UHYV cluster v ceitecu

analytické pfistroje:

- fotoemisni spektr. (PES), XPS,;"UPS
 skenovaci mikroskop (SPM)

« elektronovy mikroskop na nizkych
energiich (LEEM)

« spekir. s ionty na nizkych energiich (LEIS)

depozi¢ni pristroje:

* pulsni laserova depozice (PLD)

* epitaxe molekularnich svazkt (MBE)
» depozice organickych a kovovych
materiall




UHYV cluster v ceitecu

depozi¢ni pristroje:
* pulsni laserova depozice (PLD)

* epitaxe molekularnich svazkt (MBE)
» depozice organickych a kovovych
materiall

analytické pfistroje:

« fotoemisni spekir. (PES), XPS, UPS
 skenovaci mikroskop (SPM)

« elektronovy mikroskop na nizkych
energiich (LEEM)
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Pulsni laserova depozice




Pulsni laserova depozice - princip

substrate

\

plume of energetic

material \ /{/)
|

i

Pulsed
UV laser

E~100 mJ
t=20ns

moving target P~5 MW

A =248 nm

Pulsed Laser Deposition

laskavé svoleni C. Bernharda




Pulsni laserova depozice

komora PLD fotografie oblaku

laskavé svoleni C. Bernharda




Reflection High Energy Electron Diffraction (RHEED)

Diffraction of electron beam from film surface
High energy electrons required (~30 keV) for high gas pressure

Azimuth angle | ©D

laskavé svoleni C. Bernharda




vyvoj signalu RHEED pfi rastu jedné monovrstvy
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laskavé svoleni C. Bernharda




kontrola tloustky na urovni jedné monovrstvy s pomoci RHEED

YBa Cu O_ growth
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Oxidy prechodovych kovu
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Velika raznost elektronovych stavi, napr.:

« supravodivost (oxidy Cu — YBa,Cu,0....)
« fero- a antifero -magnetizmus (oxidy Mn, Co,

Cr, Ni.., napf. La, ,Sr,MnQO,)

« feroelektrika (oxidy Ti, napf. BaTiO3)
- multiferroika (BiFeOs,...)
» prechod kov-izolator (oxidy Mn, La,_ Sr,MnQO,)
* polovodice (SrTiOs;...)
« izolanty (LaAlO,)
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Perovskitova struktura oxidu prechodovych kovu

La,,Sr,MnQO, ferromagnet, Tg,;=370 K

urie

YBa,Cu,0,
supravodic, T.= 92 K

La,Ca,Sr,Ba @ é\o C&}

Mn &

O O O3

00O
* perovskitova struktura spole¢na vétsiné ® Cu 02
oxidd pfechodovych kov( ® Y
» matridly Ize mozno kombinovat na atomarni ® Ba B——0 04
urovni, tzv. epitaxni rust. / ,7
* Lze tak rust multivrstvy s atomarné ¢ ¢ 3
hladkymi rozhranimi a de facto vytvaret nové b ‘O) Al
materialy (supermrizky)




multivrstvy YBa,Cu;0,(n)/La, ;Ca, ;MnO,4(m)

soupefeni mezi magnetismem (La, ,Ca, ;MnO;) a supravodivosti (YBa,Cu,0.)

snimek z transmisniho elektronového mikroskopu — atomarni rozliseni

VK. Malik et al., PRB 85, 054514 (2012).




Priprava substratu

leptani a zihani substratu tak, aby povrch byl atomarné hladky

atomarni schodky diky (pfirozené) rozorientaci povrchu SrTiO,

B B
0 1.82 0 1.62
nm nm nm nm

Figure 3 The 2x2um” surface image of (a) surface

treated STO(100) substrate and (b) LFO
thin film.

T. Tsuchiya et al, conf. contr.




jiz dvé dvouvrstvy CuO2 jsou supravodive (n=2)
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VK. Malik et al., PRB 85, 054514 (2012).




Priklad z PLD ristu: nové supravodice z BaCuO, a SrCuO,

Norton et al, Science (1994)

—  SrCu0Ojp
(2 unit cells)

. BaCuOj
(2 unit cells)

L SrCuOq
(2 unit cells)

| BaCuOg
(2 unit cells)

| SrCu0Oj
(2 unit cells)

Fig. 1. Structural model of a 2 X 2 SrCuO,-
BaCuQ, superlattice compound, also designated
as Ba,Sr,Cu,Oq, 5. The Ba, Sr, and Cu atoms are
represented by the large, medium, and small
spheres, respectively. The CuO, and CuQ, units
are shown as shaded polyhedra.

1 2 .......... RN X W— . S—— ;
BaySrzCusO1p,5 |
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S 084 2oUgVs.5 t
E 0.6 +
< ) ]
& 04/ Ba,SroCuyOg, s +
0.2+ !

0 20 40 60 80 100

Temperature (K)

Fig. 3. Normalized resistance plotted as a func-
tion of temperature for the n = 2, 3, and 4 mem-
bers of the Ba,Sr,_,Cu,, 0, , 5 series.

« materialy BaCuO, a SrCuQO, samostatné nejsou
supravodivé
* v supermfizce vykazuji supravodivost az 50-60 K




zasadni role rozhrani
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Figure 8 | Fractional quantum Hall effect in ZnO. a, Longitudinal resistance
R,. (blue) and Hall resistance R, (red) of a 2DEG formed at a MgZnO/Zn0O
interface. Inset: depicts a cross-sectional schematic of the heterostructure.
b, Comparison of 2DEGs in various semiconductors as functions of the
electron-electron interaction strength represented by the Wigner-Seitz
radius r, and transport scattering time 7,. Data are derived from Fig. 2 of
ref. 81 except for the solid red circles, obtained for the sample shown

in a. The arrow indicates the direction of progress in pursuing a regime

of parameters in ZnO that are hard to access in other semiconductors.
Panels adapted with permission from: a, ref. 83, © 2011 APS; b, ref. 81,

© 2010 NPG.

Herbert Kroemer:
(Nobelova cena r. 2000):
,Interface is THE device*

 narozhrani mezi piezoelektrickymi
materialy MgZnO a ZnO vznika 2D
elektronovy plyn

* pohyblivost dosahuje az 300,000
cm? V-1gs-1 coz umozniuje vidét
napfr. zlomkovy kvantovy Halltv jev

* rozhrani mezi oxidy
prechodovych kovu ziskavaji
casto jiné vlastnosti nez
objemoveé materialy




3d orbitaly a interakce mezi nimi na rozhrani

a AMO; (Perovskite) b

A =(RE™, AE?Y

"
2
e

Jeg=0 Jep<0 Jpe<0

0
Y

=

Figure 2 | Orbital and spin configurations at interfaces. a, Perovskite structure and orbital energy levels under the cubic crystal field due to oxygen ions.

RE, rare earth elements; AE, alkaline earth elements. b, Allowed hopping matrix elements between orbitals across the interface (red). ¢, Allowed virtual

hopping matrix elements across the interface. The lightly coloured orbitals are the destination of the virtual hopping process, while the electron is occupied

in the darkly coloured orbital. d, Various exchange interactions across the interface (J> 0, antiferromagnetic; J< 0, ferromagnetic); left, antiferromagnetic

super-exchange interaction (Js¢) using the same orbital in the intermediate state; middle, ferromagnetic super-exchange interaction between different

orbitals; right, double-exchange interaction (Jyz) where the real hopping of the conduction electron between the two M ions mediates the ferromagnetic

coupling. e, Rashba-type spin-orbit interaction (SOI); the internal or applied electric field can produce an effective magnetic field (B.«; dark-blue arrow)

through the SOI to cause spin precession for the moving electron, or cycloidal spin modulation for localized spins. Hwang, Nat Mat (201 2)




rozhrani mezi oxidy prechodovych kovu ziskavaji ¢asto jiné
vlastnosti nez objemove materialy:

Ferromagnetické rozhrani mezi
antiferomagnetem CaMnO, a
paramagnetickym kovem CaRuO,

1.6F
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M [pg / B-site on interface]

=250
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T R S . R R N——

[ T N N R RN O R B =
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CaRuO, layer thickness [u. c.]

Takahasi et al, APL, (2001)

T [K]

2D supravodivost na rozhrani mezi
izolatory LaAIO, (LAO) a SrTiO, (STO)

Rohoet 2t 400 mK (kQ per square)

Caviglia et al,
Nature (2008)
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Figure 3 | Electronic phase diagram of the LaAlO3/SrTiO; interface.
Critical temperature Ty (right axis, blue dots) is plotted against gate
voltage, revealing the superconducting region of the phase diagram. The
solid line describes the approach to the quantum critical point (QCP) using

the scaling relation Tyyp x (V— V)%,

with zv = 2/3. Also plotted is

normal-state sheet resistance, measu I’f.d at 400 mK (left axis, red triangles) as
a function of gate voltage.




PLD v Brné v ramci CEITECu! Instalace — listopad 2015

My IS i - PLD vybavens $pickovou
poe— = ) SV B soucasnou technologii
A -1 | s *\“' « tlak 5x10-1° mbar
T ' U elae M ~ * kontrola rastu s RHEED
S SRS SRR e = - in situ ozonové atmosféry
7., ), 2 R P = « ultra homogenni rast se
.~ | skenovanim laserového svazku
== « pfipojené na UHV klastr s
' analytickyma metodama (XPS,
ARPES, LEEM, LEED, STM

» nadSeni (mladi) védci co si by si radi hrali s 3d orbitaly
prechodovych prvkl a objevovali nové materialy a fenomeény na
atomarni urovni




Epitaxe molekularnich svazku




Epitaxe molekularnich svazku

To buffer chamber

kryopanely absorbujici
s , . 7 Mechanieal feedthrough for
materlal ktery mine SUbStrat CAR assembly

\ — ionization gauge

| %
'- /| —
- Beam Flux Monitor
RHEED: reflection high energy Crvo et
elecron diffraction e B et e

RHEED gun

\!lcating coils

‘ Mass spectrometer ‘

Knudsenovy efusni cely: zaveny material (elem‘é&ty,
napi. Ga, As, )

'\I ,-'I -

Fiffnsion eells —

zdroj: wiki




Knudsenova efusni cela

* na kazdy element je potfeba jedna cela
* je nutna kalibrace toku vzhledem k
ostatnim elementiim

nevyhody: finan¢ni naro¢nost pfi zméné
elementu

Substrate

Molecular

Effusion G LS A N Ny Shutter

NS'EI'IIICE

Figure I Schematic illustration of the basic evaporation process for molecular beam
epitaxy of intentionally doped GaAs and Al Ga,  As.

Front lip
heat shield

FEM
crucible

Filament
assembly

Thermocouple
basket

Integral
shutter

Ploog, 1981




charakteristiky MBE

* nizka depozicni rychlost ~ monovrstva/s
* in-situ kontrola atomarniho slozeni vrstev pomoci RHEED
» prostiedi ultravysokého vakua ~10-19 mbar minimalizujici kontaminaci vzorku

» skokova zména slozeni na rozhrani




rust ,,Layer by layer*

Idealni stav:

« atomy se adsorbuji na povrchu a nukleuji 2D ostruvky

« 2D ostravky rostou az je vrstva uplna

* proces se opakuje

‘Realny stav:

» Nasleduijici vrstva se nukleuje dfive nez pfedchazejici je dokoncena

» poCet nedokonéenych vrstev, tzn. povrchova drsnost, roste s Casem

* pfi pferuseni se povrch zaceluje, drsnost klesa a vraci se k puvodnimu rovnému stavu

#]

(a)z/ |

o]

et

INTENSITY [arbit. units)

DEFQSITION TIME (sec)

Fig. 2.7 RHEED oscillations measured during MBE growth of GaAs(001). The intensity of the
particular RHEED spot is measured as a function of deposition time. The oscillation peried t
indicates the completion of a monatomic layer




2D elektronovy plynu v GaAs-AlGaAs strukture

Ltttumn vacuum LEVEL [IJRIIRIHIIIHIMIHi
Al,Ga)As
GaAs
o-o‘io-:-o-o—o-o-o-o 0
E. GaAs
~10" cm”
| p-type
E, * - ¥
|
Eg
(Al,Ga)As
Si 10" cm” 0-0-0-0-010-0-0
n-type ) -
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. 3.32 High-resolution

Fig

TEM of an AlAs/GaAs

double heterostructure. The
dark and bright points are

o

correlated with sinele rows of

toms [3.28]

d

L. Reimer, Scanning electron microscopy, (1993)



Zlepsovani pohyblivosti v zavislosti na ,,Case*
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L. Pfeiffer, K.W. West / Physica E 20 (2003) 57 —64




VOLUME 45, NUMBER 6 PHYSICAL REVIEW LETTERS 11 AucusT 1980

New Method for High-Accuracy Determination of the Fine-Structure Constant
Based on Quantized Hall Resistance
K. v. Klitzing

Physikalisches Institut dev Univevsitat Wurzburg, D-8700 Wiivgburg, Fedeval Republic of Germany, and
Hochfeld-Magnetlabor des Max-Planck -Instituts fuv Festkovpevforschung, F-38042 Grenoble, France

p-SUBSTRATE .
U/ UT‘ | HALL PROBE kvantovy Halluv jev
‘ r
e Ll DRAIN » nobelova cena 1985
' SURFACE CHANNEL
n* 2 _
SOURCE ﬁ GATE h/‘]:f:? =6453.17+0.02 Q
20420
A POTENTIAL PROBES
fine structure constant
15715
- —
a~1=137.0353+ 0.0004
10410
elos FIG. 1. Recordings of the Hall voltage Uy, and the
’ voltage drop between the potential probes, Uyp, as a
function of the gate voltage V, at T=1.5 K. The con-
stant magnetic field (B) is 18 T and the source drain
0 current, {, is 1 uA. The inset shows a top view of the

device with a length of L =400 um, a width of W =50 um,
and a distance between the potential probes of L,, =130
Vg v um.

—.—.: n=1 n=2




Méreni magnetickych vilastnosti latek




Méreni magnetickych a transportnich viastnosti latek

« méfeni odporu, Hallova koeficientu, magnetické susceptibility a magnetizace

* 1.6 a2 400 K v magnetickém poli +-9 T

pulsni cryocooler

7kW pfikon
1W chladici vykona na 4K

1085

600

vyrobce firma Cryogenics
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VSM - vibrating sample magnetometer

« indukéni technika méfeni magnetického momentu— vertikalni pohyb vzorku
(~20Hz) indukuje proud v civce

« dvé snimaci civky zapojeny v opa¢ném poradi — vliv vnéjsiho magnetického
pole se rusi

» signal pfichazi na synchronni detektor (lock-in amplifier), vysledkem je
amplituda a faze signalu.

Computer T
Reference I[EH Data acquisition
d NaVA Digital function
\/ihrat O . |
A _ ‘
Cryostat B Lock-in Ref
VTI I
Magnet Magnet power
Pi(_:lk—up I Iﬁ.g }‘
oan GPIB /
Sample A LA S5
a Temperature /.--——

Thermometer B

Figure 1-1 Schematic view of sample and VSM pick-up coils.

Arrows indicate the direction of the dipole field.




magneticky moment supermrizek YBCO/LCMO

M (emu)

R(Ohm)

YBa,Cu,0,/La,;Ca,;MnO; : 300/100 A

0 50 100 150 200 250 300
2.03{10_“ P P IR PR SPE SR ST R —
| —s—field cooled 10 Qe
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v magnetometrii je standardné
pouzivana jednotka cgs emu.

1 emu =103 Am?
pfi chlazeni v poli je magnetické

pole jiz uvnitf supravodice v
podobé vortexu

| pfi chlazeni v nulovém poli je

vidét Meissneruv jev

se svolenim C. Bernharda




magneticky moment feromagnetickeho LaMnO,
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Temperature dependence of magnetic moment
per Mn 1on in LMO layers (@ 1T applied field.

se svolenim C. Bernharda




Méreni AC magnetické susceptibility

 Priméarni civkou se vytvaii AC magnetické pole typicky 1mT na 1-10 000 Hz
 pokud je vzorek v blizkosti jedné z civek, pak méfreny signale je umérny realné
a imaginarni ¢asti magnetické susceptibility

Secondary (pick- Compensation

: coil
up) coils

Primary coill
Sample




magneticka susceptibilita feromagnetického La, ,Sr,MnO,

magneticka susceptibilita
(anti)feromagnetu
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x(T) =
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Souza et al, PRB 2007
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FIG. 6. x~! versus T for Sr-doped samples with nominal con-

centrations of x=0.13, 0.20, 0.25, and 0.45. The upper inset shows
the warming and cooling curves of y~! for x=0.20 and 0.45. The
lower inset shows the obtained effective magnetic moment for the
doped samples and the solid line indicates the expected values.




LEEM - Low energy electron microscopy




LEEM - Low energy electron microscopy

» studium struktury povrchu

* vysoce energiové elektrony (15-20 keV)
jsou zpomaleny na 1-100 eV a

fokusovany na vzorek

* nizka energii lze ménit a tim ménit

hloubku praniku do vzorku v Fadu horni

atomove vrstvy

» elasticky odrazené elektrony jsou
urychleny, prochazi délicem svazkul a

dopadaji na ploSny detektor

vinova délka elektronu
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LEEM - Low energy electron microscopy

« povrch Cr(100)
» viditelné atomové schodky
« velikost pohledu 5.6 pm.




LEEM - Low energy electron microscopy

Figure 16. Partially anncaled slip trace along [001] on a Mo(110) surface, ending at a screw
dislocation. Cu decoration. E=4¢V,

E. Bauer, Rep. Prod. Phys. 1994




LEED - Low energy electron diffraction

» zafizeni LEEM lze pfepnout do mdédu kdy se svazek nefokusuje na
fluorescencni stinitko ale dopada na né difraktovany svazek. Je pak pozorovana
difrakce odpovidajici povrchu materialu - LEED




LEED - Low energy electron diffraction

_...._’:

I'ig. 1.18. Diffraction of an incident plane wave with wave vector k;. The surface
15 represented by the corresponding 2D Bravais lattice. Parallel momentum conser-
vation with any reciprocal lattice vector gpi creates well-defined diffracted beams
(hE).




LEED - Low energy electron diffraction

« Jelikoz elektrony pronikaji do materialu jen jednu nebo dvé monovrstvy, kolmo na
povrch nejsou zadné omezujici difrakéni podminky — dochazi k difrakci pro jakékoliv
kolmé hodnoty k vektoru, tedy reciproka mriz se setava z ¢ar kolmych na povrch
(truncation rods)

» Evaldova koule pak pfedstavuje zakon zachovani energie pfi elastickém rozptylu.
« V praniku koule a reciproké mfize dochazi k sou¢asnému splnéni difrakénich
podminek a zakona zachovani energie a tedy se zde realizuje difrakce.
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LEED - Low energy electron diffraction

W C(Lxd)
LieV

Fig. 1.20. LEED images of six differently prepared GaAs{100) surfaces. After
L. 15, The surface reconstruction and the electron energy are indicated.




LEED - Low energy electron diffraction

 rekonstruovany povrch Si(100).

» objemova mfiz je kubicka, povrchova
rekonstrukce ma periodicitu 2x1, difrakce
pochazi od riznych domén na sebe kolmych




LEIS — low energy ion scattering




LEIS — low energy ion scattering

Energie dopadajiciho iontu EO
ze zdkona zachovani energie a hybnosti je
energie odrazeného iontu

Er = kEy = HcoseJr \/(r2 -~ sin2e)]/(1+ r)}gEo

feseni této rovnice je jen pro
Mo = MYy

Figure4. Diagram of the ion scattering process. The scattering
angle 0, polar angle o, and acceptance angle df) are indicated, as
well as the incident energy Eo and scattered energy Er

H. H. Brongersma, lon Beam techniques, (2012)




LEIS — low energy ion scattering

* nizkoenergiova varianta RBS (Rutherford back scattering), pracuje s energiemi
100eV-10 keV

* pouziva typicky ionty vzacnych plynt He+, Ne+, Ar+ and Kr+

 diky malé energii je citliva jen na zcela prvni vrstvu atomu na povrchu

* energie zpétné odrazenych atomu urCuje atomarni slozeni vyjma H, He (studovaneée
atomy musi byt té€zSi nez pouzita sonda)

 asymetrické ohony od linii urc€uji i hloubkovy profil (do 10nm)

—— without TOF filter
—— with TOF filter
0
—~ F K
= N
a
£ Sc v Cu
L=, Al
Q K Y
> Lla Ay
Cu
Au
(a) (b)
L I L I L I L} I 1 I L T I L] I L] I L] I L] I L]
0 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 3500
E, (eV) E, (eV)

Figure 2. Energy spectra of (a) 3keV *He™ and (b) 5keV *°Ne™ ions backscattered by a
multicomponent sample. The scattering angle is 145°. The heavier Ne* ions give a better mass
separation, but cannot detect the lighter elements. The rising background atlow energies is due
to secondary (sputtered) ions. It can be reduced by time-of-flight filtering, thus enabling the
detection and quantification of K, S¢, and V with Ne™ ions Reprinted from (Brongersma
et al., 2010a), Copyright (2010), with permission from Elsevier.




LEIS — low energy ion scattering

«asymetrické ohony od linii ur€uji i hloubkovy profil (do 10nm)

LEIS signal (counts/nC)

(a)

140_ Zr 150 T T T T T T 150
I
120+ i
f
100 H st |1,
O ;i L: 70 . 100 - 4 100
F\i =)
80- In depth (nm) Ir 0% 50 s
i 1 —
Gt ; 40 g .
T o
) .v.w-’il l\ 20 E 50 450
I Y —g
0 T T T T T T 0
0 6 12 18 24
500 1000 1500 2000 2500 (b) Si signal (a.u.)

E, (eV)

Figure3. 3keVHe  analysisofZrOs films grown by Atomic Layer Deposition (ALD) on a Si wafer
(Puurunen et al., 2004). (a) In addition to the O and Zr surface peaks, an increasing tailis visible
(2300-1700¢eV) for the thicker layers. This is the depth profile of Zr. After 70 growth cycles, the
pinholes (Sipeak) in the layer are still visible. The organic contamination of the layers, as a result
of transportation, has been removed with atomic oxygen. This treatment also oxidized the Si
surface. (b) The Zr surface peak increases linearly with the ZrO, coverage, while the Si peak
decreases. This linear dependence (Equation 4) results from the unique monolayer sensitivity
and the absence of matrix effects of LEIS.




Skenovaci tunelovaci mikroskopie (STM)




Skenovaci tunelovaci mikroskopie (STM)

Control voltages for piezotube

1 i

tunelovaci proud je
exponencialné zavisly na
vzdalenosti d a vystupni praci ¢

Tunneling Distance control
current amplifier  and scanning unit

Piezoelectric tube
with electrodes

U —
IT — €XP —Kd-\/;
.

f /x' Tip
Sample s g o U v s
/ ... hapeti
L == P

Tunneling
! voltage
Data processing
and display

 skenovani povrchu podobné piezzoposvu (podobné jako pfi AFM), ale pfi konstantnim
tunelovacim proudu mezi hrotem a vzorkem.

* typicka vzdalenost hrotu a vzorku 4-7A

* |ze dosadhnout atomarniho rozliseni, ~1A

* hroty typicky z wolframu nebo iridia zpecialné zaspi¢aténé do stavu, kdy na konci je
idealné jen jeden atom

* Nobelova cena 1986




Skenovaci tunelovaci mikroskopie (STM)

Fig. VI.4 STM relief of the
(7 x 7) reconstructed Si(111)
surface [ VI.8]. The large unit
mesh is discernible by the
deep corner minima. The two
halves of the unit mesh are
not equivalent as evidenced
by the different intensities of
the minima and maxima




manipulace s atomy pomoci STM

FiG. 5. (a) Demonstration of the vertical and parallel force components
involved in LM. (b) STM tip-height manipulation curves correspond to (1)
pulling, (2) pushing, and (¢) sliding modes.

35 Xe atomu na Ni povrchu
Eigler, D. M. & Schweizer, E. K. Nature 344, 524-526 (1990).

AW Hla J.Vac. Sci. Technol. B 23, (2005)




Friedelovy oscilace pozorované s STM
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 opét IBM, Fe on Cu (111)

* Friedelovy oscilace elektronové hustoty
vzniklé diky interferenci elektront blizko
Fermiho meze

M.F. Crommie, C.P. Lutz, D.M. Eigler. Science 262, 218-220 (1993)




méreni hustoty stavd pomoci STM

derivace tunelovaciho proudu je umérna lokalni hustoté stavu p

dl S ]
—(x,,8,V) = dexp| —— |p,(x,y,eV) s ... vzdalenost hrotu a vzorku
dlv S,
vacuum
(a)
E, (tip)
i v
E, (sample) o -
Figure 1.11: Technique for making a direct measurement of dI/dV.
(a) Diagram indicating how to make a direct measurement of dI/dV. The black
outlines indicate the density of states. Filled states are given in red. The total
T E current which flows depends on the product of the hatched areas. When the bias is
e — modulated by an amount given by the height of a gray shaded area, a modulated
Sample DOS Tip DOS current signal 1s detected which 1s proportional to the product of the two gray shaded

areas. Given knowledge of the magnitude of the bias modulation and the assumption
that the tip LDOS is constant, the sample LDOS may then be determined from this
measurement of the modulated current signal. (b) Shows the resulting plot of d1/dV

(b) ﬂ vs. V which can be generated from such a direct measurement of differential
conductance.

dv phd thesis, K. Lang, 2001, skupina J.S.C. Davis




méreni hustoty stavd pomoci STM

—
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* supravodiva mezera v derivaci
proudu v supravodicCi
Bi,Sr,CaCu,O

84X

Differential Conductance

2V V)

00—
-150 75
Sample Bias (mV)

phd thesis, K. Lang, 2001, skupina J.S.C. Davis




Opticka spektroskopie




Opticka spektroskopie

uréeni optické vodivosti o (w) = —iweg(e(w) — 1)

realna cast vodivosti - absorpce o1 (W) (= wepes(w))
elmag. viny na jednotku frekvence: 1 — WE0t2

oo
sumacni pravidlo: / 01(w)dw = ——— = const.
0




Excitace mezi THz a UV oborem

100 GHz 1000 100 mMmeV 1000

I T I L AL O R JL L L L o O R
10 ps pPs 100 fs 10 fs 1fs

ki

Pinned modes 2D electron gas: EF

2D electron gas: plasmons Spin-orbit coupling

2D gas
Cyclotron modes and Landau Level transitions
Localization peaks in disordered conductors
orrelated B - -
Metals Carrier lifetimes in metals and semiconductors
Zeeman splitting Inter-band transitions
Superconducting gap polarons
TMO (pseudo)gap in cuprates Charge transfer gap
Magnetic resonances Amplitude modes n-n" transitions
. and strong coupling effects lymers olymers
Organics g coupling (polymers) (polymers)
Josephson plasmons Correlation gaps in 1D conductors
Heavy Fermion plasmons bi-polarons
e ll_i ) Hybridization ga:m
fermions
I Y I 1 I 1 1 N I O 1 T 0 I 4y O O N
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Wavenumbers, cm”]

D. Basov et al., Phys. Mod Rev. 2011



Princip elipsometrie

vzorek

<6 ™
[

@ NS

polafizatory A

Ers

* Elipsometrie je de facto interferencni experiment s komponentou elekirického
pole rovnhobéznou (p) a kolmou (s) k roviné dopadu.

Méreneé veli¢iny v elipsometrii:

» Uhel pootoceni elipsy ¥ => N,k nebo &, &, o
- elipticita A bez dalSich predpokladu



opticke spektroskopické vybaveni v CEITECu

Woollam IR-VASE, rozsah stfedni IC

+ Kryostat
4-390 K



urceni interakce mezi elektrony ve vysokoteplotnich supravodicich

Photon Energy (meV)
0 100 200 300 0 100 200 300 400 500

400 -
N P
3 207 S frekvenéné zavislé o @) znadi
£ 200 ' interakci mezi elektrony
= 100 | ]
O — . 1 T L P . 1 T L
Lay g5Sry 17CuQ, HgBa,CuO,
2 107 T=30K | T=100K ] Y v s g . .
= o5 |« frekvenCné zavislé interakéni
| fukce (glue-lepidlo) odvozena z
0 —_— i dat.
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£ 138 i { | energiich 250 meV znadi, ze
s o /\ | | glue nemuze byt pouze diky
0 : | - : - - fononam.
0 1 2 3 0 1 2 3 4

 na zakladé tohoto glue byla
vypoctena kriticka supravodivosti
FIG. 13. Comparison at T = T, of the imaginary part [1/7(w)] ~200 K

and the real part [M(w)] of the optical self-energy, and the electron-
boson coupling functions of La; g3Srg17CuOy4 (7. = 31 K) (Hwang
et al., 2008) and HgBa,CuO,4 (7. = 97 K). From van Heumen,

Muhlethaler er al., 2009.

Frequency (1 0° cm_1)

van Heumen, PRB, (2009)
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absorpcéni hrana v topologickem izolatoru Bi2Se3

thin film, d= 463 nm

—1t10k_s1
t60k_s1
—180k_s1
t100k_s1
— 1160k _s1
— 1300k _s1

vel a zavislost na teplote

mezipasovy prechod



vina spinové hustoty v krystalu chromu, 7.=310 K
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TERS - tip enhanced raman spectroscopy




SERS (surface enhanced Raman spectroscopy)

« Ramansky signal mize byt zesilen o mnoho fadu (az 107 i vyssi) kdyz je
detekovany material v blizkosti strukturovaného kovového materialu. Typicky se
poziva bud drsna kovova podlozka nebo nanokuliéky (zlato, stfibro).

 Svétlo vybudi v kovu povrchovy plazmon ktery na rezonancni frekvenci fadoveé
zesili pole a tedy i ramansky signal.

sol-Gel Matrx Mo ecules

i in Plasmon
™, . Field

Raman
Stutlcrmg

Cut

Molecules T_mL
Silver Particle in Solution Vial

zdroj: Real time Analyzers




TERS - tip enhanced raman spectroscopy

kombinace Ramanského spekirometru s AFM: fadové zesileni ramanského signalu
mezi pozlacenym hrotem AFM a kovovou podlozkou -

? ¢ 2R I2ReB 383
N VS S-NAM®
% E W e ne T pE
"%?,7’0 — S | :
‘V\/’\f‘? Vy Powder : :
{ i | 5
QS;,\;\,\ Enhanced field |/, = L 4
_ Molecule s':Ez 100 counts
F : : { i persecond
5 AL/ |
g | Tip-in, island  , 4|,/" AN i
c ; ' H 1 H
- i A e
: we PO S | e
§ A T A
& M Tip-in, single molecule W*\.\x%ﬁ_w
Tip-in, Ag(111)
Tip-retracted
T T | T T | T T I T T I T T
300 600 900 1,200 1,500 1,800

Figure 1 | Clean TERS spectra using well-defined tip and sample.

a, Schematic tunnelling-controlled TERS in a confocal-type side-illumination
configuration, in which V}, is the sample bias and , is the tunnelling current.

b, STM topograph of sub-monolayered H,TBPP molecules on Ag(111) (15V,
30pA,35nm X 27 nm). The inset shows the chemical structure of H; TBPP and
the white cirde indicates one representative site for TERS measurements on the
molecular islands. ¢, TERS spectra for different conditions. The tip-in spectra
were acquired at 120mV, 0.5 nA and 3 s. The green spectrum is taken on top of

Raman shift (cm™)

the molecular island (the green scale bar shows the signal level detected by
charge-coupled device (CCD). The red spectrum is taken on top of a single
molecule (marked by the red arrow in b). The blue spectrum is taken on bare
Ag(111). The black spectrum is taken on top of the molecular island but with
the tip retracted 5 nm from the surface (120 mV, 3 s). For comparison, a
standard Raman spectrum (brown) is shown on the top for a powder sample of
H,TBPP molecules.

R. Zhang et al. , Nature (2013)




TERS - tip enhanced raman spectroscopy

zafizeni potencialné pro TERS od firmy NTMDT na CEITECu (UFKL)




transmisni elektronovy mikroskop (TEM)




transmisni elektronovy mikroskop (TEM)
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* pruchod svazku elektronti vzorkem, dopad na
luminiscencéni stinitko a detekce pomoci CCD

« vzorky maximalné nékolik set nm tluste -
narocna pfiprava

* mozné atomove rozliseni

 cena instrumentu s atomovym rozliSenim ~ 100

MKC

* v Brné tfi svétoznami producenti: Tescan, FEI,
Delong Instruments
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multivrstvy YBa,Cu;0,(n)/La, ;Ca, ;MnO,4(m)
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L. Reimer, Scanning electron microscopy, (1993)



SIMS - secondary ion mass spectroscopy




SIMS — Hmotnostni spektroskopie sekundarnich iontu

« odprasovani vzorku a nasledna hmotnostni spektroskopie
« analyza slozeni latek, hloubkovy profil

« velmi citliva metoda, citlivost az 1ppm i 1ppb

« destruktivni metoda
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Fig. IV.1a,b Schematic view of the experimental set-up for Secondary lon Mass Spectroscopy
(SIMS). (a) General overview of the whole apparatus. The main components are: ion source
consisting of 1onization chamber and lens system, magnetic mass separator (sector field ana-
lyzer), sample contained in UHV chamber, quadrupole mass analyzer with channeltron as detector.
(b) Components of a Quadrupole Mass Spectrometer (QMS)

H. Luth, Solid sufraces, Interfaces and Thin films, Springer (2015)
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F. Hofmann Phil. Trans. R. Soc. (2003)

SIMS — analyza odpraseného
materialu

AES — Auger electron
spectroscopy - analyza
odpraseného povrchu

Figure 2. (a) AES (AI(LVV) intensity) and (b) SIMS (Al" intensity) depth profile of a double
layer structure of AlAs (1 and 20 monolayers) in GaAs obtained with 3 keV Ar™ ions at (a) 52°
and (b) 58° incidence angles (open circles), and fitted by MRI calculation (solid line) with the
parameters shown in the figure. (Adapted from Hofmann et al. (2001).)



