Ψn(r) ∗ P (r)] · Qn+1(r). (2.28)Presuming an objet thikness t = m · ∆z with m ∈ N, one gets the exit-plane wavefuntion through reursive appliation. Run-time onsiderations lead to mixed algorithmswhere the real- and Fourier representation of the formula are used alternatingly to avoidthe intriate onvolution in real spae that beomes a simple multipliation in Fourierspae:

F [Ψn(r) ∗ P (r)] = F [Ψn(r)]F [P (r)] = Ψn(g)P (g). (2.29)Therefore the algorithm an also be written as
Ψn+1(g) = F(F−1[Ψn(g)P (g)]Qn+1(r)). (2.30)



2.1.3 Approximations for thin objets 11Although the physial proess of the dynami eletron sattering is not desribed as�gurative in the multislie method as in the Bloh wave algorithm, the run-time advan-tages are huge: Pratial tests show that in order to ompute a wave funtion in a singlepoint in the plane (n + 1) it is not neessary to sum up the wave funtion over all pointsin the nth plane (with run-times ∼ N2 for N points) but only those in the neighbourhoodof the position vetor of the point. These N points are referred to as "beams"and thebigger the unit ell is expanded in the xy plane, the more beams have to be taken intoaount.During the reursion the Fourier transformations de�ne the run-time of the algorithmand thus for N beams the Fast Fourier Transform (FFT) method provides run-times
∼ N log2 N whih, ompared to the N3-dependene of the Bloh wave approah (seeabove), lead to muh shorter omputation times.Conluding, for real rystals with defets and other lattie distortions where a largesuperell is needed to desribe the systems probabilities realistially, the multislie algo-rithm is superior in terms of run-time eonomy ompared to the physially more intuitiveBlohwave method.2.1.3 Approximations for thin objetsSimpli�ations in the form of approximations an be useful tools and help to better un-derstand this omplex physial proess of dynami eletron sattering in a qualitativeway. The numerial approahes desribed above deliver quantitatively orret data, butfor speial onstraints like for very thin objets it might be helpful to use ertain approx-imations.The phase-grating approximationThe phase-grating approximation [29℄ assumes that in the multislie algorithm the prop-agation of the eletron waves between the slies an be negleted. Therefore only asequene of phase shifts desribed by the phase-grating funtion has to be alulated.This is ahieved by putting the Fresnel propagator to

P (r) = δ(r) (2.31)in real spae and
P (g) = 1 (2.32)in Fourierspae in equations (2.26) and (2.27), respetively, beause a onvolution witha delta funtion in real spae is a neutral operation. The same is of ourse true for themultipliation with 1 in Fourierspae.Assuming furthermore that the rystal lattie is homogeneous parallel to the inidentbeam diretion even the slies an be redued to a single phase shift when the projetedpotential is taken from the whole thikness of the objet. Then the wave funtion for anobjet with thikness t beomes

Ψ(r) = exp[iΦ(r)] = exp[iσVp(r)t], (2.33)
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1 2

atoms objectt

Figure 2.2: Illustration of the phase-grating approximation after [29℄: The phase of theeletron wave that passes the objet on a path of high projeted potential (sites of theatoms) with thikness t beomes ontrated in wave length and thus its phase is shiftedompared to the unsattered wave where the potential is lower.with the interation onstant σ:
σ =

2πme

~2|k0|
.The onsequenes are illustrated in �gure 2.2: The sattering potentials V (r) are positiveand thus the phase Φ(r) of the sattered eletron wave hurries ahead ompared to thephase of the unsattered wave. One also reognizes that this approximation negletsany amplitude modulation in real spae so that I(r) = |Ψ(r)|2 = 1 for any given r,whih an obviously not be true and is an e�et of the missing lateral wave propagation:Only sattering events along the optial path of Ψ2 a�et its amplitude at the exit-plane,interferene with Ψ1 does not our. This is a major disadvantage of the phase-gratingapproximation.The weak-phase-objet approximationThe weak-phase-objet approximation neglets the wave propagation in the same wayas the phase-grating approximation and assumes additionally that the phase shift is verysmall, i.e. |Φ(r)| ≪ 1 whih is true when the interation of the eletron wave and the sat-tering potential is very weak. This situation is, to a reasonable degree, given for objets notthiker than ≈ 3 nm. Then the exponential term an be derived as exp(iΦ(r)) ≈ 1+iΦ(r)and the wave funtion at objet thikness t beomes

Ψ(r) = 1 + iΦ(r) = 1 + iσVp(r)t. (2.34)This implies that the inident plane wave at the objet surfae is real (Ψ0 = 1) and thusonly the imaginary part is proportional to the potential Vp and the thikness t. The



2.1.3 Approximations for thin objets 13problem with equation (2.34) is that the intensity of the inident wave equals 1 at anygiven r (I0 = Ψ0Ψ
∗
0 = 1) but obviously I(r) = Ψ(r)Ψ∗(r) > 1 for any r in the rystal. Thatmeans the eletron intensity is inreased in the rystal and the onservation of partilesis violated. This e�et beomes more dramati with inreasing thikness.The equation (2.34) shows also, that for thin objets the imaginary part of the wavefuntion orresponds diretly to the projeted potential. Beause the potential is loatedat the positions of the atoms, the imaginary part projets the objet struture, whihis the main reason why the weak-phase-objet approximation is so popular. For thinobjets this relation is also true for the phase Φ(r) of the exit-plane wave funtion andthe projeted potential, whih plays an important role for exit-plane wave reonstrutionalgorithms that will be disussed later.The kinemati approximationIn the phase-grating and the weak-phase-objet approximations the wave propagation inthe objet is negleted. In the kinemati approximation the di�ration within a slie isapproximated by a weak-phase objet and multiple sattering events are exluded. Thisexlusion means that the di�rated part of the wave funtion propagates to the exitplane without being further sattered at other di�ration planes. Basially the kinematiapproximation uses the full wave propagation formalism while the desription of the sat-tering events is simpli�ed. Therefore weak interations between the inident wave and thesattering potentials (e.g. in the ase of x-ray and neutron sattering) are well desribedwithin the kinemati approximation while for many-beam interations in transmissioneletron mirosopy it is not fully satisfatorily appliable.The Fourier transform of the wave funtion in the weak-phase-objet approximation(equation (2.34)) for a slie of thikness ∆z is

Ψs(g) ≈ δ(g) + iσVp(g)∆z, (2.35)where Ψs desribes the wave funtion after a single (in ontrary to (2.34)) satteringevent. At the exit-plane these waves from all the di�ration planes sum up to the Fouriertransform of the wave funtion Ψ(gx, gy) while the propagation is desribed by the Fres-nelpropagator in (2.27). Then the objet is assumed to be in�nitely large in the (x, y)plane perpendiular to the inident beam diretion and the objet thikness t to be muhhigher than the slie thikness ∆z so that the sum has to be alulated only for the zomponent and an be replaed by an integration from 0 to t:
Ψ(gx, gy) ≈ iσV (gx, gy)

∫ t

0

exp[πiλ|g|2z]dz (2.36)desribes the sattered part (g 6= 0) of the wave funtion at the exit plane. Note that
Vp(g) = V (gx, gy, 0) = V (gx, gy). The integral reads then

Ψ(gx, gy) ≈ iσV (gx, gy)t
sin(πszt)

πszt
exp[πiszt], (2.37)



14 Fundamentals of (aberration-orreted) HRTEMwith the so-alled exitation error :
sz =

1

2
λ(g2

x + g2
y). (2.38)Comparison of (2.37) with the weak-phase-objet approximation (eq. (2.35)) shows twoadditional fators in the part of the wave funtion desribing the sattering: First, theexponential term is only a result of the relative frame of referene where the exit-planewas hosen as the origin of the oordinate system. By taking the objet enter as thatand then integrating from −t/2 to +t/2 lets the exponential expression vanish. Seondlyand more important is the sin x/x term with the exitation error sz in its argument. Theintensity of the sattered beam is

I(gx, gy) = |Ψ(gx, gy)|2 ≈ σ2V 2(gx, gy)t
2 sin2(πszt)

(πszt)2
, (2.39)whih is onsistent with the expression for the general di�ration intensity (see e.g. [29℄)for three dimensional objets and for an arbitrary inident beam diretion. In that asethe unit ell is given by (ax, ay, az), the objet is spatially limited by Nx × Ny × Nz unitells and the intensity is alulated to

I(g) ≈ λ2|F (g)|2|G(g)|2 = λ2|F (g)|2 sin2(πsxNxax)

(πsxax)2

sin2(πsyNyay)

(πsyay)2

sin2(πszNzaz)

(πszaz)2
. (2.40)Considering the geometry and the relation between the struture fator F (g) and thepotential oe�ient V (g):

F (g) =
2πm0eVE

~2
V (g), (2.41)equation (2.41) is equivalent to eq. (2.37), that was derived in a muh simpler way underertain restritions. The struture fator is a sum over all atoms of a unit ell with theatomi sattering amplitudes f(g), that denotes the sattering strength of an atom for aneletron wave in the diretion g:

F (g) =
∑

i

fi(g) exp[−2πig · ri]. (2.42)The value of f(g) depends on the element and an be numerially alulated [30℄ [31℄.The lattie amplitude G(g) in equation (2.40) orrelates the rystal dimensions withthe di�ration intensity. The well-known Ewald sphere onstrution shows for an in�nitelylarge rystal that only for the exat ful�llment of Bragg's law k− k0 = g, i.e. the Ewaldsphere surfae rosses a reiproal lattie point, any di�ration ontrast exists for a ertain
g. The exitation error s desribes the deviation from the exat Bragg law k−k0 = g+ swhere still ontrast ours. The broadening of the reiproal lattie points is deribed by
G(g) and is inversly proportional to the objet thikness t. The streaking of the lattiepoints to rods by the onvolution of the point g and the amplitude G(g) is the originof the di�ration intensity. In fat without this streaking mehanism for high symmetry



2.1.4 Contrast transfer in a HRTEM 15inident beam diretions no intensity ontrast would be produed at all beause no point
g is exatly rossed by the Ewald sphere in this ase!The smaller the objet is extended into a real spae diretion, the more is the reiproallattie point streaked into the appropriate diretion in the Fourier spae. That is alsoa diret representation of Heisenbergs position-momentum unertainty priniple for theeletron. The exitation error an be found in the equations for the Fresnel propagatorof the multislie algorithm (2.27) as well as in the Blohwave eigenvalue equation (2.14)(in the diagonal elements of the matrix).2.1.4 Contrast transfer in a HRTEMWhile in the previous setions the interation of the eletron wave and the objet wasdesribed, this hapter deals with the aspets of the imaging proess of the exit-planewave funtion whih is also of relevane for the image simulations.One of the main problems that was already mentioned in setion 2.1.1 is the loss ofthe phase information due to I(r) = Ψ(r)Ψ∗(r) = A2(r). In the ase of a thin objet inthe phase-grating approximation the whole objet information is enlosed in the phaseand the amplitude is just a onstant bakground A(r) = 1. Therefore no ontrast wouldour at all in the image. The wave funtion is omplex and is projeted onto a realfuntion during the imaging proess. In Fourierspae the intensity for a periodi objetwith disrete wavevetors (often referred to as spatial frequenies) an be expressed as

I(g) =
∑

k

Ψ(g + k)Ψ∗(k). (2.43)The summand represents the interferene of two beams, i.e. two plane waves, that add upto the image intensity and only those ontribute whose di�erene is exatly a wave vetor
g. But in general it is possible to �nd many ombinations of beams whose di�erenes yielda ertain g, so an image an ontain frequenies that are not part of the objet at all, andthus it is important to di�erentiate between image frequenies and objet frequenies.Equation (2.43) depits furthermore that a wave funtion that onsists of N beamsprodues an image frequeny spetrum of 2N − 1 beams with N2 terms, beause all pairsof beams whose di�erene is the same ontribute to the same image frequeny. This anlead to a major error when the resolution of a mirosope is determined from an image,beause its spetrum ontains frequenies up to two times larger than those of the objetspetrum. These image frequenies are alled artefats.And worse, even image frequenies that are equal to those of the objet ontain inter-ferene terms that are not exlusively omposed of objet interferenes where one wavevetor equals zero (those are alled linear terms). The interferene terms where bothfrequenies are not equal zero are refered to as non-linear terms. Hene, all artefat fre-quenies are purely non-linear and an objet spetrum that ontains N frequenies hosts
N2 interferene terms of whih only N are linear.Furthermore linear terms always show up in pairs (e.g. (g, 0) and (0,−g) ) in theimage spetrum and thus the information from two di�erent objet frequenies g,−g is



16 Fundamentals of (aberration-orreted) HRTEMsuperimposed in the image frequeny g. The reason is the so-alled Friedel symmetrylaw whih states that for the image intensity I(−g) = I∗(g) holds true for every Fouriertransform of a real parameter I(r). The origin of the appearane of the Friedel symmetryhere is obviously the real-valued image intensity.The assumptions made so far have not taken into aount any possible in�uene of thelens system of a real mirosope on the image intensity. The imaging proess of a wavefuntion by the formation of the square modulus itself indues artefats by interferene.If the objet of interest an be approximated as a weak-phase-objet (whih is normallynot the ase for systems with an appliation in the materials siene), the imaging an berestrited to the linear ontrast transfer. In that ase equation (2.43) redues to
IL(g) = Ψ∗(0)Ψ(g) + Ψ(0)Ψ∗(−g). (2.44)Here Ψ(0) and Ψ∗(0) are the Fourier transforms of the unsattered zero beam and itsonjugate-omplex, i.e. unmodulated plane waves. The superposition of both interfereneterms leads to the loss of the phase in the real image intensity. In the eletron holographya separation of these terms is ahieved by interferene of the exit-plane wave funtionwith an unsattered referene beam to image the wave funtion diretly.Considering a weak-phase objet with Ψ(g) = iσV (g)t, (Ψ(0) = 1) the linear ontrastan be alulated using equation (2.44). A real mirosope uses eletromagneti lensesfor the image ontrast transfer that modulate the wave funtion in the form of a phaseangle χ(g), so that the linear intensity that is transferred an be expressed as

IL(g) = iσV (g)t exp(iχ(g)) − iσV ∗(−g)t exp(−iχ(g)) = −2σV (g)t sinχ(g), (2.45)where sin(χ(g)) is alled the oherent ontrast transfer funtion (CTF). Therefore a weak-phase objet in a mirosope without any phase modulation (χ(g) = 0 ⇒ sin(χ) = 0)shows no image ontrast at all. The ontrast beomes a maximum if χ(g) = n · (±π/2),with n = 1, 3, 5, ... [1℄. In analogy to light optis, where a λ/4 phase plate indues a phaseshift of π/2 [32℄ [33℄, optimal phase ontrast an be produed by an analogous mehanismin the eletron mirosopy that is desribed in the next setion.2.1.5 The e�ets of lens aberrationsEletron mirosopes su�er from several aberrations of the eletromagneti lenses dueto tehnial di�ulties in the onstrution of the lenses. One severe aberration is thespherial aberration desribed by the spherial aberration onstant (Cs) that is illustratedin �gure 2.3: Beams under di�erent inident angles θ beome more (for higher θ) or less(for smaller θ) di�rated so that they don't oinide with eah other in the foal point.as a result, the wave fronts are bended more at the outer parts and diverge from thespherial form that is given by the Gaussian lens equation:
1

f
=

1

a
+

1

b
, (2.46)
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Figure 2.3: Spherial aberration: Beams with higher inident angles θ are di�rated morestrongly. In the Gaussian plane the waves form a dis instead of a point whose radiusis proportional to the spherial aberration onstant Cs. The distane between Gaussianimage plane and the plane of observation is the defous Z.with f the foal length of the lens, a the objet width and b the image width.Therefore beams with a higher inident angle θ onverge in a point above the Gaussianimage plane. The result in the Gaussian image plane is a divergent beam that - when allbeams are onsidered - forms a dis. The radius of this error dis in the image plane isproportional to the spherial aberration onstant Cs:
rCs

= MCsθ
3, (2.47)where M is the magni�ation. By the bending of the wave fronts a di�erene in theoptial path length ∆ and thus a phase shift is introdued. Tuning the spherial aberration(whih is a property of the eletromagneti lenses and therefore a onstant in onventionalmirosopes) like a parameter by using a orretor [2℄ [3℄ allows to adjust the phase shiftaording to the π/2 riterion .An analogous an be ahieved by hanging the foal length f + ∆f of the lens or theobjet width a + ∆a to over- and underfous: The distane between the gaussian imageplane and the plane where the image is observed is given by the defous Z = ∆a − ∆f ,where Z > 0 is de�ned by the signs as overfous and Z < 0 as underfous. The radius ofthe image plane dis by defousing is

rZ = MZθ. (2.48)



18 Fundamentals of (aberration-orreted) HRTEMThe angle di�erene ǫ from the Gaussian path of rays introdued by defous and spherialaberration for a beam with distane R to the optial axis beomes
ǫ =

rCs
+ rZ

b
= Cs

R3

f 4
+ Z

R

f 2
, (2.49)with M ≃ b/f and θ ≃ R/f . The eletron optial path di�erene ompared with an idealbeam is ds = ǫdR and integration over the lens radius in equation 4.49 yields the phaseshift that is alled aberration funtion χ(θ):

χ(θ) =
2π

λ
∆s =

2π

λ

∫ R

0

ǫdR =
2π

λ

(
1

4
Cs

R4

f 4
+

1

2
Z

R2

f 2

)

θ≃R/f
=

2π

λ

(
1

4
Csθ

4 +
1

2
Zθ2

)

. (2.50)From the relationship between the di�ration angles and the spatial frequenies g = θ/λone gets
χ(g) = 2π

(
1

4
Csλ

3g4 +
1

2
λZg2

)

. (2.51)To get an impression for whih range of parameters the aberration funtion delivers phaseshifts aording to the π/2 riterion it is useful to introdue the unit-less generalizedparameters θ∗, g∗, Z∗ with
θ∗ = θ(Cs/λ)1/4 = g∗ = g(Csλ

3)1/4, Z∗ = Z(Csλ)−1/2, (2.52)so that the aberration funtion is now independent of the mirosope-related onstants
Cs and wavelength λ and beomes:

χ(θ∗) = 2π

(
θ∗4

4
+

θ∗2

2
Z∗

)

. (2.53)This funtion is plotted in �gure 2.4. The goal is to �nd a value for the defous Z, wherethe ontrast sin(χ(g)) beomes a maximum, whih is ahieved when χ(g) = n · (±π/2),with n = 1, 3, 5, .... At the same time the ontrast should hange as little as possiblewith the spatial frequeny. This is usually the ase where the aberration funtion has aloal extremum, whih only exists for negative values of the defous. Figure 2.4 showssome seleted χ(θ∗) plots for values of Z∗ that produe minima whih are odd multiplesof −π/2. This is true for Z∗ = −
√

2n − 1 with n ≥ 1. Around the minima, a rangeof frequenies is transferred with a similar phase shift, with the optimum ahieved for
Z∗ = −1. Suh a frequeny range is alled passband.The phase shifts of several hundred degrees are by all means typial for high resolutionimages, whih indiates that the exit-plane wave funtion is modi�ed in a strong way.The passbands are even better visible when one takes a look at the CTF of a miro-sope's objetive lens: Figure 2.5 shows the alulated CTF for a onventional HRTEM
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Figure 2.4: Aberration funtion χ(θ∗) as funtion of the generalized di�ration angle θ∗for di�erent values of the defous Z∗. Optimal phase ontrast is ahieved over a largerange of spatial frequenies (π/2 riterion) for Z∗ = −
√

2n − 1 with n ≥ 1.(red urve, Tenai F 30 S-Twin) under onditions of the so-alled Sherzer defous, thatorresponds to Z∗ = −1 with a phase shift of approximately −2π/3.In that ase the spherial aberration phase shift and that of the defous ompensateeah other over a large range of frequenies. Inserting the values into equation 2.51 theSherzer defous [1℄ beomes
Zs = −(

4

3
Csλ)1/2. (2.54)The �rst root of the CTF de�nes the point resolution of the mirosope. For Sherzerdefous it is given by gs with

gs = (
3

16
Csλ

3)−1/4. (2.55)The passband for the low frequeny regime is expliitly visible in �gure 2.5, for higherspatial frequenies strong osillations our, that forbid a diret interpretation of theimage intensity. The smallest real spae distane that is resolved an be alulated to:
ds =

1

gs
=

(
3

16
Csλ

3

)1/4

= 0.66(Csλ
3)1/4, (2.56)whih is the usual de�nition of the point resolution of a mirosope. Note, that for thisde�nition any information from higher spatial frequenies beyond the �rst root of the CTF
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Figure 2.5: Contrast transfer funtion for the onventional high-resolution mirosope Te-nai F 30 (semionvergene angle α = 0.3 mrad, defous spread δZ = 5.3 nm) at Sherzerdefous and for an aberration-orreted Titan 80-300 instrument (semionvergene angle
α = 0.2 mrad, defous spread δZ = 2.9 nm) with negative Cs.is ut o� arbitrarily. A possibility to indiate the smallest objet detail by the imagingsystem is given by the information limit df . The wave amplitude at the information limitis assumed to be damped to a value of 1/e2 ≡ 13%:

dinf =

(
πλ∆

2
√

2

)1/2

, (2.57)where ∆ is the defous spread that is an important quantity for the stability of modern�eld emission gun mirosopes and is given by
∆ = CC
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)2
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2∆I
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)2

, (2.58)with the onstant of hromati aberration CC , mean energy E0, potential V0 and lensurrent I0 and their variations in time ∆E, ∆V, ∆I. The defous spread is driven bythe Maxwell distribution of the energy of the eletron soure and the instabilities ofthe aelerating voltage and the lens urrent and auses a deoherene in time. LaB6emitters su�er from spatial damping envelopes of the aberration funtion that suppresshigher spatial frequenies due to spatial inoherene. In ontrary to that, modern FEGmirosopes like the Tenai F 30 in the Nanolab Kiel allow to work with nearly parallelillumination and thus very low onvergene angles θ. The resolution is then limited mainlyby the oherene in time given by the defous spread.The osillations in �gure 2.5 are due to the spherial aberration of the objetive lensthat is inluded in equation (2.51) with the 4th power of g. The strong gradient of the



2.1.6 Aberration-orreted HRTEM 21aberration funtion has a big in�uene on the image, beause it is similar to the radiusof the error dis in equations (2.47) and (2.48). In the presene of defous and spherialaberration, the lateral displaements of all beams from the Gaussian optial path haveto be taken into aount (and not only the ones with the highest θ), beause both mightompensate eah other to a ertain degree. With θ = λ|g| the lateral displaement inthe image plane indued by defous is ∆rZ(g) = Zλg and that indued by spherialaberration ∆rCs
(g) = Csλ

3g3. For Z > 0 the sign of the displaement is the same forboth terms while for underfoussing (Z < 0) a ompensation is ahieved. The totaldisplaement is given by:
∆r(g, Z) = ∆rCs

(g) + ∆rZ(g) = (Csλ
3g2 + Zλ)g =

1

2π
∇χ(g, Z). (2.59)Here ∇χ is just the partial derivation of χ:

∇χ =
1

2π

∂χ(g, Z)

∂g
= (Csλ

3g2 + Z)g. (2.60)The maximum displaement |∆r|max desribes the radius of the dis for a frequeny band
[0, gmax] where gmax is given e.g. by the information limit. The radius is referred to asdeloalisation radius R:

R(Z) = |∆r(g, Z)|max =
1

2π
|∇χ(g, Z)|max. (2.61)The deloalisation an be minimized by hoosing a defous value Z in suh a way, thatthe radius is minimized for a given gmax. This Zmin is alled Lihte defous aordingto [34℄ and beomes

Zmin = −3

4
Csλ

2g2
max (2.62)with

Rmin =
1

4
Csλ

3g3
max. (2.63)While the values for optimal Sherzer defous are about some 10 nm underfous, a min-imum in deloalisation and thus the Lihte defous is approximately 100 nm or belowunderfous, depending on the desired resolution. The passband is shifted to higher spatialfrequenies for Lihte defous onditions ompared to Sherzer onditions. Osillationsour both at very low and very high frequenies. For onventional HRTEM instrumentslike the Tenai F 30, Rmin of 1 - 2 nm is ahieved, whih is still one order of magnitudelarger than the smallest resolvable objet detail! The invention of aberration orretedinstruments solves this problem as will be desribed in the following.2.1.6 Aberration-orreted HRTEMShortly after the invention of the eletron mirosope in 1931 by Ernst Ruska and MaxKnoll [35℄, Otto Sherzer published his famous eletron-optial theorem in 1936 [36℄, whih



22 Fundamentals of (aberration-orreted) HRTEMsays that the spherial aberration of a round eletromagneti lens is always positive andthat there is no means to ompensate this by the spherial aberration with opposite signof another round lens. The only path to better resolutions seemed to be to minimizethe aberrations of the lenses. Ironially, the man who had brought this problem over theyoung soiety of eletron mirosopists by his theorem, found the bak door by himself in1947 and proposed the orretion would be possible by multipole lenses [37℄. It took morethan half a entury until an attempt to solve this problem was suessful in 1998 [38℄.An improvement of the point resolution (equation (2.56)) is tehnially limited be-ause the eletron wavelength annot be dereased by using muh higher voltage powersupplies beyond 1 MV (where beam damage of the speimen beomes an even more seriousproblem) and also the Cs annot be lowered arbitrarily by improved lens fabriation.In light optis spherial aberration and hromati aberration as well an be orretedby doublets of a onverging and diverging lens with di�erent refrative index and dis-persion. But in eletron optis round lenses are always onverging. The priniple of thesuessful design of hexapole lenses as orretors is desribed in detail by [39℄ and [2℄.A hexapole �eld with threefold symmetry introdues a small divergene to a bundle ofrays with equal distane to the optial axis as well as a strong threefold symmetry asillustrated in �gure 2.6. The ray displaement by the spherial aberration is proportionalto r3 (see equation (2.59)) and thus two opposite rays at distanes r to the optial axiswill gain small de�etions that point into opposite diretions in addition to the strongde�etions into the same diretion from the threefold symmetry of the �eld. The positiveray displaement of the objetive lens, i.e. the spherial aberration, an now be fully om-pensated by the negative displaement that an be tuned by the strength of the hexapole�eld and the ombined spherial aberration of the system beomes zero. By using a seondhexapole system the threefold distortion an then be ompensated by inserting a transfersystem of round lenses between the two hexapoles that operates at magni�ation -1 andthus indues a point inversion between the hexapole planes: The threefold distortionsanel out while the divergenes or onvergenes add up, produing positive or negative
Cs.The orretor is integrated into a transmission eletron mirosope by inserting anothertransfer doublet of round lenses between the objetive lens and the hexapole system toimage the oma-free point of the objetor lens into the hexapole. The orretor elementsare atually build as 12-poles for reasons of �ner adjustment. Additional de�etion oilsare needed to math all optial axes of the elements. The �nal setup is shematiallyshown in �gure 2.7.Combining the small positive or negative spherial aberration with the defous aber-ration of the objetive lens allows to adjust for optimal phase ontrast imaging. Theinformation limit is given by the hromati aberration. The approah by [40℄ is to extendthe point resolution to the information limit and set ds = dinf from equations (2.56) and(2.57), respetively, and alulate Cs:

Cs =
16d4

inf

3λ3
, (2.64)
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Figure 2.6: Illustration of the threefold symmetry (blue irles) introdued by a hexapole�eld on the arrangement of a bundle of eletron beams with initial equal distanes (redirles) to the optial axis in the enter. Minus and plus denotes the respetive poles.

Figure 2.7: Sheme of a transmission eletron mirosope with integrated double-hexapoleorretor.



24 Fundamentals of (aberration-orreted) HRTEMand by inserting into equation 4.54 the optimum fous beomes
Z = −

8d2
inf

3λ
. (2.65)The largest deloalisation for gmax = 1/dinf is then

Rmax =
8dinf

3
, (2.66)whih is still quite large. It an be further redued by optimising Z and Cs [40℄ to:

Cs =
64d4

inf

27λ3
, (2.67)and

Z = −
16d2

inf

9λ
. (2.68)The result is a muh smaller deloalisation of

Rmax =
16dinf

27
. (2.69)For this value of Rmax the phase ontrast is only redued by about 10% whih is still verygood appliable for imaging. The setting above produes positive values for the spherialaberration and negative ones for the lens defous. This derives from the strong positivespherial aberration of the objetive lens and produes positive phase ontrast, i.e. atomolumns would appear dark ompared to the mean intensity.Under the weak-phase objet approximation the objet wave funtion was alreadyderived (see equation (2.34)) and the image plane wave funtion from Sherzers π/2riterion [1℄ estimated to

Ψim(r) ≈ 1 ± σVp(r)t, (2.70)and thus the image intensity is
I(r) ≈ 1 ± 2σVp(r)t + (σVp(r)t)

2. (2.71)For positive phase ontrast now the minus in equation (2.71) would hold and the on-trast is weakened by the linear and quadrati terms of opposite sign. Under negativephase ontrast the linear and quadrati terms add up and the ontrast modulation is en-haned. This situation is ahieved with the double hexapole orretor by simply reversingall signs in the results of the optimum imaging onditions from equations (2.64), (2.65),(2.67) and (2.68)! The result is depited by the blue urve in �gure 2.5: The ontrasttransfer does not hange in sign over wide regions of spatial frequenies by tuning Cs tonegative values. The phase ontrast extends to the information limit and the osillationsfor high spatial frequenies do no longer our.



2.1.7 Exit-wave reonstrution 25The e�et of negative phase ontrast imaging (NCSI) of rystalline objets was �rststudied by numerial image simulations [41℄ and applied experimentally for atomi res-olution imaging of oxygen olumns in perovskite eramis, on�rming the theoretialresults [6℄ [42℄. One of the biggest advantages of this tehnique is the possibility to re-solve weakly sattering atom olumns in the diret neighbourhood of strong satteringones.The method of negative phase ontrast imaging was applied suessfully in this work toresolve the atomi olumns at the interfaes of the mis�t layered ompound (PbS)1.14NbS2,where weakly sattering sulphur olumns are loated lose to the muh more stronglysattering niobium olumns and even more strongly sattering lead olumns.2.1.7 Exit-wave reonstrutionThe tehnique of exit-wave reonstrution (often also referred to as foal-series reonstru-tion) onsists of two parts, an experimental and a omputational one. In the experiment,a series of images with atomi resolution are taken under varying objetive lens defousonditions from the same sample area. Suh a series an onsist of 2 - 30 images thateah exhibit di�erent image ontrast. During the seond step the exit plane wave funtionis numerially omputed from this series in order to generate the phase and amplitudeinformation.It was already stated that optimal imaging onditions in line with image simulationsare appropriate tehniques to reveal the atomi struture of an objet. One might thereforeask, where the need for multiple image aquisition together with ompliated numerialomputations is. The answer lies in the fat that it is possible to take di�erent imagesof the same objet area by only hanging some lens parameters. The objet informationis enoded in it and mixed with the information on the optial system that is used toimage it. Considering now a very ompliated objet with hundreds of unknown atomsand positions, the method of (1) initial guess for image simulation, (2) omparison withexperimental data and (3) hanging the on�guration of the lattie and start again with(1), will poorly work! For real systems this initial information is often simply not availableand thus there is a need for a method that reliably delivers the wave funtion at the objetsexit plane that is free from instrumental artefats.In order to understand the mathematial method of the foal-series reonstrution,the formal derivations of the last hapters are neessary. Aording to equation (2.45),the linear image intensity for a weak-phase objet an be written as
IL(g 6= 0) = 2F [Im(ΨO(r))] sin(χ(g)), (2.72)where Im denotes the imaginary part. The transition from the objet wave funtion ΨOto the image plane wave funtion ΨI is given by

ΨI(g) = ΨO(g) exp(−iχ(g)) = ΨO(g)t(g). (2.73)The omplex valued phase transfer funtion t(g) = exp(−iχ(g)) de�nes the point-spread



26 Fundamentals of (aberration-orreted) HRTEMfuntion p(r), whih is its inverse Fourier transform:
p(r) = F−1[t(g)]. (2.74)Then the transition of the wave funtion from objet to image plane an be desribed alsoin real spae by a onvolution:

ΨI(r) = ΨO(r) ∗ p(r). (2.75)Mathematially, a lateral deloalisation of information is desribed here, and the objetwave funtion beomes blurred as a result. The radius of the point spread funtion wasalready derived in equation (2.61). There, p(r) was written as |∆r(g, Z)|max. During thereording of a foal series for a thin �lm of given thikness t, parameters like wavelength,spherial aberration and information limit are �xed and the only remaining free parameteris the objetive lens defous. Sine a series of many images is reorded, it is of nopartiular interest what defous values are exaly used. But are should be taken not towaste information, whih an our in real spae by hoosing a defous whih auses anunneessarily large radius of the point-spread funtion. Due to the onvolution in (2.75),objet points whih are at a distane loser than R from the edge of the reorded area,spread information outside that will be lost. For this reason the reonstruted objetarea should always be smaller than the reorded one. The reonstruted objet area anbe maximized by keeping R and thus ∇χ small, resulting in fous values nearby theoptimum fous from equation (2.68) but with inverted sign. Pratially it is su�ient totake the series around the zero defous for a Cs orreted instrument due to a theoretialoverestimation of the point spread and thus Zopt. The reason for this are in�uenes ofthe atomi sattering amplitude for higher sattering angles. For an unorreted FEGinstrument, the foal series should be taken at values around Sherzer or Lihte defous.In equation (2.72) a dispersive phase shift of a real objetive lens was added to thewave funtion. Adding a osine term to desribe the dispersive nature of the imaginarypart of the phase ontrast transfer in addition to the real part desribed by the sine andde�ning
X(g) = 2F [Re(Ψ(r))] = Ψ(g) + Ψ∗(−g)

Y (g) = 2F [Im(Ψ(r))] = −iΨ(g) − Ψ∗(−g), (2.76)yields:
IL(g 6= 0) = XO(g) cos(χ(g)) + YO(g) sin(χ(g)). (2.77)

X(g) and Y (g) are generally omplex-valued Fourier oe�ients that hold the Friedelsymmetry X(−g) = X∗(g). The subsript O refers again to the objet wave funtion(opposed to I for the image wavefuntion). In linear algebra vetor notation the equationan be rewritten to:
IL(g 6= 0) =

[(
cos(χ(g)) sin(χ(g))
− sin(χ(g)) cos(χ(g))

) (
XO(g)
YO(g)

)] (
1
0

)

=

(
XI(g)
YI(g)

) (
1
0

)

.(2.78)



2.1.7 Exit-wave reonstrution 27Note, that the vetor (X(g), Y (g)) arries now the real part transfer in the �rst andthe imaginary part transfer in the seond dimension. The term in the square braketsdesribes a frequeny-dispersive rotation of the real and imaginary parts from the objetwave funtion to the �nal image plane wave funtion. The multipliation with the vetor
(1, 0) is a projetion of the image-plane wave funtion onto the real-axis of the omplexnumber plane, where only its real part ontributes to the image intensity. This omplexnumber plane should not be onfused with the one in Fourier spae that refers to thesingle vetor oe�ients X and Y .As �gure 2.8 shows, the equation an be visualized as a helial surfae that is windingaround the spatial frequeny axis in the three dimensional (Re, Im, g) spae. This surfaerepresents the omplex valued phase transfer funtion t(g). The real and imaginary partsof the initial objet wave funtion are mixed by the rotation matrix dependent on thespatial frequeny. A projetion of the helial surfae onto the real axis yields the osinetransfer funtion cos(χ(g)) and a projetion onto the imaginary axis the sine transferfuntion sin(χ(g)) that was already introdued with equation (2.45) as the CTF.At low frequenies, the ontrast is dominated by the osine transfer funtion that islose to 1 while the sine is ∼ 0. Therefore larger (> 1nm) objet detail ontrast is alwaystransferred by the osine funtion and thus the intensity is due to ontributions nearlyexlusively of the real part of the wave funtion.As an also be seen in �gure 2.8, the sign of the winding given by the sign of thegradient of χ(g) an hange in diretion, expliitly in the middle of the Sherzer passbandwhere the spherial aberration and defous have opposite signs. From equation (2.61) onean also see that strong beam displaements ∆r(g) invoke high winding frequenies forthe assoiated g.Equation (2.78) an also be written as:

IL(g 6= 0) =

(
XO(g)
YO(g)

) [(
cos(χ(g)) − sin(χ(g))
sin(χ(g)) cos(χ(g))

) (
1
0

)]

=

(
XO(g)
YO(g)

) (
cos(χ(g))
sin(χ(g))

) (2.79)Now the projetion axis (1, 0) is rotated in the image plane to form a new projetion axis(cos(χ), sin(χ)). Taking a foal series with di�erent Z and thus di�erent χ values yieldsnow a tomographi reording as a funtion of g of the objet wave funtion into a diretionof the omplex number plane given by the right-hand side of the above equation, beausethe winding of the helial surfae hanges as a funtion of χ. Therefore the method issometimes referred to as defous-variation priniple.During the reonstrution the projetion diretion for eah spatial frequeny value gis di�erent beause of the non-linear orrelation of ∇χ and g in equation (2.60). Therotation axis on a partiular (Re, Im) plane for a ertain g has to be determined beausethe projetion helix does not rotate as a whole, but slow for lower frequenies and fasterfor higher ones due to the quadrati term of g in (2.60). For eah spatial frequeny adi�erent set of projetions of the objet wave funtion is inluded in a foal series.
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Figure 2.8: Illustration of the frequeny-dispersive linear real- and imaginary-part on-trast transfer within an eletron mirosope at Sherzer defous from [43℄. The objetwave funtion is for both the real-part (a-) and the imaginary part (d-f) visualized as aGaussian for simpli�ation. The ontrast is transferred by a projetion onto the omplexnumber plane (Re, Im) as desribed by equation (2.78) as a funtion of the spatial fre-queny g. (a) By the phase transfer funtion t = exp(−iχ(g)) the surfae of the helixdisplayed is de�ned in suh a way, that the objet wave funtion is rotated around the gaxis by an angle −χ(g) to yield its ontribution to the image-plane wavefuntion that isshown in (b). Its projetion onto the real axis shown in () illustrates the real part objetwavefuntions ontribution to the linear image intensity. The imaginary part of the objetwave funtion (again represented by a Gaussian) is transferred in the same way as shownin (d), (e) and (f). The projetion onto the real axis in (f) yields the CTF.



2.1.7 Exit-wave reonstrution 29From the onsiderations above, the approah for the linear reonstrution of the realand imaginary part of the objet wave funtion an be derived. A foal-series reordedwith N di�erent images and di�erent foal values Zn generates N aberration funtions
χn(g) = 2π(

1

4
Csλ

3g4 +
1

2
λZng

2). (2.80)Multipliation of equation (2.77) with cos(χ(g)) and sin(χ(g)) and summation over the
N images gives the two omplex valued linear equations for XO(g) and YO(g).

N∑

n=1

IL,n(g) cos(χn(g)) = XO(g)
N∑

n=1

cos2(χn(g)) + YO(g)
N∑

n=1

cos(χn(g)) sin(χn(g)),

N∑

n=1

IL,n(g) sin(χn(g)) = XO(g)

N∑

n=1

cos(χn(g)) sin(χn(g)) + YO(g)

N∑

n=1

sin2(χn(g)). (2.81)Those equations need to be solved for eah g and one an �nd detailed information inthe literature [44℄ [45℄ [46℄ [21℄ [47℄ [48℄ [49℄ [50℄ [51℄ on the analytial and numerialapproahes that where derived over the past deades as well as on the expansion of theequations for non-linear reonstrutions. In this ontext, only some important issues willbe disussed that give pratial hints for experimental work.(i) A serious problem is the low-frequeny gap that appears due to the nearly absentrotation of the projetion helix for small g values. Nearly only the real part of the wavefuntion is projeted by the osine transfer. This would then basially be the same as theintensity ontent for low frequenies of the reorded image.A onsensus states that projetions are assumed to be su�iently di�erent for reon-struting a ertain g when an angle of π/4 is exeeded by the helial surfae between the�rst and last image. Then the lowest reonstrutible frequeny for the total foal length
L with L = (N − 1)δ of a series an be estimated to be:

gmin =
1

2

√

1

λL
. (2.82)From this formula it beomes lear that by inreasing the number of images N takenat equidistant foal steps δ (the step size should be always onstant) the lowest reon-strutible frequeny is dereased.(ii) A seond problem is evoked when the images in an equidistant series are takenaidently in suh a manner, that the projetion diretion hanges from an image to thenext in multiples of π, beause in that way it would e.g. be possible that only the realpart of the wave funtion for a ertain frequeny will be reorded again and again withoutany information of the imaginary part. This phenomenon of a frequeny gap is alledblind spot. Suh a resonane frequeny ours when πλδg2 = nπ and thus blind spots anonly be avoided up to the �rst resonane frequeny of

gres =

√

1

λδ
. (2.83)



30 Fundamentals of (aberration-orreted) HRTEMChoosing δ in a manner that pushes this threshold beyond the information limit solvesthis problem.newlineOn the one hand the foal step size should be preferrably large to maximize L, on theother hand so small that resonanes below gmax are avoided. By laiming that the phasehanges should be below 3/4 · π at gmax, an optimum step size of
δopt =

3

4λg2
max

(2.84)is a good ompromise to math both onditions at the same time.Additionally, it is advised that the reorded series ontains about 10 - 20 images.Lower numbers lead to inreased blind spot regions and for muh more images the e�etof inreasing beam damage will beome a problem.2.1.8 Numerial aberration orretionThe ability of an aberration-orreted HRTEM to ontrol the defous and spherial aber-ration as well as higher order aberrations (that will be disussed in hapter 4) duringthe experiment leads to muh more preise information about the instruments parame-ters during the image aquisition. Another goal of numerial aberration orretion is tobe able to orret for any residual objetive lens aberrations after the images have beenaquired. When used for this pupose, methods that are able to onstrut the phase of theobjet wave funtion like foal-series reonstrution are also very powerful tools.The oversimpli�ed piture that takes only the defous and spherial aberration intoaount need to be expanded to inlude other aberrations that a�et the wave funtionand thus the image. Those an not be entirely orreted by the hardware during theexperiment and, even worse, some of them vary in time dramatially. It is well known,that reonstruted wave funtions show those residual aberrations. Lukily, given thatan aberration is known, it is muh more easier to orret the wave funtion numeriallyafterwards that su�ers from the aberration, than it is to remove the aberration froman image. Even more, in an optimal situation, the residual aberrations itself an bedetermined from the wavefuntion [52℄.Assuming a reonstruted wave funtion ΨR(g) with a residual aberration χR, then
ΨR(g) = ΨO(g) exp(−iχR(g)) (2.85)an be solved for the aberration-free objet wave funtion ΨO(g) by onstruting a nu-merial phase plate χR(g).The aberration funtion an be expanded as a series, whih should be done in polaroordinates (g, ϕ), beause unlike Z and Cs a general residual aberration is not isotropi.The ontributions to χR(g) an then be written as

χmn(g, ϕ) = 2π

(
1

m
wmng

m cos[n(ϕ − ϕmn)]

)

, (2.86)



2.2 Fundamentals of HAADF-STEM 31with m ≤ n, m + n even, and the wave aberration oe�ients wmn. For example, w20equals Z in this notation and w40 the sperial aberration Cs.The ability to orret for residual aberrations after the image aquisition is also inludedin the TrueImage software pakage that was used for the foal-series reonstrutions ofthe aberration-orreted HRTEM images of the mis�t layered ompound (PbS)1.14NbS2.2.2 Fundamentals of HAADF-STEMWith the sanning transmission mode of the eletron mirosope (STEM) an image isprodued by sanning a strongly foussed eletron beam aross a thin sample and ollet-ing the eletrons sattered into large angles by a so-alled high-angle annular dark �eld(HAADF) detetor. The integrated number of sattered eletrons that are olleted foreah probe postion are displayed on a synhronized display during the rastering proess.STEM beame an important and powerful omplementary tehnique to the TEM methodbeause also many types of analytial spetrosopi signals an be used to produe animage of the sanned area. Annular dark �eld (ADF) imaging using high-angle satteringthat ours loalised near individual atoms beame the primary imaging tehnique be-ause it ombines the advantage of a high sensitivity to the atomi number Z with highlateral image resolution and allows for a very diret interpretation of the images.The STEM was invented shortly after the onventional TEM by von Ardenne in thelate 30's [53℄ and ould be improved about 3 deades later to a high degree by the ad-dition of �eld-emission eletron guns [54℄. With the introdution of the annular dark�eld detetor further advanement of the tehnique was ahieved leading to the suessfulimaging of single atoms and atom lusters [55℄. By inreasing the olletion angles of thedetetors beyond the probe forming angle, the dependene of the signal on the atominumber Z dominates the oherent Bragg sattering ontrast. The HAADF detetors re-due the degree of oherene by predominantly olleting thermally di�use sattered ele-trons [56℄ [57℄. The ontrast produed by eletrons at large sattering angles is stronglydependent on the atomi number Z and thus enables hemial maps of the speimen intwo dimensions [58℄. The performane of STEM mirosopes was further improved and�rst ADF images were taken at atomi resolution with bright peaks denoting the atomsites and without any ontrast reversals present in oherent imaging by HRTEM [59℄.Figure 2.9 (a) shows a shemati illustration of a STEM geometry. Above and belowthe drawn setion the ondensor lenses, sanning oils and post speimen lenses of theombined STEM and TEM instruments would be situated but these are not shown herefor simpli�ations. The foal length of the objetive lens is typially about 3 mm andthe illumination semiangles α are about 10-30 mrad for instruments with an aelerationvoltage of 100 kV to 300 kV. The olletion angles are in the range of a few 100 mrad forthe high-angle di�rated eletrons.A foussed eletron probe Ψp(x,xp) of an inident eletron beam Ψinc(x) impingesonto a thin sample and the eletrons beome sattered. At the exit plane of the sampletheir amplitude distribution is desribed by the omplex valued wave funtion Ψ̃t(k
′,xp)
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Figure 2.9: (a) Sketh of a STEM with annular dark �eld detetor in the di�rationplane. An inident eletron wave funtion Ψinc(x) is di�rated within a sample, its ampli-tude distribution an be desribed by the omplex valued wave funtion Ψ̃t(k
′,xp) for eahposition xp on the sample. (b) Illustration of the di�ration proess that transfers the in-ident plane wave with wave vetor K and its transverse omponent k within the objetiveaperture into an outgoing wave with wave vetor K′ and its transverse omponent k′.for eah position xp on the sample. k′ is the transverse omponent of the wave vetor of thedi�rated eletron as �gure 2.9 (b) shows. k′ is two dimensional with |k′| = 2 sin(θ/2)/λwith the di�ration angle θ and eletron wavelength λ.

k′ represents a point in the far �eld of the speimen and therefor Ψ̃t(k
′,xp) is givenas the Fourier transform of the omplex-valued amplitude funtion of the eletron waveat the exit surfae Ψt(x,xp) of the sample:

Ψ̃t(k
′,xp) = FT [Ψt(x,xp)]. (2.87)The useful loal information about the sattering properties of the speimen and theinteration between probe and speimen are inluded in the variations of Ψt(x,xp) fordi�erent xp. k′ represents a point on a detetor situated in the di�ration plane. Theimage intensity observed as a funtion of the probe position is then given by

I(xp) =

∫

D(k′)|Ψ̃t(k
′,xp)|2d2k′ (2.88)where D(k′) desribes the detetor area in the di�ration plane.



2.2 Fundamentals of HAADF-STEM 33For the determination of Ψ̃t(k
′,xp) another omplex valued funtion F (k,k′) thatrepresents the sattering amplitude of the initial partial plane wave with wave vetor kin the probe into a plane wave with k′ in the image plane.Under oherent illumination the foussed probe in the speimen plane is alulated byan integration over the objetive aperture A(k) of the aberration funtion exp(−iχ(k))of the objetive lens [60℄:

Ψp(x,xp) =

∫

A(k) exp(−iχ(k))
︸ ︷︷ ︸

=:Â(k)

exp(−2πik(x − xp))d2k. (2.89)
A(k) represents a irular aperture with A(k) = 1 for |k| ≤ kmax = λα and A(k) = 0for any other |k|.The di�ration proess modi�es the wave funtion at the exit plane of the speimento

Ψt(k
′,xp) =

∫

Â(k) exp(−2πik(x − xp))F (k,k′)d2k (2.90)whih an be inserted into equation (2.88) and yields then an expression for the imageintensity that is olleted when the eletron probe is situated on the speimen at a position
xp:
I(x) =

∫ ∫ ∫

D(k′)F (k,k′)F ∗(k+g,k′)Â(k)Â∗(k + g) exp(2πig·xp)d
2k′d2kd2g, (2.91)with a reiproal lattie vetor g.That is the Fourier transform of the expression

I(g) =

∫ ∫

D(k′)F (k,k′)F ∗(k + g,k′)Â(k)Â∗(k + g)d2k′d2k. (2.92)For the speial ase of inoherent imaging with an annular dark �eld detetor D(k′) withan inner and outer olletion angle k′
i and k′

o respetively with D(k′) = 1 for k′
i ≤ |k′| ≤ k′

oand A(k) = 0 for any other |k′|, equation (2.92) an be simpli�ed:
I(g) ≈

∫

Â(k)Â∗(k + g)d2k

∫

D(k′)F (k,k′)F ∗(k + g,k′)d2k′ (2.93)
= FT−1(|PSF (x,xp)|2)FT−1(|O(x)|2). (2.94)The point spread funtion in this equation is equal to the probe funtion Ψp(x,xp).The objet funtion O(g) = FT−1(O(x)) arries the information about the satteringproperties of the sample.If the rystal is very thin with a periodi sattering potential in the diretion of theinoming beam, the objet funtion is a onvolution of the square of the eletrostatipotential with an Airy funtion with a diameter inversely proportional to the inner angleof the detetor [61℄. In the ase when the detetor inner angle is large enough so that



34 Fundamentals of (aberration-orreted) HRTEMthe di�ration limit does not destroy the resolution of objet details, the objet funtionrepresents a diret image of the speimen projeted potential.The ADF image intensity is thus given by the onvolution of the square of the probefuntion and the objet funtion:
I(xp) = |PSF (x,xp)|2 ∗ |O(x)|2. (2.95)In this piture of image formation, the image is that of the objet funtion alteredby the probe shape but without interferene e�ets. The detetor geometry plays animportant role if the inoherent image formation model should be valid. Its inner aperturehas to be muh larger than the objet aperture that is used. The inner radius should bethree times larger than the probe onvergene angle to yield the inoherene [62℄.As a harateristi feature, HAADF images show always bright dots at the positionof atomi olumns regardless of the fous setting.



35
Chapter 3The mis�t layered ompoundsThe lass of transition metal dihalogenide (TMDC) mis�t layer ompounds with thegeneral formula (MX)n(TX2)m (M = Sn, Pb, Bi or rare earths; X = S, Se, Te; T = Ta, Ti,Nb, V; n = 1.08....1.19; m = 1,2,3) is built up by two very di�erent subsystems onsistingof distorted rok salt MX with a ubi NaCl struture and sandwih layers of TX2. TheMX layer hosts two atomi slies of a ubi monohalogenide while the TMDC sandwihonsists of three atomi layers staked in a XTX-sheme. In a monorystalline system,the properties of the two subsystems di�er from eah other signi�antly. In this hapterthe struture and physial properties of the single onstituents will be desribed �rst,followed by a detailed overview about the mis�t ompounds in general.3.1 Transition metal dihalogenidesThe transition metal dihalogenides TX2 with a group IVb (Ti, Zr, Hf), Vb (V, Nb,Ta) or VIb (Cr, Mo, W) metal T and a halogen X (S, Se, Te) are often referred toas "sandwih"layered ompounds, i.e. they are built up by three atomi layers that arestaked with the halogen on top and bottom and the metal in between. The transitionmetal atoms are arranged hexagonally and eah of them is surrounded by six halogenatoms that are as well hexagonally ordered in the two layer planes above and below themetal (see �gure 3.1) [7℄.While within the sandwihes the bonds are of ovalent and ioni harater, they aresaturated on the surfae of the halogenide planes and therefore the interation be-tween neighbouring sandwih layers is of a weak van-der-Waals type. This leads to thephenomenon that physial properties like eletrial and thermal ondutivity as well asmehanial and optial attributes show a pronouned two-dimensional harater. Fromthis origin is the term "quasi 2-dimensional material"derived whih is often to referredwhen the speial features of the TMDCs are explained.Despite their similar struture the TMDCs show still di�erenes in their rystallog-raphy. As �gure 3.1 (b) and () shows, the transition metal atom an be surrounded bythe six nearest neighbouring halogen atoms in two di�erent ways, re�eted by the soalled 1T and 2H strutures. In the ase of the 1T struture the halogen atoms form
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Figure 3.1: (a) Shemati drawing of the sandwih struture of the transition metaldihalogenides. (b) The unit ells of the otahedral 1T and () trigonal prismati 2Hapolytype. NbS2 possesses the 2Ha on�guration.a otahedron and the unit ell onsists of a single slab of this arrangement in  dire-tion, the spae group is the symmorphi P3̄m1. The trigonal prismati 2Ha struturewith the non-symmorphi spae group P63/mmc is in ontrary to that expanded over twosandwihes that are rotated by 180◦ towards eah other, where the halogen atoms arestaked on top of eah other within one slab. The ompound under investigation in thisthesis, NbS2, possesses the 2Ha on�guration. Other polytypes like 2Hb, 3R et. existalso and the nomenlature results from di�erent staking sequenes of the layers with theinteger indiating the number of layers present in a single unit ell.The di�erenes in struture �nds diret representation in the eletrial, magneti andoptial properties of the various ompounds and were desribed �rst by Wilson and Yo�e[7℄ via the eletroni struture by a simple model. Figure 3.2 shows the energy positionsof the relevant band states near the Fermi edge. The s- and p- orbitals of the halogenatoms are divided into oupied and unoupied (antibonding and bonding) σ and σ∗ bandstates. The metal d states are positioned in the energy gap between those and split upinto a twofold degenerated level eg (the dxz and dyz orbitals) and a threefold degeneratedlevel t2g (the dz2 , dx2−y2 and dxy orbitals). The authors desribe the various haratersof the ompounds within a simple ioni piture by the amount of �lling of the d bands:The transition metal loses two eletrons to the halogen atoms to �ll their p orbitalsompletely, while the remaining eletrons an oupy the dz2 states. In the ase of theIVb transition metals the on�guration is d0 and the dz2 band is unoupied, resultingin semiondutive properties. In a TMDC with group Vb transition metals the bandbeomes half �lled and the respetive ompounds are metalli. A system with a omplete�lled dz2 band from eletrons from group VIb elements then again indues semiondutingbehaviour and the band is separated from the other d states and signi�antly lowered inenergy.
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Figure 3.2: Simpli�ed model desribing the eletroni struture of the transition metaldihalogenides after [7℄. The bonding and antibonding σ and σ∗ states are from thehalogen ompound, the mixed eg and t2g states are derived from the transition metal dstates that split up.These eletroni properties are diretly linked to the struture, for the oordination ofhalogen atoms are otahedral for group IVb metals and trigonal prismati for those ofgroup VIb. Only Vb ompounds an be found in both on�gurations.InteralationThe van-der-Waals gap between the layers of the TMDCs is of partiular interest beauseof its ability to at as a host for interalating atoms, moleules or even rystals. Interala-tion here is de�ned as a reversible proess of atom insertion into the van-der-Waals gap ofa TMDC host struture without hanging it. This an alter the physial properties of thewhole system by modi�ation of the eletroni struture and is examined with regard topratial appliations like designing semiondutor heterostrutures with ertain desiredproperties. Detailed studies on various interalates [63℄ like alkali and other metals [8℄,3d transition metals [64℄, and organi moleules [65℄ are desribed in the literature.Notiable results from interalation are e.g. the ahievement of transitions from semi-onduting to metalli behaviour or induing superondutivity within a ompound. Asthe driving fore behind the interalation a harge transfer from the guest to the hostlattie is deteted. There are two ompeting models desribing this proess, the rigidband and the band shift modell. While the latter desribes the redution of the perpen-



38 The mis�t layered ompoundsdiular dispersion of the eletroni states and thus the hange in band gaps and bandwidths, the former assumes the band struture of the host system to be unhanged andthe ondution bands being �lled up with eletrons from the interalate due to the hargetransfer, whih would bear the fat that only eletron donors an be interalated. Butthis assumption is not appliable by all means, as the host layers an be deoupled andhange the band struture even at an early stage of the interalation proess.Interalation an be realised by varying methods, e.g. alkali metals an be interaletedby immersion of the host in alkali-ammonia solutions [63℄, eletrolysis or by in-situ depo-sition in vauum onto a lean surfae [76℄ or diretly built in during the rystal growthproess [64℄. It is important to state that the proess of the interalation iself is until nownot well understood and there is still a lively debate on that.As the band shift model predits, the strit de�nition of interalation mentioned aboveis not satisfatory as additional other hanges like modi�ed layer interations, altered lay-ered spaings and so on are reported also [63℄. Consequently the de�nition an be loosenedto only state that TMDCs are alled interalated when the guest atoms, moleules or rys-tals doesn't disturb the layered harater. The mis�t layered ompounds are aordingto that a strongly interalated transition metal dihalogenide with the guest being slabsof rystals itself.Eletri transport measurements show that this de�nition is not only formal: theobserved properties are similar to those of metal atom interalated ompounds, givingrise to the assumption that the ondution happens exlusively in the TMDC layers [8℄.However, the rystal struture is well known and the quality of the bulk and surfaematerial of the samples after growth is astonishingly high, regarding the fat that thosesystems are grown by the hemial vapour transport method, whih is desribed in moredetail in hapter 4.3.2 The ubi monohalogenide PbSThe MX onstituent of the mis�t layered ompounds is a ubi rok salt monohalogenidewith M being divalent Sn, Pb, Bi or trivalent rare earths, and X the halogen S or Se.PbS, whih is the MX part in the mis�t layered ompound investigated in this thesis, existsin nature as a natural mineral alled galena and rystallizes in the rok salt struture asdepited in �gure 3.3. It onsists of two fae entered ubi (f) latties, resulting in abody entered ubi (b) Brillouin zone.The bonding is of ioni and ovalent type [66℄ and the struture exists only in thismonotype as opposed to e.g. SnS that shows a temperature dependent transition betweentwo strutural phases α and β [67℄. PbS and SnS are group IV-VI semiondutors witha diret band gap of 0.41 eV and 1.08 eV at room temperature respetively [68℄ [69℄.Atually PbS was one of the �rst semiondutors ever used industrially and is todayapplied in a broad number of eletroni devies like detetors or lasers.The group V element Bi doesn't exist in a BiS on�guration with the oxidation state2+ like the two other ompounds, but is observed as Bi2S3 in a 3+ state.
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Figure 3.3: Sheme of the rok salt rystal struture of PbS (galena).While the bulk properties are well understood, aspets of hanges in the surfae geom-etry and thus the eletroni struture were disussed ontroversally in the literature up tothe present days. Sine in the rystal struture of the mis�t layered ompound one �ndsthe MX ompound onsisting of surfaes exlusively, potential in�uenes of that have tobe taken into aount. Disrepenies arise from theoretially predited surfae ore levelshifts for both the Pb and S states [66℄ that ould not be very�ed in experiments. Possibleexplanations would be the strong eletron-phonon oupling in PbS [70℄ or a relaxation ofthe partial [71℄ or entire [66℄ surfae plane resulting in a strutural hange.A further phenomenon regarding the surfae struture is reported by [72℄: Duringleavage under ultra high vauum onditions, a small perentage (about 0.1%) of theS atoms evaporate into the vauum. Hene a Fermi level shift towards the ondutionband appears and the surfae beomes an n-type semiondutor after some hours while thebulk states remain unhanged. After some more hours of oxygen evaporation and repeatedmeasurements this shift an no longer be observed and the surfae band struture is thesame as before. This an be explained in a way, that the oxygen atoms �ll the sulfurvaanies and restore the surfae struture. Of analogial interhanges between the Pband metal atoms at interfaes or after evaporation is furthermore reported in [73℄ and [74℄.The ability of the surfae to relax and to reonstrut by atom interhange is partiu-larly interesting when one onsiders that in the mis�t layered ompound the surfaes ofthe PbS slabs are in diret ontat with the transition metal and halogen atoms of theTMDC.3.3 Mis�t layered ompoundsAs desribed in the previous setions the mis�t layered ompounds onsist of alternatingstaking of up to three hexagonal transition metal dihalogenides and double layers ofubi rok salt monohalogenide with the general formula (MX)n(TX2)m (M = Sn, Pb,Bi or rare earths; X = S, Se, Te; T = Ta, Ti, Nb, V; n = 1.08....1.19; m = 1,2,3). Suhlayered systems an be understood as an interalated TMDC with the monohalogenide
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bFigure 3.4: Sheme of the three main types of transition metal dihalogenide mis�t om-pounds (MX)n(TX2)m (n = 1.08....1.19) for m = 1, 2, 3. The di�erenes in the lattieonstants in a diretion lead to the inommensurability and thus to the term mis�t.being interalated into the van-der-Waals gaps of the TMDC ompound [9℄. Figure 3.4shows shematially the strutures of the ompounds for m = 1, 2, 3.As a result of the di�erent lattie onstants in a diretion these systems have inom-mensurate interfaes between eah MX and TX2 slab. This is the origin of the term mis�tompound. In ontrast the rystal struture is ommensurate in the b diretion.Figure 3.5 shows the general mis�t layered ompound and its lattie in more details:The diretions of the lattie vetors a, b,  of the TMDC subsystem are the same as thoseof the MC ompound, alled a', b' and ' in the following. For the hexagonal TMDC onean de�ne b as orthogonal to a with b = a ·
√

3 and for the undistorted TMDC and MClayers a' and b' are then parallel to a and b respetively, as well as  and '.In real mis�t layered ompound systems one always �nds individual layers to be dis-torted due to multiple reasons. E.g., the subsystems show mutual modulations with thegoal to make the b and b' lattie parameters �t. The distortion in the MX plane is on-sidered in the projeted rystal struture drawing along the ommensurate axis in �gure3.5 (b). Whenever the ratio of a and a' is irrational, the interfae is alled inommensu-rate and the lattie mismath is de�ned as 1 + δ with δ = 1 − a
a′/2

. While in that ase and ' an still be assoiated with eah other, the presene of both an inommensu-rate and ommensurate diretion demands a desription as given by [75℄, who introduea (3 + 1)-dimensional superspae group to desribe the mis�t ompounds inluding themodulations.The mis�t layered ompounds were prepared the �rst time in 1970 but interest-ingly not immediately reognized as suh [10℄ [11℄ [12℄. The struture of the ompound
(PbS)1.14NbS2 that is diussed in this thesis and the aompanying physial propertiesare desribed in the following two setions.
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Figure 3.5: (a) Shemati side view of the 3-dimensional struture of a mis�t layered om-pound with the formula (MX)nTX2 (n = 1.08....1.19). The inommensurability diretionis a, the layers are staked along  diretion. (b) The projeted rystal struture along theommensurate diretion b for the same ompound.3.4 The rystal struture of PbS1.14NbS2 and its prop-ertiesThe mis�t layered ompound PbS1.14NbS2 was �rst desribed in detail by Wiegers et al [13℄who derived the rystal struture from x-ray data. The averaged lattie parameters anbe measured very preisely with suh methods and were determined to the values listedin table 3.1.onstituent amisfit (Å) apure (Å) bmisfit (Å) bpure (Å) cmisfit (Å) cpure (Å)

NbS2 3.313 3.31 5.801 5.73 23.80 11.89PbS 5.834 5.936 5.801 5.936 11.90 5.936Table 3.1: Lattie onstants of the mis�t layered ompound PbS1.14NbS2 [13℄ and thepure [7℄ onstituents determined from x-ray data.Compared to the pure ompound the lattie properties of the TMDC subsystem suh asthe hexagonal symmetry or the in-plane lattie onstants appear to be nearly unaltered inany way, while the PbS is notiably modulated: The reason for that is easy to understandwhen one takes into aount that the NbS2 subsystem laks any dangling bonds at theinterfaes. Therefore no additional binding fores appear ompared to the mere TMDCrystal. But for the double layers of PbS the binding fores have dramatially hanged



42 The mis�t layered ompoundsompared to the galena bulk struture: With the absene of the bulk the slabs hostedbetween two NbS2 layers onsist only of surfae atoms with dangling bonds. The in-planelattie onstants are redued (see table 3.1) from apure = bpure = 5.936 Å to amisfit = 5.834

Å and bmisfit = 5.801 Å to �t in the ommensurate diretion with the NbS2 and thus thePb atoms protrude out of the layer and the S atoms loom inside [9℄ approximately 0.25 Åeah so that the total distane between them is inreased to ompensate the distortion.The hanges within the PbS subsystem are in detail disussed in hapter 5.Consequently the modulations in the rystal struture are desribed in suh a way thatthe TMDC ompound distorts the PbS guest lattie so that the in-plane parameters �t toeah other. The spaing in  diretion is on the other hand determined by the MC om-pound [75℄. The distane between the Pb atoms and the sulphur of the TMDC varies dueto the inommensurability, but is not smaller than about 1.8 Å. Thus an interlayer gapexists that is very similiar in size with that of the pure TMDC ompounds [7℄. This largeseparation between the layers supports the piture that the two-dimensional haraterof the mis�t layered ompound is onserved and the resulting system is an interalatedTMDC with its geometri probabilities being a mix of the two sublatties of whih itonsists of.Figure 3.6 gives a detailed overview of the (PbS)1.14NbS2 lattie struture based onearlier x-ray di�ration data obtained by [13℄ from mis�t rystals. The 3-dimensionalsketh in the middle of the drawing shows the alternating PbS and NbS2 sandwihes. Theinommensurate [100℄ diretion with the lattie onstants aPbS = 5.834 Å and aNbS2
=

3.313 Å is indiated as "a"in the oordinate system for simpli�ation, the same holds truefor the ommensurate [010℄ diretion ("b") with bPbS = bNbS2
= 5.801 Å and the [001℄diretion ("") perpendiular to the layers with 2 · cPbS = cNbS2

= 23.80 Å. The insets(a) - (f) show the detailed projeted lattie struture in the zone axes as derived fromthe x-ray di�ration data [13℄. The appropriate seleted area eletron di�ration patterns(EDPs) are shown here for omparison and are desribed in detail in hapter 5.The projeted top view along the [001℄ diretion is onstruted in (a): The distortedubi struture of the PbS (indiated by the red squares) overlaps with the hexagonal
NbS2 (indiated by the red hexagon) struture and forms omplex atomi arrangements.In b diretion the lattie onstants of PbS and NbS2 are the same and thus ommensurate.In a diretion this is not the ase, the ratio of aPbS and aNbS2

annot be writen as a frationof integers. As desribed above and in [75℄, one an nevertheless onstrut a superell todeal with this problem and approximate the ommensurability with 4 · aPbS = 7 · aNbS2
.As a result one obtains the superell that is indiated by the grey shaded box as a guideto the eye. The orresponding eletron di�ration pattern is shown in (b): The hexagonaland ubi patterns an be easily identi�ed and are highlighted by the red line. Weakspots in between the main re�etions an be attributed to multiple di�ration with bothsubsystems involved.The projeted side view of the layers along the inommensurate diretion is shown in): Again the ommensurability in b diretion an be identi�ed and the perpendiularstaking leads to the relationship of 2 · cPbS = cNbS2

. The signs denote here the atoms
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Figure 3.6: Atomi on�guration of the (PbS)1.14NbS2 mis�t rystal derived from x-raydata [13℄: In the middle the layered struture is shematily shown with the unit ells ofthe single onstituents to the left. The projeted rystal struture is in detail shown as(a) top view (along [001℄ diretion), () ommensurate side view (along [100℄ diretion)and (e) inommensurate front view (along [010℄ diretion). The superell of the struturefor whih the ommensurability is approximated with 4aPbS = 7aNbS2
is indiated by grey-shaded areas. The eletron di�ration patterns taken for this work in the appropriate zoneaxes are shown in (b), (d) and (f) and are in detail disussed in hapter 5.



44 The mis�t layered ompoundsbeeing above and below the plane of projetion, the grey box shows the superell of theombined mis�t ompound and the modulations of the PbS whose struture is no longerubi are learly visible in this projetion. In the EDP the ommensurability is mirroredby the parralel arrangements of spots with the same distane from the enter in b diretionfor both subsystems.Figure 3.6 (e) shows the projetion of a single slab of the rystal struture parallel tothe (010) plane with + and - indiating the site of the atom to be above or below the planeof projetion respetively. The atomi on�guration at the inommensurate interfaediretion with the x-ray derived lattie onstants aPbS = 5.834 Å and aNbS2
= 3.313 Å isinvestigated in detail in this work. It gives rise to varying loal inhomogeneities that aredesribed in hapter 5, where aberration-orreted HRTEM investigations on the atomiarrangements at the interfaes are presented. Those investigations are indeed loally inontrast to the spatial averaging x-ray experiments. The (4 ·aPbS = 7 ·aNbS2

)× (2 · cPbS =
cNbS2

) superell is framed by the grey box.The eletron di�ration pattern (f) in the same zone axis is shown for omparisonand is dominated by arrangements of spots parallel to the staking diretion indiatingthe layered struture. Due to the inommensurability the re�etions orresponding tothe PbS and NbS2 subsystems are learly separated from eah other in the a diretion.A remarkable feature is the streaking of the PbS re�etions that will be explained bystaking disorder in detail in hapter 5.The large number of re�etions in all the EDPs prove the broad variety of spaialfrequenies transferred during imaging that ontribute to the eletron di�ration. Forsuh a omplex rystal struture this behaviour is expeted.
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Chapter 4Experimental
4.1 Crystal growth and sample preparationThe single rystals were grown using the hemial vapor transport (CVT) method thatwill be explained in the next setion. One of the biggest hallenges of using high-resolutiontransmission eletron mirosopy is the preparation of samples that are both very thinand also without any major damage from the ion beam used for thinning that destroys oralters the rystal struture. In the ontext of aberration-orreted TEM instruments, thinmeans about 10 nm or less in the region of interest. Additionally, amorphous materialon top of the sample from the thinning proess blurrs on the one hand the ontrast ofHRTEM images, but is on the other side neessary to line-up the Cs orretor of themirosope.The tehniques that were applied and improved for the samples examined in this studywill also be disussed in this hapter.4.1.1 Chemial vapor transportThe mis�t layered ompound rystals used in this thesis were fabriated by the surfaesiene group of Prof. Dr. Kipp from the Institute of Experimental and Applied Physisof the Christian-Albrehts University Kiel [76℄ during a ollaboration supported by theGerman Researh Foundation [18℄.The system investigated in this thesis is fabriated by the standard tehnique to growtransition metal dihalogenide rystals - the hemial vapor transport method as shownin �gure 4.1.The pure ompounds with a stoihiometri initial weight are introdued into a quartzvial with iodine I2 as a transport agent. After evauation the vial beomes sealed and isinserted into a so alled four-zone furnae. The basi priniple of suh an oven omprisesof a temperature gradient of about 100 - 150 ◦C between the high temperaure nourishingzone and the low temperature growth area at absolute temperatures ranging typiallyfrom 700◦C - 800◦C and 900◦C - 1000◦C. Under these onditions the rystal growth takesapproximately 4 - 6 weeks.
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Figure 4.1: Shemati drawing of a four-zone furnae that is used for the rystal growthby hemial vapour transport. The initial weight of pure onstituents is on the high tem-perature side (left) of the vial (see also temperature diagram, shematially), the growtharea where the �nal rystals form in the low temperature regime on the right. Gaseousiodine is used as transport agent. The inset shows a typial mis�t ompound rystal afterthe growth is �nished.The resulting rystals have typially the size of 5 mm × 5 mm × 0.1 mm or smaller.A photograph of suh a mis�t rystal is shown in the inset of the �gure 4.1. The �atrystals have often sharp edges but are sometimes also round shaped. They look glossyand have an optially lean and re�eting surfae.Even though it has to be stated that the nature of the reations during the growthare only rudimentarily understood, the general hemial formula for produing TMDCsby CVT is
TI4 + 2X ⇋ TX2 + 2I2, (4.1)where T is the transition metal and X the halogen. Similarly, this is expanded for mis�tlayered ompounds by [77℄ with the following reation sheme:

TI4 + (3 + x)X + (1 + x)MI2 ⇋ (MX)1+xTX2 + (3 + x)I2, (4.2)with M = Pb in the ase of (PbS)1.14NbS2 and x = 1.14.Additionally it is interesting to notie that aording to Brandt and o-workers [76℄who have grown the rystals used in this work, it was not possible to grow mis�t om-pounds onsisting of semiondutor TMDC ompounds. Although the suessful growthof HfPbS2 is reported in [78℄, this systems has a ompletely di�erent rystallographistruture than the mis�t layered ompounds.
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Figure 4.2: Illustration of the di�erent sample preparation approahes for layered ma-terials like TMDC mis�t ompounds: For ross setion samples (a) one uts and thinsperpendiular to the layers while for plan-view speimen (b) the thin �lm is prepared byutting the rystal parallel to the sandwih layer interfaes along the van-der-Waals gap.This an be ahieved by di�erent leavage tehniques.4.1.2 Preparation of ultra-thin samples for HRTEMThe preparation of samples for high-resolution transmission eletron mirosopy fromthe mis�t layered ompound rystals an be generally parted into two totally di�erenttehniques, i.e. the plan-view and the ross-setion preparation. While for normal 3-dimensional bulk speimen the fabriation for plan-view and ross-setion samples di�ersnot muh, the quasi 2-dimensional nature of the TMDC mis�t ompounds with its stakedgeometry of sandwihes separated by van-der-Waals gaps along the (001)-axis fores thepreparator to apply di�erent tehniques for ross setion and plan view preparation. Theinitial situation is skethed in �gure 4.2: For ross-setion preparation one has to ahieveparallel uts towards the  diretion perpendiular to (or in a ertain angle against, ifdesired) the layers, but for plan-view samples the rystal has to be thinned parallel to thelayered struture itself. Two approahes are desribed in the following setions.Preparation of ross-setion HRTEM speimensThe ross-setion preparation follows some well known tehniques often used for TEMspeimen fabriation ombined with some remarkable spei�s that arise from the physialnature of the TMDC mis�t ompounds. After opening a vial from the rystal furnaeone �rst has to wait for some days until the iodine that was used as transport agent



48 Experimentalduring the growth proess is evaporated, in order to avoid outgassing in the vauum ofthe mirosope olumn.The rystals an di�er in shape and size, dependent on the growth parameters. ForTEM samples one usually wants the rystal to be �at, with a lean surfae and not smallerthan approximately 2 mm × 2 mm so that it an still be handled with a foreps.Figure 4.3 illustrates the main steps of ross-setion sample preparation.The (PbS)1.14NbS2 rystals show a bene�ial feature at its surfaes that is visible evenby the eye: Small parallel lines similar to srathes an be observed whih point along therystallographi diretion with the ommensurate interfaes. This is a helpful guide tout the rystal in suh a way, that the interfae whih one is interested in an be observedin the mirosope under feasible tilt angles. Therefore the rystal is then glued betweensilion wafers and glass so that the surfae on one side is still visible (�gure 4.3 (a)).After that a wire saw is used to ut the sample into slabs of approximately 1 mmthikness (b), followed by ultrasoni drilling () to ut a dis with a standard diameterfor TEM speimen holders. Mehanial thinning is then done with rotating speimen disgrinders using abrasive paper with dereasing granularity to polish the surfae.Then adimple grinder (d) is used to thin the speimen seletively in its enter down to ∼ 30 µm.During the subsequent ion ething (e) aelerated Argon ions emitted from one or twoguns are used to thin the speimen further until a hole appears. At the edges of the holethe speimen should �nally be both, thin enough for high-resolution eletron mirosopesand as "lean"as possible. Amorphous layers on the surfaes of the thin TEM speimensare the result of ion beam damage during Ar ion milling and the thikness of theselayers should be minimized for a good signal-to-noise ratio in HRTEM images of atomiolumns, as the ones presented in hapter 5. To ahieve this, one an tune several ritialparameters that are the ion energy, the gun urrent and the thinning angle.For the sample prepared during this thesis di�erent ion polishing mahines were used.The preparation lab in Kiel hosts the GATAN PIPS Model 691 (operation voltage 1 - 6kV, soure urrent 1.0 mA, milling angle 0◦ - 10◦) and the BALTEC RES 100 (operationvoltage 1 - 10 kV, soure urrent 0.5 - 3.5 mA, milling angle 0◦ - 18◦). Additionallyduring the experiments in Jülih at the Ernst Ruska-Centre the TECHNOORG LINDAGentle Mill (operation voltage 0.1 - 2 kV, soure urrent 7 - 90 µA, milling angle 0◦ - 45◦)was used for post-thinning. A HRTEM sample that has undergone all these proessessuessfully is photographed under a light mirosope in �gure 4.4.Problems that may arise during HRTEM sample preparation are that the TMDC mis�tompounds are very sensitive when mehani fores are applied and often don't survivethe grinding and dimpling proess. Even after ion polishing the samples an omprise alot of amorphous material that sometimes annot be removed by further thinning underdi�erent onditions.One also has to take into aount that due to the sandwih struture the ion polishingan destroy or at least disturb or modulate the layers to a ertain degree. This is the mainreason why ion ething an not be applied in the ase of plan view sample preparation.For future work on this materials it ould be reasonable to study the ion thinningon the samples in more detail as a funtion of the relevant parameters (ion energy, gun
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Figure 4.3: Demonstration of the basi steps of preparing a ross setion sample from amis�t layered ompound rystal: (a) The rystal is glued between silion wafers and glassin the preferred orientation and then (b) ut into slabs of about 1 mm thikness by awire saw. With an ultrasoni dis utter () the round shape with standardized diameterfor the speimen holders of the mirosope is ahieved and the sample is further thinnedby grinding and polishing on speial rotating abrasive paper. Dimpling (d) is performedby mounting the sample to a rotating table and by a rotating wheel in ontat with thesurfae. This speimen with less than 30 µm thikness is used for the �nal step of Ar ionething (e) whih is applied until a hole with eletron-transparent edge regions is formed.
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Figure 4.4: (PbS)1.14NbS2 sample after suesful ross setion preparation for high-resolution transmission eletron mirosopy.urrent, thinning angle) in detail to optimize this impotant step.Nevertheless suessful HRTEM sample preparation was ahieved during this work asthe aberration-orreted HRTEM images (e.g. �gure 5.8) in hapter 5 demonstrate.Preparation of plan-view HRTEM speimensThe sandwih rystals of the TMDC mis�t ompounds prohibit plan-view sample prepa-ration as desribed above due to it's quasi 2-dimensional geometry. Fortunately anothermethod exists to reah the goal of lean and thin samples in plan view whih uses thelayered struture as an advantage as shown in �gure 4.5.First the rystal is glued to a wafer and then an adhesive tape is attahed to the uppersurfae. Now the tape is removed arefully (�gure 4.5 (a)) and the ompound beomesleaved just along a van-der-Waals gap. This tehnique is adopted from surfae sienelaboratories where similar methods are used in order to produe defet free surfaes underultra-high vauum onditions. The in-plane stability of the mis�t layered ompounds dueto its quasi 2-dimensional nature supports this approah.The preparator then arefully uts o� very thin faets from the brink with a razorblade under a light mirosope and puts the small piees onto appropriate mesh gridsof opper (�gure 4.5 (b)). At the edges of the small faets one �nds regions under theeletron mirosope where the sample is thin enough for investigations.This method is faster than the average ross setion preparation proedure, in fatone an easily prepare a dozen samples within one day. While this tehnique avoids
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Figure 4.5: Plan-view preparation of TMDC mis�t ompound samples for high-resolutioneletron mirosopy: (a) The sample is leaved along the van-der-Waals gaps by gluing anadhesive tape to the rystal and pulling it up. (b) Subsequently, small faets on the edgesof the lean surfae an be lifted with a razor blade and brought into an appropriate oppergrid.damage from ion beams and mehanial thinning, there are also disadvantages: First, notall samples that appear to be thin under the light mirosope an be used for HRTEMbeause they are still far too thik for inspeting them in the HRTEM. That an beompensated only by produing a lot of samples. Seondly by the utting with therazor blade the edges of the sample tend to bow upwards, whih aggravates the orretadjustment of the inident beam diretion in the eletron mirosope. Finally with thismethod amorphous material is avoided, beause the rystal struture is not destroyed byan ion ething step. On the other hand a narrow amorphous edge is required to line-upthe Cs-orretor (ompare hapter 4.3).It is possible to put an amorphous sample together with the mis�t into the grid for theorretor adjustment. This is not a very good solution beause after re-adjusting for thedi�erent sample height the orretor settings will not be adequate any more. Foussing thebeam and "burning"the sample to get amorphous horns is still the best way to irumventthis problem but of ourse not entirely satisfatory.4.2 Conventional HRTEM & STEMConventional HRTEM and STEM was performed with the reently installed Tenai F 30S-Twin mirosope in the Nanolab Kiel. At the time of the experiments not all miroopeparameters were arefully haraterized so there are some unertainties in that. Imaginghad to be done with the GIF amera, as a CCD amera in front of the GIF was not yetavailable.Nominal parameters for the mirosope operated under 300 kV are:
• defous spread δ(Z) = 5.3 nm,
• spherial aberration oe�ient Cs = 1.2 mm,
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• Sherzer defous Z = -59 nm.The semionvergene angle for typial illumination onditions is α = 0.3 mrad.Reording foal series with the onventional Tenai F 30 mirosope was also per-formed for this thesis. The series are reorded in equidistant foal steps around Sherzeror Lihte defous. Although there is no quantitative knowledge about other aberrationsapart from the value of the Cs, omputational foal series reonstrution on images takenwith the Tenai are performed.The STEM images were among the �rst ones ever taken with this instrument after instal-lation. STEM HAADF imaging has been performed in order to investigate its potential inimaging the olumns of heavy atoms in the mis�t ompound. Parameter settings used forthe image aquisition are ondensor aperture 100 µm, spot size 9 and gun lens 6. Furtherimprovements in resolution are ahievable by optimizing the system parameters.4.3 Aberration-orreted HRTEMAberration-orreted high-resolution transmission eletron mirosopy (HRTEM) was ap-plied to resolve the atomi struture of the mis�t layered ompound (PbS)1.14NbS2. Themeasurements were done at the Ernst Ruska-Centre in the researh enter Jülih using aFEI TITAN 80-300 kV HRTEM equipped with an imaging aberration orretor element.While it is possible to go to lower values, the operational voltage was always set to 300kV during the experiments. A Gatan 2k slow san harged oupled devie amera (CCD)system was used. Spei�ations for the instrument operated under optimum onditionsare determined to:
• defous spread δ(Z) = 2.93 nm,
• semionvergene angle α = 0.2 mrad,
• information limit 1/gmax = 0.8 Å,
• residual deloalisation R = 0.47 Å,
• optimum spherial aberration Cs,opt = −12.72 µm,
• optimum fous Zopt = 5.78 nm,
• optimum foal inrement d = 2.44 nm,
• hromati aberration oe�ient CC = 1.28 nm.The aompanying image simulations where performed with the JEMS software pak-age provided by Stadelmann and o-workers [20℄ using the multislie algorithm alreadydesribed in hapter 2.1.2.



4.3 Aberration-orreted HRTEM 53As explained in detail in setion 2.1.7., in the ideal ase a foal series of about 10or more images with equidistant foal steps is reorded to reonstrut the exit planewavefuntion. For an aberration orretor equipped instrument residual aberrations de-termined right before the image aquisition an be orreted and phase and amplitude anbe generated. From that, struture information like lattie parameters an be gained byevaluating intensity peak distanes. For that purpose it is important to know the CCDamera disretization very preisely for the magni�ation that is used. For the imagesreorded during this work that are used in the present and following setions, usually amagni�ation of 790k or 1000k was used. Table 4.1 lists the disretization values for somemagni�ations of the Titan mirosope operated under 300 kV [79℄. The determinationof atom olumn distanes is of ourse also limited by these errors.Imaging mode mean sampling (nm/pixel) relative error (%)SA 490k 0.021793 0.339SA 620k 0.017124 0.365MH 790k 0.012826 0.287MH 1000k 0.010243 0.227MH 1200k 0.008239 0.252Table 4.1: Calibration results for the CCD image disretization of imaging modes withinthe aberration orreted FEI Titan mirosope operated at 300 kV [79℄.When reording a foal series within an aberration-orreted mirosope, the defousvalues are hosen in suh a way, that the NCSI ontrast produing defous is loatedsomewhere in the middle of a series of images . When the sample is very sensitive tobeam damage it an however be favourable to adjust the defous in suh a way that theNCSI ontrast is among the �rst few images of the series. The experimental proedureusually starts with the alignment of the aberration orretor. For that purpose it isommon to searh for a position on the sample that is very thin and onsists in thebest ase exlusively of amorphous material, whih is often the ase at the edges of thespeimen. Now a so-alled tilt series is reorded, where the angle of the inident beam istilted isotropially around its enter and the power spetrum for eah angle is reorded toalulate the phase plate [80℄ and determine the quantities of the lower order aberrations,in partiular defous, 2-, 3-, and 4-fold astigmatism, axial oma, spherial aberration, staraberration and three lobe aberration. Those should be orreted su�iently aording totable 4.2 [81℄ to math the π/4 limit (as explained in hapter 2.1.7) for the informationlimit gmax = 12.5 nm−1 of the mirosope.An examplary tilt series from an amorphous edge of a (PbS)1.14NbS2 sample is shownin �gure 4.6 together with the phase plates for the aberrations whih give the quantityof eah aberration oe�ient. The onentri plaement of the di�ratograms in 4.6 (a)represents shematially the angles by whih the appropriate spetrum is taken. This
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Coe�ient ATLAS notation Aberration synonym QuantityZ, C1 c20 defous 0.8 nm
A1 c22 2-fold astigmatism 0.8 nm
b2 c31 axial oma 17 nm
A2 c33 3-fold astigmatism 50 nm
C3, Cs c40 spherial aberration -12.72 µm ± 2.7µm
S3 c42 star aberration 0.67 µm
A3 c44 4-fold astigmatism 2.7 µm
B4 c51 axial oma 5th order 27 µm
D4 c53 three lobe aberration 27 µm
A4 c55 5-fold astigmatism 136 µm
C5 c60 spherial aberration 6th order 6.6 mm
S5 c62 star aberration 6th order -
S5 c64 rosette aberration -
A5 c66 6-fold astigmatism 6.6 mmTable 4.2: Allowed magnitudes of aberration oe�ients (π/4 limit for gmax = 12.5 nm−1at 300 kV) [81℄. The oe�ient notations di�er for the ATLAS software and are listedhere for the respetive aberrations.is alled Zemlin tableau. The phase plate denoted "all"in () is the e�etive one that isformed from the distributions of all lower order aberrations. Those phase plates from eahindividual aberrations are denoted by cxx, with the ATLAS notation from table 4.2. Thetableaus are reorded and evaluated with the ATLAS software developed at the ErnstRuska Centre Jülih [81℄.During the experiment a tilt series is �rst reorded to orret the aberrations aordingto the π/4 limit, then the foal series is reorded and then again a tilt series is aquired.If the aberrations estimated from both tilt series before and after the experiment di�eronly slightly, the experimentator an in good approximation assume that those quantitieswhere stable enough in time to treat the aberrations as onstant values during foal seriesaquisition. The values gained from the evaluation of the Zemlin tableau an later be usedfor omputational orretion of the aberrations [82℄. However, it should be noted thatespeially the 2-fold astigmatism is indeed not stable even over short time periods [83℄.4.4 Eletron di�rationFor lattie parameter and struture determinations one uses the eletron di�ration modewithin a TEM and an then ompare these data to x-ray di�ration experiments and judgeabout the struture properties of the sample. The lattie parameters from the x-ray data
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Figure 4.6: Tilt series from a (PbS)1.14NbS2 sample at an amorphous edge (b). TheZemlin tableau (a) shows the di�ratograms reorded under tilted inident beam anglesthat are used to alulate the quantities and phase plates of the lower order aberrations(cxx, ATLAS notation) in (). The tableaus are reorded and evaluated with the ATLASsoftware developed at the Ernst Ruska Centre Jülih [81℄.



56 Experimentalfor the pure [7℄ and the mis�t [13℄ ompounds were already listed in table 3.1. The errorsof those values are aording to the authors in the range of 0.1 - 0.2 pm, i.e. about 0.02%. This auray annot be reahed by any other experimental tehnique. For eletrondi�ration within a TEM, the disretization of the CCD amera (i.e. the sampling ratein nm per pixel) is usually estimated with the help of polyrystalline samples in thedi�ration mode. If this is done very preisely, the error an be redued to a residualinherent bias of about 2 % (≈ 12 pm for the mis�t ompound lattie parameters), whihis still two orders of magnitude higher than the error inherent in the x-ray sattering data.Using onvergent beam eletron di�ration, an auray of 0.01 % is possible, but due tothe high density of re�etions in the eletron di�ration pattern of mis�t ompounds thisis not appliable here.Usually, if one has not heked the alibration for every amera length and parametersettings of the mirosope used during the experiment (e.g. by inserting a standardtogether with the sample in a grid), an error of up to 5 % has to be taken into aount [79℄.However, that is su�ient enough for many pratial purposes as e.g. for auratelydetermining lattie parameters and the rystal struture of the sample.4.5 Comparison of onventional and aberration-orretedHRTEM imagingThe advantages of aberration-orreted HRTEM and the NCSI imaging mode, that sup-presses the image deloalization strongly and shows at the same time favourable ontrasttransfer (�gure 2.5) was already disussed in detail in setion 2.1.6. The goal of thiswork was to ahieve NCSI ontrast images that diretly show the atom olumns at theinommensurate interfaes of the mis�t layered ompound (PbS)1.14NbS2.When the parameters of the mirosope during the imaging proess are well known,it is possible to also simulate these onditions with the multislie approah disussed insetion 2.1.2 and ompare the image ontrasts. When the intensity distribution from boththe experimental and the simulated images �t together, it is in good agreement with thetheory justi�able to identify the intensity peaks with the projeted rystal potential andthus the atom olumns.Without aberration orretors this is not possible, as �gure 4.7 points out: The im-age deloalization R(g) for Sherzer (red urve) and Lihte (light red urve) defous ofa onventional Tenai F30 instrument is ompared with the one under NCSI onditions(blue line) in an aberration-orreted Titan. R(g) produes large quantities for any spa-tial frequeny range of g where the ontrast transfer funtion (as shown in �gure 2.5)osillates strongly. For onventional Sherzer defous the deloalization is relatively smallfor spatial frequenies lower than the point resolution that is given by the �rst root of theorresponding CTF but inreases dramatially for higher values of g. The Lihte defousminimizes the total deloalization but shows huge values of R(g) for lower frequenies.For both imaging onditions, ontrast deloalization within the order of some nm oursover large parts of the spatial frequeny range.
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Figure 4.7: Image ontrast deloalization behaviour R(g) for Sherzer (red urve) andLihte (light red urve) defous of a onventional Tenai F30 instrument ompared withthe one under NCSI onditions (blue line) in an aberration-orreted HRTEM. While bothSherzer and Lihte onditions produe ontrast deloalization of about some nm for largeranges of the spaial frequeny g, the deloalization for NCSI onditions remains underthe value of 0.5Å up to the information limit and is therefore highly preferable for desiredresolutions that are in the order of typial atom olumn distanes within a rystal like the
(PbS)1.14NbS2.In ontrary to that, in an aberration-orreted HRTEM under NCSI onditions thedeloalization is suppressed learly under 0.05 nm for all spatial frequenies up to theinformation limit. This allows the assumption that atom olumns of even omplex systemslike the mis�t layered ompounds an be diretly imaged if samples are su�iently thin.This behaviour an be diretly demonstrated as �gure 4.8 illustrates [84℄: Here a singlesuperell (as shown shematially in the inset) of the (PbS)1.14NbS2 system is arti�iallyembedded in vauum and the HRTEM image ontrast is simulated with multislie al-gorithms for di�erent sets of mirosope parameters. (a) shows the e�ets of ontrastdeloalization for a onventional HRTEM under Sherzer defous (Tenai F 30) and (b)the orresponding NCSI ontrast by an aberration-orreted instrument (Titan). It be-omes obvious, that the deloalization e�ets that transfer intensity far into the vauum(a) are also present inside the unit ell and make a diret interpretation of the intensityimpossible if ompared to the real struture. In ontrast, for the ase of the NSCI ondi-tion image the deloalization e�ets are only slightly visible at the edges of the superelland the intensity an be easily identi�ed with the projeted potential and thus the atomolumns of the ompound.Indeed, by varying imaging parameters like defous or the rystal thikness, for aonventional HRTEM and very omplex systems like the mis�t layered ompounds it is
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Figure 4.8: Multislie simulations to demonstrate the e�et of deloalization on imaging fora onventional (a) Tenai F 30 and an aberration-orreted Titan HRTEM (b): A singleunit ell of (PbS)1.14NbS2 (shematially shown in the inset) is embedded in vauum. (a)For Sherzer onditions (U = 300 kV, Cs = 1.2 mm, Z = -59 nm) ompliated ontrastdoes not allow to direly link the intensity peaks to the atomi struture. The deloalization"swaps"intensity far into the vauum, whih of ourse also dominates the ontrast withinthe unit ell. For NCSI onditions (U = 300 kV, Cs = - 13 µm, Z = 5.8 nm) a diretinterpretation of the image intensity with respet to the projeted potential and thus theatom olumns is possible.not possible to ahieve image intensities that allow a diret interpretation of the underlyingrystal struture. For very simple rystals like Silion in e.g. <110> projetion this an bepossible [85℄, but for suh omplex strutures like the mis�t layered ompounds the imagedeloalization and ompliated ontrast transfer in a onventional HRTEM are learlyinferior to the properties under NCSI onditions in an aberration-orreted HRTEM asthe simulations presented in �gure 4.8 demonstrate.After image aquisition, the experimental data are ompared with the image intensi-ties simulated for the appropriate mirosope parameters. When the experimental andsimulated ontrasts are omparable for the simulation parameters used during imageaquisition (i.e. aelerating voltage, spherial aberration, defous, defous spread, semi-onvergene angle, sample thikness), the reorded intensities are in fat the diret rep-resentations of the atom olumns and thus the lattie struture an be studied loally inreal spae.
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Chapter 5The struture of (PbS)1.14NbS2:Experimental data and imagesimulationsThis hapter presents �rst the geometri struture of the rystal system estimated fromeletron di�ration patterns ompared with x-ray di�ration experiments. Afterwardsthe results from the STEM and aberration-orreted HRTEM plan-view imaging arepresented, followed by a omparison of onventional and aberration-orreted HRTEMimaging and foal series reonstrution. Diret real spae results obtained from theaberration-orreted HRTEM images showing several loal inhomogeneities will be pre-sented afterwards. Those mirographs demonstrate the powerful NCSI tehnique, thatallows to diretly measure lattie parameters and related atomi struture features.5.1 Lattie parameters and ommensurability: Ele-tron di�ration studyObviously it is important to haraterize the lattie struture of a rystal system prior toany further examinations in the TEM, espeially if one deals with suh omplex strutureslike the mis�t layered ompounds. The CVT growth proess for those ompounds asexplained in hapter 4 is until now not very well understood. Conerning this, it shouldbe lear that an unertainty about the stoihiometry and even the whole lattie strutureof the rystals will always remain after growth. While the marosopi quality of thesamples an be judged under a light mirosope or even by eye to �nd out whether therystals an be used to prepare TEM ross-setion or plan-view samples, it is furtherneessary to determine the lattie parameters to be sure that the system is indeed the onewhih it is expeted to be. For example, in the ase of the mis�t layered ompounds therystallization an take plae in the related but not idential 1T, 2H or 3R strutures. Byvery preisely prompting the initial weight into the vile before the growth one minimizessuh unwanted results, but still a residual unertainty about the �nal struture remains.



60 The struture of (PbS)1.14NbS2: Experimental data and image simulations5.1.1 Lattie projetion along the [001℄ axis of (PbS)1.14NbS2Figure 5.1 (a) shows the projeted rystal struture of a single slab of the (PbS)1.14NbS2ompound viewed along the [001℄ diretion determined from the x-ray derived lattieparameters given in the table (b), that also lists the values from the pure ompounds. Inthis diretion the slight modulation e�ets that hange the lattie parameters are rathersmall.The nearly fourfold symmetry of the PbS sublattie is indiated by the red retan-gles in the bottom left orner of (a), the sixfold symmetry of the NbS2 is highlightedby the hexagon. Along the b diretion the lattie parameter is the same for both sub-latties whih de�nes the size of the grey painted superell in that diretion. Along theinommensurate a diretion the superell is onstruted by approximating the ratio to
7 · aNbS2

= 4 · aPbS as will be desribed in more detail in the previous setions.From the eletron di�ration pattern in () the lattie onstants an be alulatedby measuring the spot distanes. The table 5.1 lists the x-ray derived lattie onstantsfrom [13℄ and the ones determined from the eletron di�ration patterns in the [100℄, [010℄and [001℄ zone axes for the samples used in this thesis. From these values two onlusionsan be made: First, we an be on�dent that our sample struture orresponds to thatdesribed in the literature and thus we have the same rystal struture. Seond, the meanvalues of the eletron di�ration determined lattie parameters are very lose to the x-rayvalues, whih means that the alibration might be far better then the assumed error of 5%. lattie onstant x-ray eletron di�ration
aPbS (Å) 5.834 ± 0.002 5.79 ± 0.29
aNbS2

(Å) 3.313 ± 0.001 3.32 ± 0.17
bPbS (Å) 5.801 ± 0.001 5.74 ± 0.29
bNbS2

(Å) 5.801 ± 0.001 5.74 ± 0.29
cPbS (Å) 11.902 ± 0.003 12.14 ± 0.6
cNbS2

(Å) 23.807 ± 0.001 24.23 ± 1.2Table 5.1: Lattie onstants of the PbS1.14NbS2 mis�t derived from x-ray data [13℄ andeletron di�ration patterns.The [001℄ di�ration pattern in �gure 5.1 () is partly indexed for lari�ation andred lines are inserted as a guide to the eye to highlight the NbS2 and PbS originatingre�etions. The ommensurate diretion b is easy to identify, as the (020) re�etion isin the same distane from the enter of the pattern for both subsystems. In ontrary tothat, along the a diretion this is learly not the ase. The indexing is done in a waythat treats the mis�t ompound as being build up by two independent subsystems, andtherefore the re�etions have indies denoting the lattie they orrespond to.
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Figure 5.1: (a) Projeted top view (along [001℄ axis) sheme of the atomi on�guration ofthe mis�t layered ompound (PbS)1.14NbS2 derived from the x-ray data of table (b). Partsof the sublatties of the PbS and NbS2 are highlighted by the red retangle and hexagonrespetively. The arti�ially onstruted superell is indiated by the grey box, where theotherwise irrational ratio of aPbS and aNbS2
is approximated to 7/4. In a and b diretionthe mis�t lattie is only slightly modulated with respet to that of the pure ompound. Theparameters are listed for omparison in the table (b). The orresponding zone axis eletrondi�ration pattern () is indexed around the entral spot of the diretly transmitted beam.The four- and sixfold symmetry of the spots from the sublatties are highlighted in red.



62 The struture of (PbS)1.14NbS2: Experimental data and image simulationsThree types of re�etions our in these eletron di�ration patterns: First, re�e-tions originating from both subsystems like the diretly transmitted beam and the (020)re�etion. Seond, re�etions that are exlusively from either the NbS2 or the PbS andthird, satellite re�etions from multiple sattering events where di�erent reiproal lattievetors g from both subsystems are involved.Another method of indexing onsistently is the four-integer notation (h1klh2) usedby [14℄. Here, h1 refers to aPbS and h2 to aNbS2
. For example the (020)PbS/NbS2

re�etionthen beomes (0200), the (200)PbS beomes (2000) and so on. The omplete struturean then be desribed in a superell with indies (HKL), where H = mh1 + nh2, K = kand L = l and aPbS/aNbS2
= m/n. Obtaining a partiular H an be ahieved by anin�nite number of ombinations of h1 and h2. Considering suh a ombination (h1, h2),both subsystems ontribute to the appropriate re�etion, e.g. to the (0kl) re�etions.As a result, one an see that any satellite re�etions from a subsystem ontribute tothe basi re�etions of the other subsystem. This e�et an be negleted as long asonly the basi strutures should be determined, but has to be taken into aount if thisstruture is modulated. For an irrational aPbS/aNbS2

as in an inommensurate systemlike (PbS)1.14NbS2, di�erent ombinations (h1, h2) that lead to the same H will originatefrom satellite re�etions with slighly di�erent positions and the intensity is given by thesum of di�erent intensities. For suh a ase it is impossible to desribe the struture in athree dimensional superell.5.1.2 Lattie projetion along the [100℄ axis of (PbS)1.14NbS2Figure 5.2 (a) shows the projeted sideview of a single slab along the [100℄ diretion deter-mined from the x-ray di�ration data in table (b). In this projetion both ommensuratediretions b and c an be studied.Along the b diretion both subsystems are modulated in suh a way that bNbS2
equals

bPbS. The eletron di�ration pattern 5.2 () shows this ommensurability, as the row ofre�etions for both subsystems have exatly the same distane from the entral spots. Therow of re�etions an then be indexed as (0kl) with k = 0, 2, 2, 4, 4... and the appropriatel values as outlined in the di�ration pattern.To ahieve the ommensurability, bNbS2
is elongated about 7 pm and at the same time

bPbS is ompressed by 13 pm aording to the x-ray di�ration experiments (ompare thevalues for the pure ompounds and the mis�t in table 5.2 (b)). As a result of that, thePbS subsystem struture is additionally modulated as shown in the projeted view (a):The unit ell is kind of "sheared"so that the sulphur atoms lurk towards the enter of theprojeted unit ell while at the same time the muh heavier lead atoms protrude fromtheir original positions so that the Pb-Pb atom distane is e�etively less dereased bythe ompression.The PbS double layers are interalated into eah van-der-Waals gap of the NbS2, butas a result of the 2H struture of the NbS2 the lattie vetor cNbS2
is exaly 2 times largerthen cPbS. The doubling of the c vetors of both subsystems as table 5.2 (b) suggests istherefore only derived by the interalation and does not alter the atomi distanes within
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Figure 5.2: (a) Projeted sideview sheme of a single slab (atoms above and below plane ofprojetion are indiated with ±) along the inommensurate axis of the atomi on�gurationof the mis�t layered ompound (PbS)1.14NbS2 derived from the x-ray data of table (b).The lattie onstants are ommensurate in both b and c diretion with bNbS2
= bPbS and

2 · cPbS = cNbS2
. The ommensurability in b diretion is ahieved by ompression andelongation of the unitells of the subsystems as the x-ray di�ration values of the pure andmis�t ompounds in table (b) point out. The orresponding zone axis eletron di�rationpattern () shows the ommensurability, as the distane of the row of re�etions in bdiretion from the entral spots are obviously the same for NbS2 and PbS.



64 The struture of (PbS)1.14NbS2: Experimental data and image simulationsthe respetive unit ells.The origin of the weak spots in the eletron di�ration pattern in �gure 5.2 (b) is notlear. While the projetion of the 2H NbS2 lattie in this diretion yields a periodiitythat is equal to the one of PbS, the bright spots show a distane in reiproal spae thatis in orrespondane with that. The weak spots in between show a periodiity belongingto a distane of 2.38 nm whih is exatly the value of the c lattie vetor of the 2H NbS2.This is an e�et that further investigation should larify.5.1.3 Lattie projetion along the [010℄ axis of (PbS)1.14NbS2The rystallographi diretion that was studied in detail in this work is the one alongthe [010℄ axis where the interfaes of the two subsystems are inommensurate. Due tothe staked nature of the mis�t layered ompounds, in fat every interfae along thatdiretion is inommensurate and that gives rise to ertain inhomogeneities that will bepresented and disussed. It should be noted, that suh a high density of inommensurateinterfaes an exlusively be found within the mis�t layered materials, whih makes themso outstanding.Figure 5.3 (a) shows the projeted rystal struture of a single slab in the [010℄ dire-tion. Along the  axis, the behaviour already desribed in the previous setion appears:From the position of the PbS subsystem in the van-der-Waals gaps of the NbS2, the lattievetor cPbS is de�ned in suh a way, that it is exatly 1/2 of the value of cNbS2
due to the2H struture of the NbS2.The interfae between the two subsystems perpendiular to c is the inommensurateone, where the lattie onstant ratio of aPbS and aNbS2

is irrational. Nominally, theinommensurability is given by the values from the table in �gure 5.3 (b):
aPbS

aNbS2

=
5.834Å

3.313Å
≈ 1.7609. (5.1)For image intensity simulations and other omputational purposes an inommensu-rate interfae an not be desribed analytially, beause the resulting unit ell would beof in�nite size in that diretion. For suh purposes it is usual to approximate a ommen-surability that has on the one hand a value as lose as possible to the inommensurateone and on the other hand does not make the resulting unit ell too large for the pratialuse. In the ase of (PbS)1.14NbS2 this is ahieved by de�ning

aPbS

aNbS2

=
7

4
= 1.75. (5.2)This is visualized by the grey box, that yields the new unit ell that was already referredto as superell in the previous setions.The modulations within the PbS struture, i.e. the protrusion of the Pb atoms fromthe ompression of the unit ell as desribed in setion 5.1.2 is also visual in the projetionalong the inommensurate axis as 5.3 (a) depits.
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Figure 5.3: (a) Projeted sideview sheme along the ommensurate axis of the mis�t lay-ered ompound (PbS)1.14NbS2 derived from the x-ray data of table (b). Only a single slabis shown, with + or - denoting the atom to be situated above or below the plane of pro-jetion. The lattie onstants are ommensurate in c diretion with cNbS2
= 2cPbS. Theinommensurability in a diretion arises from the irrational ratio of aPbS and aNbS2

asan be seen from the x-ray di�ration data for both the pure ompounds and the mis�t inthe table (b). The struture must be approximated for e.g. image intensity simulations tobe ommensurate, and thus a superell as indiated by the grey box is onstruted wherethe ratio of aNbS2
and aPbS is set arti�ally to 7/4. The orresponding zone axis ele-tron di�ration pattern () shows the inommensurability, as the distane of the row ofre�etions in a diretion from the entral spots di�er learly for NbS2 and PbS. Eah rowan be indexed as (h0l)PbS/NbS2

, with h = 0, 2, 2... and the appropriate l value for the cdiretion. The reason for the streaking of the re�etions will be disussed in setion 5.7.



66 The struture of (PbS)1.14NbS2: Experimental data and image simulationsThe eletron di�ration pattern showed in �gure 5.3 () diretly reveals the inommen-surability when the distanes of the respetive (20l)PbS and (20l)NbS2
row of re�etions aredetermined. Additional features an be seen in the eletron di�ration pattern that arenot present in the eletron di�ration pattern taken along the [100℄ diretion (�g. 5.2 ()):First, the re�etions are not sharp points as in the ommensurate diretion but streakedalong c. This phenomenon appears exlusively in this rystallographi diretion and willbe disussed and explained in detail in a following setion, where it will be proved thatstaking disorder is the origin of this lattie inhomogeneity.Seond, additional rows of weak re�etions parallel to the main (h0l)PbS/NbS2

(with
h = 0, 2, 2...) ones an be identi�ed that arise from multiple sattering events with lattievetors g from both subsystems involved. The multiple sattering auses also the satellitere�etions from the [001℄ di�ration pattern shown in �gure 5.1 ().It an also be seen that the intensity of the PbS re�etions osillates with a period of
∼ 8·gc. This is due to reiproal lattie vetors that belong to di�ration planes within thePbS subsystem onneting the single slabs in a diagonal way. In Fourier spae this yieldssuh intensity modulations along a re�etion line in  diretion if the staking is disordereddue to the onvolution with the undistorted di�ration pattern. For h = 0 this resultsonly in intensity modulations of the basi re�etions, as the EDP also on�rms, beausethe projeted lateral struture for h = 0 does not "see"any disorder in the staking.5.2 Conventional Z-ontrast imagingThe HAADF STEM was performed with the reently installed Tenai F 30 mirosopein the Nanolab Kiel. Although the parameters of the mirosope were not harater-ized at the time of the experiments, Z-ontrast imaging was performed as a �rst test to�nd out whether it is possible to resolve the lattie struture of the mis�t layered om-pound (PbS)1.14NbS2 using this tehnique. The nominal resolution for a properly alignedmirosope of that type should be about 0.17 nm in the STEM mode.Figure 5.4 shows two of the �rst ever taken Z-ontrast images with the mirosope afterinstallation. Imaging was done along the ommensurate diretion of the (PbS)1.14NbS2lattie. Although at this early stage the haraterization of the mirosope parameterswere far from perfet (e.g. eletroni instabilities during the sanning of the probe ausethe lateral displaements of individual pixel rows), it was possible to image the layeredstruture of the ompound, as the bright image intensities that belong to atom olumnswith high atomi number Z demonstrate.As the insets show, the fourfold symmetry of the PbS subsystem is loally visible,although the ontrasts are strongly blurred. From the NbS2 subsystem whih has muhshorter interatomi distanes than the PbS part, only the Nb is resolved as bright linesbetween the PbS part shoe in the enlarged piture in �gure 5.4. This is not surprising, asthe atomi number Z of the sulphur is far smaller than the one of Nb.However, as there was no more time for a haraterisation of the miroope parametersin HAADF STEM mode, no further investigations with this tehnique were performed.
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Figure 5.4: Two of the �rst ever taken HAADF STEM Z-ontrast images with the reentlyinstalled Tenai F 30 mirosope in Kiel. The images were reorded along the ommensu-rate diretion of the mis�t layered ompound (PbS)1.14NbS2. Although there was no timefor haraterisation of the mirosope parameters in this imaging mode, the layered stru-ture is learly visible. As the insets shows, the fourfold symmetry of the PbS subsystemand the Nb in between an be identi�ed, although the atom olumn ontrasts are stronglyblurred. The weak sattering S olumns lose to the Nb are not resolved. Parameters usedare spot size 9, gun lens 6, ondensor aperture 100 µm and amera length 80 mm (left)and 100 mm (right).This will be a task for the future appliation of this mode.5.3 Plan-view imagingThe plan-view imaging along the [001℄ axis of (PbS)1.14NbS2 requires samples preparedby the leavage proess desribed in setion 4.1.2. This method produes lean surfaesover large areas but an introdue abrupt hanges in the sample thikness, beause eahreated step onsists of one or more subsystem layers. This is shematially shown in�gure 5.5 (a).Those abrupt thikness steps alter the ontrast features in the experimental HRTEMimage. The thikness is supposed to hange from the thin edge on the left to thikerregions on the right of the plan-view NCSI ontrast image of the mis�t layered ompound



68 The struture of (PbS)1.14NbS2: Experimental data and image simulations
(PbS)1.14NbS2 in �gure 5.5 (b) . The ontrast hanges are learly visible as the enlargedparts of the piture below the image illustrate and the multislie simulations below theenlarged images on�rm this thikness dependene of the experimentally obtained on-trast.For thin regions a pseudo-square on�guration of intensity peaks dominates the on-trast that an be intuitively assoiated with the PbS subsystem. The multislie simulationfor NCSI ontrast onditions at a thikness of 4.8 nm on�rms that this fourfold arrange-ment is due to the PbS part of the mis�t ompound rystal.The enlarged image part in the middle shows the rows of bright intensity peaks shiftedtowards eah other produing a pseudo-hexagonal symmetry. Whether this is due to the
NbS2 subsystem an not be veri�ed from the simulation. Although it reprodues the peakshift towards eah other for a thikness of 11.9 nm, the hexagonal on�guration assoiatedwith the NbS2 an not be perfetly reprodued.Aording to [14℄ in�uenes of the di�ration ondition produe the pronouned hexag-onal pattern. If the low order re�etions due to NbS2 are the most intense ones in theeletron di�ration pattern the orresponding image will prominently exhibit the hexag-onal pattern. If on the other hand the low order re�etions due to PbS are the mostintense ones the pattern will be predominantly square-shaped. As the sample thiknessdetermines the relative intensities of the re�etions in the eletron di�ration pattern, italso determines whether the square or the hexagonal on�guration dominates the imageintensity.For even larger sample thiknesses the intensity patterns beome muh more om-pliated. The enlarged image part on the right is poorly reprodued by the multisliesimulation at a sample thikness of 14.3 nm where the weak phase objet approximationis obviously not anymore appliable.One signi�ant feature within the plan-view images are pronouned modulations ofthe intensity of the bright peaks along the inommensurate diretion that appear overlarge areas of the images. Figure 5.6 show suh modulations in an NCSI ontrast imageof (PbS)1.14NbS2 along the [001℄ diretion, some of them are examplarily highlighted withirles around the intensity peaks.These modulations, whih were also found by other authors [14℄ on similar mis�t lay-ered ompounds, onsist of three or four bright intensity peaks (red irles) that alternatewith four or three di�use peaks (blue irles) that are learly less bright. The sum of allpeaks in suh a pattern is always 7 and that de�nes a periodi pattern length. In adjaentrows along the inommensurate axis these intensity patterns are in anti-phase: eah rowof peaks is shifted by the half period along the inommensurate axis.These periodi pattern are diretly linked to the inommensurability of the mis�tlayered ompound (PbS)1.14NbS2. The periodiity of the modulations is 2/∆g1 where ∆g1is the di�erene vetor from the basi re�etions (200)NbS2

and (400)PbS as illustrated inthe eletron di�ration pattern inset in �gure 5.6. The di�erene vetors ∆g1, ∆g2 and
∆g3 that onnet the basi re�etions in the EDP and generate the satellite re�etionpositions determine the periodiity of the intensity modulations.The "wavefront"of the intensity modulation that orresponds to ∆g1 is along the b
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Figure 5.5: Plan-view imaging along the [001℄ diretion of the mis�t layered ompound
(PbS)1.14NbS2. (a) Abrupt thikness hanges alter the image ontrast as steps are reatedduring the leavage preparation tehnique. This radial hange in HRTEM image ontrastis demonstrated by the experimental NCSI ontrast image (b), where the sample thiknessinreases from left to right. The appropriate multislie simulations for NCSI onditionson�rm this behaviour as the enlarged parts of the image show when ompared to thesimulations below.
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Figure 5.6: Periodi intensity modulations in a NCSI ontrast image taken along the [001℄diretion of the mis�t layered ompound (PbS)1.14NbS2. The "wavefronts"of the intensitymodulations orrespond to the reiproal lattie vetors ∆g1, ∆g2 and ∆g3 that onnetbasi re�etions in the eletron di�ration pattern as the inset on the upper left shows.diretion, while the two orresponding to ∆g2 and ∆g3 that point in diretions perpen-diular to ∆g2 and ∆g3 in the EDP are illustrated with red arrows in the NCSI image.The latter two are more pronouned beause ∆g2 and ∆g3 onnet basi re�etions withhigher intensities.These intensity modulations ould not be found in the multislie simulations for anyparameters of fous and thikness. This is not surprising, beause they are a diretonsequene of the inommensurability that annot be inluded in a superell used as aninput for the simulations.5.4 Conventional and aberration-orretedHRTEM imagingThe omparison between experiment and simulation for onventional (a) and aberration-orreted HRTEM (b) is shown in �gure 5.7, where the (PbS)1.14NbS2 struture is imagedalong the ommensurate axis: The experimental image on the left reorded with a on-ventional FEI Tenai F30 S-Twin HRTEM mirosope on�rms the ontrast featurespredited by the simulation done with the same quantities for aelerating voltage, spher-ial aberration, defous, defous spread, semionvergene angle, and sample thikness,although they learly show no easy aordane with the real struture as depited by theinset. It is not possible for any ombinations of defous and thikness values to ahieve



5.4 Conventional and aberration-orreted HRTEM imaging 71ontrast where the intensity maxima diretly represent the atom olumns of the rystal.

Figure 5.7: (a) Conventional HRTEM image and simulation along the ommensurateinterfae diretion of (PbS)1.14NbS2 taken with the Tenai F30 S-Twin instrument (a)and the aberration-orreted Titan T 80-300 kV (b). The sample thikness is 3.5 nm inboth ases, the projeted rystal struture is shown in the insets. (a) There is no simplerelationship between image ontrast and the atomi struture due to the limiting e�et ofimage deloalization. Simulation parameters: E = 300 keV, Cs = 1.2 mm, Z = -30 nm,
∆(Z) = 5.3 nm, α = 0.3 mrad. (b) The image ontrast and projeted rystal strutureof both experiment and simulation an diretly be assoiated with eah other. Simulationparameters: E = 300 keV, Cs = -12.7 µ m, Z = +5.8 nm, δ(Z) = 2.9 nm, α = 0.2 mrad.Figure 5.7 (b) shows an experimental image reorded with the aberration orretorequipped FEI Titan 80-300 kV (left) and the appropriate multislie simulation (right).The inset of the projeted atomi on�guration shows that the resulting image intensitypeaks orrespond diretly to the atom olumns of the lattie struture. The experimentalimage reprodues this ontrast, like the bright intensity maxima that represesent theatomi olumns, very well. These observations are the basi motivation of using themethod of NCSI ontrast imaging on the interfaes of the mis�t rystal.It should be indiated that one ontrast detail of the NbS2 part of the mis�t di�ers inthe experimental NCSI image 5.7 (b) from the simulation. The Nb olumns show brighterontrast than the S olumns in the multislie simulation while in the experimental imagethe ontrast is brighter for the S olumns. This is muh likely due to the Debye-Wallerfators used within the multislie algorithm [86℄ that are derived with x-ray experimentsfor the pure elements. It is possible to determine muh more preise Debye-Waller fatorswith the help of density funtional theory odes for individual unit ells and use thesepreise data to do image intensity analysis on the atom olumns in the mirographs.Unfortunately for a superell with 148 atoms like the one of (PbS)1.14NbS2 with its van-der-Waals bindings it was not possible to ompute orret Debye-Waller fators within arealisti frame of runtime and data storage.



72 The struture of (PbS)1.14NbS2: Experimental data and image simulations5.5 NCSI ontrast imagingIn priniple, if the sample if su�iently thin it is possible to gain loalized lattie infor-mation from any position of the speimen. Pratially, this is of ourse stritly limitedby the thikness (that should be less than 5 nm) and the quality (beam damage fromthe ion milling; amorphous material) of the samples. A good example for a ase wherethe speimen is on the one hand thin enough and on the other does not have too muhamorphous material on top of it is shown in �gure 5.8: Over an area of about 20 nm × 20nm the atom olumns are learly resolved. This NCSI ontrast image is taken along theommensurate zone axis of (PbS)1.14NbS2 as the oordinate system depits. The atomolumn on�guration at a large number of inommensurate interfaes an be perfetlystudied in this projetion.The image demonstrates that the weak sattering S olumns are individually resolvedeven in lose distane to the muh stronger sattering Pb and Nb olumns. The loalposition of atom olumns and thus lattie parameters an be determined from the im-age whih demonstrates the advantage of the NCSI ontrast imaging tehnique over thespatially averaging x-ray di�ration experiments.Note that in this projetion along the ommensurate axis it is not possible to distin-guish between the lead and sulphur olumns that basially lie on top of eah other andspatially di�er only by the slight protrusion disussed in the previous setions. Beauseof that it is neessary to take into aount that the respetive intensity "blobs"ontainintensity ontributions of both the lead and the sulphur olumns. Even though the peakmaximum will be dominated by the muh heavier sattering Pb atoms as an be seenfrom the simulations (e.g. in �gures 4.8 and 5.7), a slight shift towards the S olumns willalways appear. Figure 5.9 illustrates this e�et shematially. An approah to resolve theS and Pb olumns independently will be presented in hapter 5.10. In the following theterm lead/sulphur olumns will be used to give onsideration to that e�et.5.6 Foal series and reonstrution of the exit-planewave funtionReording foal series with a onventional instrument, the Tenai F 30 S-Twin, was done.From the image ontrasts in �gure 5.7 it is lear, that diret real spae struture infor-mation from single images an not be gained for omplex systems like the mis�t layeredompounds. Nevertheless omputational foal series reonstrution on images taken withthe Tenai were performed.Figure 5.10 shows a series of 12 images taken with equidistant foal steps of 4.4 nmfrom -18.8 nm to -66.9 nm along the ommensurate interfae diretion of (PbS)1.14NbS2.The Sherzer defous for this instrument (with a Cs of 1.2 mm and a defous spread of5.3 nm) is at Z = - 59 nm, the thikness of the sample is estimated to 3.5 nm in theimaged region.All single images in the series show ompliated ontrast behaviour. The layers an
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Figure 5.8: NCSI ontrast image (Cs = -13 µm, Z = 5.8 nm) over a sample area ofabout 20 nm × 20 nm taken along the ommensurate zone axis of (PbS)1.14NbS2. Thisprojetion shows the atom olumns in the a - c plane where the interfaes between the PbSand the NbS2 are inommensurate. The inset shows the struture shematially. As anbe seen by omparison, the intensity maxima depit the atom olumn positions. The imagedemonstrates also that it is possible to resolve the weak sattering S olumns individuallyeven in lose distane to muh stronger sattering olumns.
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Figure 5.9: Experimental NCSI ontrast image and appropriate multislie simulation il-lustrating the e�et of a slight peak shift (7 pm) of the Pb intensity maximum in theprojetion along the inommensurate axis of (PbS)1.14NbS2 due to the Pb protrusion fromthe enter within the PbS unit ell. The �nal intensity is the integrated intensity of boththe Pb and S olumns. Due to that e�et the individual Pb and S olumn positions annot be determined aurately in this projetion.be identi�ed, but intensity maxima that denote atom olumns an hardly be found. Onlyfor defous values of -27.3 nm and -31.7 nm, fourfold ontrast features assoiated withthe PbS beome visible. The NbS2 subsystem annot be identi�ed from the ontrast inany of the images.The reonstruted phase of the exit-plane wave funtion reveals details about the atomolumn struture that ould not be gained from any of the foal series images: Althoughthe NbS2 sublayers are not resolved, one an learly identify the PbS atom olumns as theinset shows whih is a good demonstration of the bene�ts of foal-series reonstrution.Figure 5.11 shows a foal series reorded with an aberration-orreted HRTEM aroundthe NCSI ontrast at Z = 5.8 nm for a Cs of approximately -13 µm. This series showsagain the (PbS)1.14NbS2 sample along the ommensurate interfae diretion for 9 dif-ferent defous values. The insets show the multislie simulations with the appropriateparameters for eah defous value and the projeted rystal struture for omparison.By studying the ontrast features of experiment and simulation one an �nd a verygood overall agreement, proving that the alignment of the defous as well as of the otheraberrations was done properly during the experiment. The strongest ontrast is preditedto be for the defous of 6 nm very lose to the NCSI ontrast whih is on�rmed by bothexperiment and simulation. Here, the on�guration of the atom olumns at the interfaesan be examined very well. In fat, images like the one shown in �gure 5.8 and othersthat will be presented in the following setions are reorded under these onditions tostudy the geometri properties of the mis�t rystal.
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Figure 5.10: Foal series of 12 images taken with equidistant foal steps of 4.4 nm from-18.8 nm to -66.9 nm along the ommensurate interfae diretion of (PbS)1.14NbS2 witha onventional HRTEM (E = 300 kV, Cs = 1.2 mm, δ(Z) = 5.3 nm, α = 0.3 mrad,sample thikness t = 3.5 nm). Although the single images of the series show no simplerelationship to the atom olumn struture, the PbS subsystem an be learly identi�ed inthe reonstruted phase image of the exit plane wave funtion (see inset).
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Figure 5.11: Foal series of 9 images taken with equidistant foal steps of 2 nm from Z= +10 nm to Z = -6 nm along the ommensurate interfae diretion of (PbS)1.14NbS2with an aberration-orreted HRTEM (E = 300 kV, Cs = -13 µm, δ(Z) = 2.9 nm, α= 0.2 mrad, sample thikness t = 3.2 nm). The insets show the appropriate multisliesimulations and the projeted atom olumns. NCSI ontrast is produed for a defousof 5.8 nm. Overall, the ontrast features predited by the simulations are in very goodagreement with the experimental results.



5.6 Foal series and reonstrution of the exit-plane wave funtion 77As an be seen in both simulation and experimental image at Z = 8 nm in �gure 5.11,the ontrast at the positions of the projeted potential beomes weaker ompared to theNCSI ontrast image at Z = 6 nm, but the intensity features still give the positions ofthe atom olumns. At Z = 10 nm this is not the ase anymore, as the NbS2 subsystemontrast is somehow blurred and instead of three separate intensity peaks (sulphur -niobium - sulphur olumns) a ompliated streaked pattern appears.Towards smaller defous values it an be observed in both simulation and experimentalimage that the ontrast from the lead/sulphur olumns hanges and the intensity peaksbeome dark irles. The ontrast should reah its minimum around 0 nm defous whihis very well reprodued by experiment and simulation. At lower defoi the ontrast forseveral spatial frequenies beomes inverted due to a zero passing of the CTF whih anbe good seen as the lead/sulphur olumns produe dark blobs for -2, -4 and -6 nm insteadof intensity peaks. For defoi of 0 nm and below it an also be seen that the NbS2 is notanymore represented by three individual intensity peaks.The foal series reonstrution tehnique an be used to alulate the exit-plane wavefuntion and its amplitude and phase. Here a serious problem for the mis�t layeredmaterials appears that was already mentioned in the hapter 4: during the ross setionpreparation the ion beam deposits amorphous material onto the sample that was removedfrom the rystal struture itself. Although a small amorphous edge is desirable to alignthe aberration orretor, too thik layers of unordered atoms on the top and bottom ofthe sample disturb not only the ontrast in the single images but beome together withother instabilities like sample drift a serious problem within the exit wave reonstrution.Figure 5.12 demonstrates this e�et by showing the reonstruted phase image andthe NCSI ontrast image taken from the same series. Espeially the NbS2 subsystem doesnot show intensity features that an be diretly linked to the projeted potential. Theinsets shows the simulated phase of the exit wave funtion. The ontrasts are even sharperthan in both the experimental and simulated NCSI ontrast images. The ontrast in thereonstruted phase of the exit wave funtion obtained from the experimental defousseries is remarkably weaker than the simulated one.Many approahes with di�erent ion ething mahines and parameter variations likeething angle and energy were tried out during this thesis. Still the amount of amorphousmaterial on top and bottom of the samples should be redued in further works.The e�et of amorphous material on the auray of determining atom olumn po-sitions from restored exit waves was found to be the most important fator (omparedwith other in�uenes as e.g. noise or the restoration method within the reonstrutionitself) that limits the reliability of atomi olumn position estimations [87℄. The authorsdesribe their method in detail in [88℄ [89℄. The method was applied on simulations of
SrTiO3 with and without amorphous layers and demonstrated that the error in aurayin the determinations is in the order of about 5 piometers [90℄. For very light olumns likeoxygen these in�uenes inreases even more and the error will be up to ≈ 20 piometers.However, for investigations on the atomi on�guration of the inommensurate interfaesof the mis�t system the NCSI ontrast images were used anyway. The knowledge of thewhole exit-wave funtion is not urgently neessary for that purposes.
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Figure 5.12: (a) Phase image from the exit-wave reonstrution of a foal series along theommensurate interfae diretion of (PbS)1.14NbS2 and an NCSI ontrast image from thesame series. The insets show the simulated image ontrasts for the phase of the exit-wavefuntion and the NCSI image. In the reonstruted phase the ontrast features are lesspronouned than in the simulation, espeially for the NbS2 subsystem. This is most likelydue to amorphous material [90℄.5.7 Staking disorderThe NCSI imaging within an aberration-orreted HRTEM is used for a loser dissetionof strutural features in the mis�t layered ompound (PbS)1.14NbS2 beyond the simpledetermination of lattie parameters. Images taken along the ommensurate axis showthe atom olumns at the inommensurate interfaes, like previously shown in �gure 5.8.Several inhomogeneities appear along this axis that will be disussed in detail in thisand the following setions. See also the already published literature onerning thesephenomena [15℄ [16℄. The inhomogeniety illustrated and explained in this setion is thestaking disorder of the PbS along the  axis.As already pointed out in setion 5.1.3, the re�etions in the eletron di�ration patternalong the ommensurate axis are not sharp points as in the appropriate di�ration patternalong the inommensurate diretion but streaked along the  diretion. While the NbS2re�etions are almost (but not entirely) sharp spots, the PbS re�etions show a pronounedstreaking.When the PbS sublayers are not aligned on top of eah other, additional frequeniesof the unit ell staking order in  diretion our that introdude additional re�etions in



5.7 Staking disorder 79the di�ration pattern as �gure 5.13 illustrates.
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double as large as cPbSand thus the appropriate g vetor in reiproal spae is only half as long.Figure 5.13 (b) shows what happens if the staking is distorted by introduing arti-�ially another lattie period of 2 · cPbS. This an be simply ahieved when some layersof the PbS subsystem are moved in parallel diretion against eah other. The eletrondi�ration pattern will then show additional re�etions with distanes of 1
2
gc,P bS.When adding a third periodiity () with 3 · cPbS spots are added to the di�rationpattern in the same manner with distanes of 1

3
gc,P bS and so on. Therefore it is lear,that a disordered staking of the PbS inside of the van-der-Waals layers will produedi�ration patterns like the one shown in �gure 5.14 (a), where a strong streaking of the



80 The struture of (PbS)1.14NbS2: Experimental data and image simulationsPbS re�etions is visible. In priniple, any additional periods n ·cPbS with an integer n arepossible. However, as the intensity distribution along the  axis depits, those with verylarge real spae periodiities (and thus small g vetors) are learly preferred. This meansthat eah PbS subsystem is randomly shifted in the a diretion within the van-der-Waalsgaps.It is important to state that the lateral displaement does not e�et the row of re-�etions for l = 0 and that the staking disorder happens not in the ommensurate bdiretion. The osillations of the PbS re�etion intensity is already disussed in setion5.1.3.This assumption is proved to be true, as the real spae NCSI image in �gure 5.14(b) shows: While the majority of the NbS2 sublayers are aligned on top of eah othervery well (although not perfetly, on�rming the weak intensity streaks between the spotsin (a)) as the blue line that follows the atom olumns in  diretion demonstrates, thestaking of the PbS is totally disordered as the red line highlights. It rosses the Pb/Satom olumns in eah individual layer and illustrates the distane in a diretion to thenearest Pb/S olumn of the adjaent higher or lower slab by a 90◦ kink in the skethedred line.The di�ratogram 5.14 in () is taken from an area of about 20 nm × 20 nm andon�rms the staking disorder to be muh more dramati for the PbS than for the NbS2.As one an see from the blue line in (a), also a minority of the NbS2 sandwihes are notdiretly aligned with eah unit ell on top of the other, whih leads to the slight streakingof the re�etions in the di�ratogram.5.8 Tetragonal distortionThe hanges of the lattie parameters of the NbS2 and PbS sublatties within the mis�tompound were already disussed in the setions 5.1.1 - 5.1.3. Here, the results fromthe examinations on the PbS sublattie are presented where another inhomogeneity wasdisovered.As explained, the former rok-salt ubi PbS is deformed in several ways when buildinto the mis�t, as the x-ray data from table 5.2 denote. The unit ell is ompressed intoboth the a and b diretion and as a onsequene the Pb atoms protrude out of theiroriginal positions to keep the interatomi Pb-Pb distane as large as possible.The inrease by fator of nearly 2 of the lattie onstant in  diretion is ahieved bythe insertion of the PbS slabs into the van-der-Waals gaps of the NbS2. In that way thedistane to the next PbS double layer is inreased beause of the NbS2 sandwih that liesin between two PbS slabs and so the lattie onstant  is e�etively doubled. Obviouslyit is not possible to judge from this  value alone, whether the distane in  diretionbetween the Pb/S olumns within one layer is altered. For lari�ations I will refer tothis inner-layer distane of the olumns now as -spaing and to the appropriate distanein a diretion as a-spaing, whih is exatly 1/2 · aPbS. These notations are illustrated in�gure 5.15 (a).
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Figure 5.14: Staking disorder within the mis�t ompound (PbS)1.14NbS2. The eletrondi�ration pattern (a) shows a strong streaking of the PbS re�etions. Aording to themodel desribed in �gure 5.13, this an be explained by staking disorder of the PbS sub-system within the van-der-Waals gaps of the NbS2. This is diretly found in the NCSIimage (b): The red line indiates the disordered staking of the PbS, while the NbS2 slabsare muh better oriented on top of eah other (blue line). The di�ratogram () on�rmsthis behaviour.
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lattie onstant pure mis�t
aPbS (Å) 5.936 5.834
bPbS (Å) 5.936 5.801
cPbS (Å) 5.936 11.902Table 5.2: Lattie onstants of the PbS subsystem in the pure rok-salt ubi struture andwhen built into the mis�t layered ompound (PbS)1.14NbS2. The values are derived fromx-ray di�ration data [13℄.For the undistorted ubi PbS it is lear that the a- and -spaings are the sameas 1/2 · aPbS = 1/2 · cPbS hold true. That is not the ase within the mis�t ompound

(PbS)1.14NbS2 as will be demonstrated. The projeted atom olumn spaings from the x-ray di�ration data [13℄ are listed in �gure 5.15 (b). These distanes refer to the projetedolumn distanes of eah atom type, whih must not be onfused with the real distanebetween individual atoms. In a diretion the projeted distane is the half value from the
aPbS lattie parameter from table 5.2.The protrusion of the Pb atoms in c diretion is re�eted by the di�erent distanes forthe projeted olumns of Pb and S respetively: While the S-S olumn distane is only0.224 nm the Pb-Pb olumns are seperated by 0.331 nm, i.e. the Pb olumns protrusionfrom the S olumns is 0.0535 nm.From the multislie simulation in �gure 5.15 (a) the distanes between the peaks thatonsist of both the Pb and S olumn are evaluated. The a-spaing is exatly the sameas from the x-ray di�ration data, whih on�rms that the Pb and S olumns are notmodulated towards the a diretion. The projeted -spaing of the simulated Pb/S peakis as expeted muh larger than the S-S distane but shorter than the value for Pb-Pbbeause it ontains the intensity of the sulphur olumn and the lead olumn. The Pbhas the muh higher Z number it is a muh stronger sattering atom type and thus thepeak is only slightly shifted away from the real Pb olumn position by the S olumn thatontributes also to the �nal peak intensity. From the value of cproj

P b/S = 0.316 nm it an beonluded that this shift within the image intensity will be ∼ 7 pm.The determinations of the Pb/S a- and -spaings from the experimental NCSI on-trast and the simulated multislie images were done by peak maximum �tting from themirographs as demonstrated in �gure 5.15 (): A retangle overing the peaks is takenand the intensity is integrated parallel to the diretion in that the spaing should be de-termined. This integrated intensity omprises then both the intensity from the S and thePb olumn whih add up to the experimental peak in the HRTEM image. This integratedintensity is then plotted as a graph as the inset in 5.15 () shows.This is performed for a number of about 100 peak pairs for both lattie diretionsin the experimental NCSI ontrast images as an be seen from the waterfall plot 5.15
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Figure 5.15: Determination of the a- and -spaing within the PbS layers in the mis�tompound (PbS)1.14NbS2 from experimental and simulated NCSI ontrast images: Thespaings are illustrated in the simulated NCSI image (a), the quantities derived from thatlisted in (b) together with the x-ray data [13℄. The experimental NCSI images () areanalysed by integration of the intensity within a retangle around the peaks. Then thepeak maxima (d) are plotted by polynomial urve �tting (e) and �nally the statistialquantities are gained by Gauss �tting the distribution of the distanes between the Pb/Sintensity peaks in a and  diretion (f).



84 The struture of (PbS)1.14NbS2: Experimental data and image simulations(d). Here the intensity is plotted as a funtion of the real distane, estimated from thedisretization quantities from table 4.1. The real peak maxima are then obtained withsubpixel auray by plotting around the maxima with a quadrati funtion as an be seenfrom 5.15 (e). The blak markers show the original intensity values for the appropriatepixels of the CCD amera in the NCSI image. The red urve is �tted with a sampling of
∼ 50× smoother then the original, e.g. a peak that onsists of 10 pixel in the image isapproximated by 500 subpixel points. The two maxima position an then be gained fromthe �t and the distane is alulated.The graph (f) in �gure 5.15 shows the results from all individual peak distane evalu-ations together: On the x-axis all experimentally estimated a- (red) and -spaings (blue)are denoted with markers in the respetive olor. The Gauss urves are alulated to plotthe density of all these markers, i.e. the statistily averaged quantity of the spaings. Thevalue for the -spaing of 0.314 nm is in very good agreement with the simulated one,while the averaged a-spaing of 0.286 nm is about 6 pm below the quantities from boththe image simulations and the x-ray di�ration. The error within this method will bedisussed in the following.The error of the CCD amera disretization is of 0.287 % for the aquired NSCI image,i.e. for the value of 0.012826 nm per pixel. After the integration the peaks are plotted anda quadrati �t with subpixel auray is applied as desribed above. The �tting data forsuh a peak are examplary shown together with the oe�ients of the quadrati funtionand their standard deviations in �gure 5.16 (a). From this �t funtion the peak maximumis estimated and from the standard deviations of the oe�ients the total error for thepeak maximum is derived with Gauss law of error propagation to ∼ 0.35 %, and thus forthe peak distane to ∼ 0.5 %.These values are used to estimate an averaged spaing by �tting a Gauss funtiononto the experimentally obtained atomi olumn distanes for the plot in �gure 5.15 (f).The standard deviations for the oe�ients are estimated and the width for the 95 %on�dene band is alulated to 11.5 pm so the total error of the spaings is 6 pm as anbe seen from the data in �gure 5.16 (b).This error is still one order larger than the error from the x-ray di�ration experimentsbut the spaings are estimated loally from the NCSI images of the interfaes and are notaveraged over large areas.5.9 Long-period undulationsAnother striking feature in the lattie struture of the mis�t ompound (PbS)1.14NbS2are wave-like undulations of the lattie along the inommensurate axis [84℄. Those inho-mogeneities an be found on parts of the samples and show harateristi properties:

• They are present diretly next to areas where no suh phenomenon exist.
• They show up very frequently within the di�erent samples but not in every one.
• They over areas of hundreds of nanometres on the sample.
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Figure 5.16: (a) Example of �t parameters for subpixel auray quadrati �tting of a Pb/Solumn peak from an NCSI ontrast image of (PbS)1.14NbS2. (b) Gauss �t applied to the-spaing quantities. The mean value and 95 % on�dene band width are highlighted inred.
• They are exlusively present along the inommensurate axis.
• The undulations are highly uniformly with a onstant periodiity.
• The rotation of the layers has a �xed angular range.
• The periodiity is a full order of magnitude larger than any lattie parameters ofthe superell and from that the name long-period undulations is derived.Figure 5.17 shows the HRTEM analysis of those highly periodi layer undulations inmore detail: The eletron di�ration pattern in �gure (a) diretly reveals this phenomenonby an angular broadening of the re�etions of both the PbS and the NbS2. The undulationsspan an angular range of ∼ 13◦ as is determined diretly from the eletron di�ration.The undulation period of∼ 26 nm is determined from lowmagni�ation high-resolutionimages as the one in 5.17 (b). The bending of the layers and thus the wave-like shape islearly visible here, although the atomi olumns are not resolved.This is the ase for the NCSI ontrast image in �gure 5.17 (), where the atom olumnsat the inommensurate interfaes within the undulations are visible. The di�ratogram(in the inset) evaluated from the HRTEM image in () on�rms the undulations.The driving fores behind this undulation forming should be of energeti nature, but itis hard to �nd evidene for that from the atom olumn struture. At least it is possible inthis setion to present two ompeting qualitative models for the deformations that musttake plae within the lattie struture of the unit ells while the undulations are formed.



86 The struture of (PbS)1.14NbS2: Experimental data and image simulations

Figure 5.17: Long-period undulations in (PbS)1.14NbS2. (a) Eletron di�ration patternalong the ommensurate diretion showing an angular broadening of re�etions due to arotation of lattie planes in undulated layers. (b) Low-magni�ation HRTEM image takenat a thiker sample area revealing high uniformity of the undulations with a periodiity of
∼ 26 nm. () NCSI ontrast image of undulated layers taken with an aberration-orretedinstrument at a rather thin sample area. The inset shows the di�ratogram evaluated fromthat HRTEM-image.



5.10 Imaging along the [110℄PbS axis: Individually resolving the Pb and S olumns 87For the evaluations of the atom olumns NCSI ontrast images were used that showlarge areas of the undulations at the inommensurate interfaes. The pixel intensities ofthe images are then read out and loaded into a matrix as in �gure 5.18 (a). It is thenpossible to draw ontour plots and use a sale that assigns olors to intensity values tovisualize the image intensities. Then an intensity threshold an be de�ned to separate thepeaks from the bakground. This is demonstrated in �gure 5.18 (b). Here the hoosenthreshold is su�ient enough to identify all intensity peaks (red) that are related to theatomi olumns of the PbS subsystem. The atom olumn positions an then be determinedfrom these peaks as shematially shown by the atoms drawn into the ontour plot ().The rotation of the lattie planes an basially happen by two di�erent kinds of modu-lations of the atomi on�guration as illustrated by �gure 5.19: (a) shows the undulationoriginating from a bending of the whole struture where the unit ell is arranged as ona ring with the �tional onnetion lines between the Pb/S olumns in  diretion pointto the enter of the ring and are not parallel anymore. That results into larger distanebetween the atom olumns at the outer interfae of the rotation while at the inner ringthe olumns lose ranks.Another possible modi�ation of the struture is shown in �gure 5.19 (b). Here allatom olumns are arranged parallel to the  diretion and are sheared towards eah other.As an be seen from the illustrations, a harateristi parameter is whether the on-netions in  diretion between the atom olumns are parallel or strife together. Theatom olumn positions determined from the ontour plots were then used and onnetinglines between the atom olumns are drawn as shown in �gure 5.19 () + (d). Beause theundulation has a frequeny of 26 nm only a small setion of the whole area is shown.Nevertheless, it an be seen that the vast majority of onneting lines within the un-dulation is parallel and thus the unit ells are sheared towards eah other in  diretion, sothe model 5.19 (b) desribes the modulations of the atomi olumn positions satisfatorily.5.10 Imaging along the [110℄PbS axis: Individually re-solving the Pb and S olumnsIt is not possible to estimate the distane between the Pb and S olumns of the PbSsubsystem in  diretion from the NCSI ontrast images in one of the three main zoneaxes that were already disussed.From the x-ray di�ration data [13℄ it was determined that this distane should bearound 53.5 pm as �gure 5.20 illustrates. The shemati drawing on the left side showsthe projeted atomi olumns along the ommensurate diretion and the distane values.As the experimental NCSI ontrast image on the right shows, the Pb and S olumns bothontribute intensity to the same peak and the distane between the individual olumnsan not be estimated from that.To resolve the individual olumns it is neessary to image the lattie struture alonga di�erent zone axis where the projeted Pb and S olumns are not situated so losetogether. This zone axis is the [110]PbS. The indexing indiates that this zone axis exists
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Figure 5.18: Determination of the atom olumn positions at the inommensurate interfaesin the undulated areas of (PbS)1.14NbS2. An NCSI ontrast image (a) is displayed asa ontour plot (b) by visualising pixel intensity values as olors (here red is de�ned asintensity (ounts) ≥ 1500). The intensity peaks that belong to the atom olumns of thePbS subsystem are then diretly visible in the ontour plot ().



5.10 Imaging along the [110℄PbS axis: Individually resolving the Pb and S olumns 89

Figure 5.19: Qualitative models desribing the modi�ation of the atom olumn positionsin the unit ells of the PbS subsystem at the inommensurate interfae within undulatedareas of the mis�t (PbS)1.14NbS2: (a) The rotation fores the atom olumns to be arrangedas on the surfae of a ring. (b) The unit ell is sheared in  diretion and the arrangementof the atom olumns is still parallel. () + (d): The evaluation of atom olumn positionsdetermined from experimental NCSI ontrast images shows that nearly all atom olumnsare arranged as the model (b) predits. Parallel arranged pairs of atom olumns areonneted with blak boxes and lines, others with blue. It an be seen that the vast majorityof atom olumn pairs is parallel arranged.
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Figure 5.20: Projeted atom olumns of the PbS subsystem within the mis�t layered om-pound (PbS)1.14NbS2. The shemati drawing on the left side inludes also the x-raydi�ration [13℄ derived distanes. As an be seen from the enlarged part of an experi-mental HRTEM image on the right aquired under NCSI ontrast imaging onditions, thedistane between the Pb and S olumns in  diretion that should be 53.5 pm annot bedetermined beause the intensity from the individual S and Pb olumns result in a singlepeak.only for the PbS subsystem, for the NbS2 part this is no symmetry diretion.As Figure 5.21 shows shematially, this axis an be found by simply tilting the samplearound 45◦: The Pb and S olumns that are in the projetion along the ommmensurateaxis very lose to eah other (left) are separated after tilting of 45◦ (right image) and theprotrusion of the Pb from the S olumns an be estimated.Unfortunately it is not possible to tilt the samples over angles as large as 45◦ withinthe mirosope, so the samples have to be prepared in a way that the [110]PbS zone axis isnear to the sample normal. This is ahieved by utting the initial rystals with an angleof 45◦ towards the inommensurate zone axis after they are glued between silion andglass.Before the experiment, multislie simulations along this zone axis were performed tostudy the ontrast features that might appear in the experimental NCSI ontrast images.Figure 5.22 shows a part of the simulated matrix with the thikness along y and the defousalong the x axis for a set of mirosope parameters that will produe NCSI ontrast at adefous of 5.8 nm for the appropriate Cs value of ∼ -13 µm.As the highlighted enlarged parts of the matrix demonstrate, it is possible to �nd pairsof defous and thikness lose to eah other that result in very di�erent image ontrast:While for a thikness of 16.5 nm and a defous of 9 nm the Pb atom olumns are learlymuh stronger in intensity than the S olumns, at lower thiknesses and a defous valueonly 2-3 nm loser to the NCSI ontrast ondition the S olumns produe stronger ontrast
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Figure 5.21: Shemati drawings of the 45◦ tilting of a (PbS)1.14NbS2 superell from thezone axis along the ommensurate diretion (left) to the [110]PbS axis (right) where the Pband S olumns of the PbS subsystem are learly separated and the distanes between themin the  diretion an be estimated as the inset depits.than the ones of the Pb. In addition, intensity artefats our as the green irle highlightsthat an easily be mistreated as atom olumn ontrast.An experimental NCSI ontrast image from (PbS)1.14NbS2 in the [110]PbS zone axis isshown in �gure 5.23. The ontrasts in the right olumn (Z = 6 nm) of the simulations in�gure 5.22 are ompared with the experimental image in the inset. From that it an bejudged that the thikness of the sample in the imaged region was about 6-9 nm. The Pband S olumns an be easily identi�ed in the experimental image. The NbS2 subsystemontributes only three rows of blurred ontrast to the image intensity as expeted beauseof the lak of a zone axis in the observed diretion.The overall quality of the NCSI images in this zone axis is learly worse than for e.g.the images along the ommensurate axis. This is most likely due to the more ompliatedsample preparation proess and the strong presene of amorphous material on the samplesafter preparation that ould not signi�antly be improved until now.Nevertheless suh NCSI images were used to estimate the distane between the Pb andS olumns in  diretion on a loal sale, even though the preision might not be as goodas e.g. for the evaluation of the tetragonal distortion and the error in the determinationof the distane is expeted to be higher.For the distane determination a line perpendiular to the  diretion was de�ned asshown in �gure 5.24 (a). Then intensity pro�les were taken from this line towards theindividual peaks parallel to eah other as shown in 5.24 (b). Those were plotted and �ttedwith quadrati funtions and subpixel auray (�gure 5.24 () + (d)). The distane from
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Figure 5.22: Multislie simulation matrix for di�erent values of defous and sample thik-ness of the HRTEM image ontrast of (PbS)1.14NbS2 in the [110]PbS zone axis. Simulationparameters are E = 300 kV, Cs = -13 µm, δ(Z) = 2.9 nm, α = 0.2 mrad. The red irleshighlight two sets of defous and thikness values that produe learly di�erent intensitiesfor the Pb and S olumns respetively. For t = 16.5 nm and a defous of 9 nm the Pbolumns are muh stronger in ontrast than the S olumns, while for 6.6 nm thikness and
Z = 7 nm it is vie versa. As an example, an intensity artefat that does not indiate theposition of an atomi olumn is highlighted by the green irle in the enlarged inset.
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simulationexperiment

Figure 5.23: NCSI ontrast image of the mis�t layered ompound (PbS)1.14NbS2 along the
[110]PbS zone axis. The Pb and S olumns of the PbS subsystem are individually resolvedas the enlarged inset learly demonstrates by omparison with the multislie simulation.the line to the peak maximum is taken as the relative distane and by omparing thosefor more than 100 olumns of Pb and S an average relative distane for both types ofatomi olumns an be alulated.Due to the broad peaks the error for eah �tted relative olumn distane is about 21%. After that a Gauss urve is �tted to the relative distanes of both olumns as shownin �gure 5.24 (e). The average distane for the S olumns is 72 pm and the error (95%on�dene interval) 38 %, i.e. 27 pm. For the Pb olumns the relative distane is 110 pm
± 93 pm (85 %).The absolute distane between the Pb and S olumns in  diretion is then 38 pm ±35 pm. The error is large as expeted from the quality of the single NCSI ontrast imagesbut the result is in agreement with the x-ray value of 53.5 pm.
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Figure 5.24: Determination of the distane between the Pb and S olumns in  diretion ofthe mis�t layered ompound (PbS)1.14NbS2 with the help of HRTEM NCSI ontrast imagestaken along the [110]PbS zone axis: A line perpendiular to the  diretion is de�ned (a)and pro�les along the peaks are drawn (b). The maxima are �tted with subpixel auray(() + (d)) for more than 100 peaks. The averaged relative distanes are then estimated(f) to alulate the total distane between the Pb and S olumns.



Chapter 6Disussion
6.1 Methodologial aspets of the HRTEM experimentsEletron di�rationThe eletron di�ration results (hapter 5.1, table 5.1) show that the sample strutureorresponds well on the average to the struture of mis�t ompound rystals of nominallysame omposition as obtained from lattie parameter measurements using x-ray di�ration[13℄. Although x-ray di�ration as a tehnique averaging over large sample volumes is ingeneral muh more preise, the lattie parameters determined from the re�etion distanesin the EDPs �t to the x-ray data with an error of less than 2%.The eletron di�ration pattern give hints on inhomogeneities within the rystal lattielike the streaking of the re�etions along the ommensurate axis (�g. 5.3) that is explainedby staking disorder and will be disussed in hapter 6.2.Conventional and aberration-orreted HRTEM imagingBy omparing onventional experimental images along the ommensurate diretion ofthe mis�t layered ompound (PbS)1.14NbS2 reorded with a Tenai F30 S-Twin HRTEMinstrument with multislie simulations (�g. 4.7 (a)), the ontrast features predited by thesimulations an be experimentally on�rmed. They learly show no easy aordane withthe real struture as depited by the inset that demonstrates, that atomi olumn positionsare not represented by intensity maxima. It is not possible for any ombinations of defousand thikness values to ahieve ontrast where the intensity maxima diretly representthe atom olumns of the rystal. The origin for that is the huge image deloalization.Figure 5.7 (b) shows an experimental aberration-orreted HRTEM image along thesame zone axis reorded with the Titan 80-300 kV (left) and the appropriate multisliesimulation (right). The inset of the projeted atomi on�guration shows that the result-ing image intensity peaks orrespond diretly to the atom olumns of the lattie struture.The experimental image reprodues this ontrast due to the strongly surpressed deloal-ization, like the bright intensity maxima that represent the atomi olumns, very well.95



96 DisussionThese observations are the basi motivation of using the method of NCSI ontrastimaging for the investigation of the interfaes of the mis�t layered ompound rystal.NCSI ontrast imagingBy using the NCSI tehnique it is demonstrated that the obtained experimental imagesreveal the projeted rystal potential and thus the atom olumns along the interfaes di-retly in real spae (�g. 5.8). As opposed to eletron di�ration pattern or x-ray di�rationexperiments one an gain information about lattie onstants, struture modulations orinhomogeneities on a loal sale. X-ray di�ration tehniques are really powerful in termsof auray, but lak any loal information beause they average over very large areas inontrast to HRTEM images.The image in �gure 5.8 that shows an area of about 20 nm × 20 nm along the om-mensurate diretion of (PbS)1.14NbS2 demonstrates that the weakly sattering S olumnsare individually resolved even in lose distane to the more strongly sattering Pb andNb olumns. The loal position of atom olumns and thus lattie parameters an bedetermined with high preision from suh images whih demonstrates the advantage ofthe NCSI ontrast imaging tehnique over the spatially averaging x-ray di�ration exper-iments.Foal series and reonstrution of the exit-plane wave funtionThe foal series reorded with a onventional HRTEM (Tenai F 30) along the ommensu-rate diretion of (PbS)1.14NbS2 (�g. 5.10) shows ompliated ontrast behaviour in everysingle image. The layers an be resolved, but the NbS2 subsystem annot be identi�edfrom the ontrast in any of the images. The reonstruted phase of the exit-plane wavefuntion reveals more details about the atom olumn on�guration. Although the NbS2sublayers are not resolved, one an learly identify the PbS atom olumns.By studying the ontrast features of experiment and simulation for a foal seriesreorded with an aberration-orreted HRTEM (�g. 5.11), one an �nd a very goodoverall agreement between experiment and simulation. The strongest ontrast under suhonditions, is predited for the defous of 6 nm very lose to the NCSI ontrast onditionwhih is on�rmed by both experiment and simulation. The on�guration of the atomolumns at the interfaes an be examined very well.In onlusion, the bene�ts of tuning the spherial aberration to negative values forNCSI ontrast produing onditions are onviningly demonstrated by suh a defoal se-ries of our omplex rystal system (�gure 5.11). The simulations predit the experimentalimage ontrasts very well.The e�et of amorphous material (on the top and bottom of the sample) on theauray of determining atom olumn positions from restored exit waves was by [87℄found to be the most important fator (ompared with other in�uenes as e.g. noiseor the restoration method within the reonstrution itself) that limits the reliability ofatomi olumn position estimations. Figure 5.12 demonstrates this e�et by omparing



6.2 Quantitative HRTEM results: The mis�t layered ompound (PbS)1.14NbS2 97the reonstruted phase image of the exit-plane wave funtion and the NCSI ontrastimage from within the series.Plan-view imagingThe plan-view images show huge di�erenes in the experimental ontrast (�g. 5.5). Thisould be explained by abrupt hanges in the sample thikness due to the preparationmethod. The ontrast behaviour is on�rmed by multislie simulations. In the imagesperiodi intensity modulations our (�g. 5.6) that have their origin in the inommensu-rabillity of the mis�t ompound.The atomi olumns ould not be resolved even with NCSI ontrast imaging in theplain-view projetion diretion as was expeted: Figure 5.1 (a) illustrates that the atomiolumn distanes are often far below 0.8 Ångstrom, whih is the information limit of theTitan.Conventional Z-ontrast imagingAlthough the fourfold symmetry of the PbS subsystem is visible in the images (�g. 5.4),the ontrasts are strongly blurred in the HAADF STEM images. From the NbS2 subsys-tem whih has muh shorter interatomi distanes, only the Nb part is resolved as brightintensity lines. This was expeted, as the S has a far smaller atomi number Z. TheZ-ontrast images were one of the �rst ever taken with this instrument whose parameterswere not yet haraterized. The images leave room for further improvements in resolution,as the nominal resolution of the mirosope is about 0.17 nm.6.2 Quantitative HRTEM results: The mis�t layeredompound (PbS)1.14NbS2Staking disorderThe result that staking disorder exists in the (PbS)1.14NbS2 mis�t system was assumed at�rst from the eletron di�ration patterns that deliver information averaged over a largervolume of the sample. As the NCSI ontrast image in �gure 5.14 shows by resolving theatomi olumn on�guration at the inommensurate interfaes it an be loally observedthat this is indeed the ase.The fat that the PbS double layers are staked in an unordered way inside of thevan-der-Waals gaps of the NbS2 in the inommensurate diretion as if it is neither alignedto the NbS2 lattie nor the next adjaent PbS slabs supports the piture of the transitionmetal dihalogenide being the host rystal and the PbS as a whole the interalated guest.This is in line with the preditions of interalation of the whole subsystem from [8℄.



98 DisussionTetragonal distortionThe tetragonal distortion, that desribes the ompression of the originally ubi rok-saltstruture of the PbS to be stronger along the a than along the  axis an be diretlymeasured with experimental NCSI ontrast images (�g. 5.15). The protrusion of the Pbolumns within the PbS an be determined from the imaging along the [110℄PbS axis thatseparates the S and Pb olumns.The intensity maximum shift due to the overlapping of the Pb and S olumns in the -diretion is very aurately reprodued by the experimental data (�g. 5.15)). The spaingin a diretion lies within the error tolerane of 6 pm (�g. 5.15).The omparison with the values obtained for this mis�t layered ompound systemfrom x-ray di�ration experiments [13℄ shows that loal measurements of atomi olumndistanes agree well with the average values obtained from x-ray experiments.Long-period undulationsThe HRTEM analysis with NCSI ontrast images of the new phenomenon of highlyperiodi layer undulations (�g. 5.17) along the inommensurate interfae diretion of
(PbS)1.14NbS2 reveals both quantitative and qualitative informations. The undulationsspan an angular range of ∼ 13◦ and the undulation period of ∼ 26 nm is determined.While the exat reason for the period length is still unertain, the vast majority ofunit ells is sheared along the  diretion (�g. 5.19) to form the undulations. Furtherinvestigations should onentrate on the origin of the undulations.Imaging along the [110℄PbS axis: Individually resolving the Pb and S olumnsTo resolve the individual Pb and S olumns of the PbS subsystem it is neessary to imagethe lattie struture along a zone axis where the projeted Pb and S olumns are notsituated diretly beneath eah other. NCSI ontrast imaging was therefore performedalong the [110]PbS zone axis (�g. 5.23) and the individual atom olumns with a spaingof nominally 53 pm were indeed individually resolved.The overall quality of the NCSI ontrast images in this zone axis is not as good as theimages along the ommensurate axis, as the broad intensity peak maxima depit. Never-theless, the absolute distane between the Pb and S olumns in  diretion is determined(�g 5.24) and in good agreement with the x-ray di�ration derived value. There it anbe onluded it is worth trying to improve the preparation for this and other zone axesto gain even more preise struture informations.On the auray of atom olumn determination and site oupanyThe highest auray in atom olumn position determination from aberration-orretedHRTEM images so far is about 3-5 pm [5℄ for exit-plane reonstrutions and NCSI images.Our statistial error for the determination of the tetragonal distortion is 6 pm and thus



6.2 Quantitative HRTEM results: The mis�t layered ompound (PbS)1.14NbS2 99very lose to that. It beomes worse when too muh amorphous material disturbs theNCSI imaging (35 pm for the determination of the Pb-S distane) [87℄.Amorphous material a�ets also strongly the possibility of site oupany determina-tions from peak intensities. Whether an exhange of metal atoms between the NbS2 andthe PbS subsystems as found by [91℄ has a measurable in�uene on the olumn intensity inNCSI ontrast images is therefore not preditable without simulations inluding the e�etof the amorphous layers. The simulations should also use the orret Debye-Waller fatorsfor the system determined with DFT alulations to yield the orret image ontrast [86℄.This will be a task for the future.



Chapter 7Summary and onlusionsExperimental HRTEM and multislie simulations were applied to study the lattie stru-ture and the atomi on�guration at the inommensurate interfaes of the mis�t layeredompound (PbS)1.14NbS2.Ultra-thin samples were prepared for HRTEM using di�erent preparation tehniqesfor plan-view and ross-setion examinations.Lattie parameters of the mis�t ompound were determined from eletron di�ra-tion along the rystallographi diretions [001℄, [010℄ and [100℄ and ompared with x-raydi�ration data to haraterize the rystal struture (hapter 5.1).The e�et of image deloalization for both onventional (Tenai F 30) and aberration-orreted (Titan T) HRTEM was demonstrated by omparison of experimental imagesand multislie simulations.It ould be demonstrated that NCSI ontrast imaging is apable of resolving thePb, S and Nb olumns (by imaging along the zone axes [010℄ and [110℄PbS) along theinterfaes within the mis�t layered ompound individually, although they are situateddiretly beneath eah other and di�er signi�antly in their sattering strength.Exit-plane wave reonstrution was performed on foal series reorded with both theTenai and Titan mirosopes. The reonstruted phases were not favorable in resolutionwhen ompared to the NCSI ontrast images due to the e�et of amorphous material [87℄.Experimental NCSI ontrast imaging with the aberration-orreted HRTEM was ap-plied to resolve the atomi on�guration at the inommensurate interfaes of the mis�tompound. Several lattie modi�ations and inhomogeneities were desribed in detail andquantitativly haraterized, in partiular:
• staking disorder of the PbS;
• tetragonal distortion within the PbS subsystem;
• long-period undulations of the whole mis�t lattie;The best statistial auray reahed in atomi olumn distane determination was al-ulated to 6 pm (see hapter 5.8). 100



101It was possible to resolve the individual Pb and S olumns of the PbS subsystem in azone axis with an angle of 45◦ towards the ommensurate one.The mis�t layered ompound (PbS)1.14NbS2 hosts several lattie struture modi�ationsand inhomogeneities at the inommensurate interfaes. Phenomena like the stakingdisorder or the long-period undulations were until now not desribed or quantitativelydetermined in the literature. The tetragonal distortion was measured diretly with loalatom olumn positions for the �rst time.HAADF-STEM was applied for Z-ontrast imaging. The layered struture along theommensurate axis and the PbS subsystem as well as the Nb ould be resolved but thereis still room for improvement.In onlusion, the aberration-orreted HRTEM and in partiular the NCSI ontrast imag-ing tehnique along with multislie simulations is perfetly appliable to study the om-plex atomi struture along the inommensurate interfaes of the mis�t layered ompound
(PbS)1.14NbS2. The statistial error of the loal atom olumn position determination forquantitative lattie struture analysis was determined to 6 pm, whih is omparable tothe auray reported in the newest literature (3-5 pm) [5℄.
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