Fyzikalni vlastnosti materiall
FX001

1. Vazba v pevné latce, elastické a tepelné viastnosti material(l
2. Elektrické vlastnosti materiall

3. Optické vlastnosti materiall

4. Magnetické vlastnosti materialu

5. SupravodiCe a grafen



Fyzikalni vlastnosti materiall

5. Supravodice a grafen
a) Supravodivost — supravodivost kovUl, Meissnerlv jev, vysokoteplotni supravodice.

b) Grafen — Fermiho rychlost, elektrické, mechanické, optické a magnetické vlastnosti

c) Jiné materialy s linerni disperzi — topologické izolatory



Definice supravodice a kriticka teplota
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Teplotni zavislost mérného odporu Pt, Hg a Au (data K. Onnese)
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Supravodivé prvky
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Supravodice

T (K) H_(gauss) T=0K

Al 1.196 99

Hg — alfa 4.15 411

La— hcp 4.9 798

La — fcc 6.06 1096

Nb 9.26 1980

Pb 7.19 803

Ta 4.48 830

Tc 1.77 1410

V 5.30 1020




Levitace

http://www.fys.uio.no/super/levitation http://www.ru.nl/hfmli/research/levitation/
(Univerzita Oslo) diamagnetic
(Nijmegen High Field Magnet Laboratory)



Kupraty: krystalova struktura supravodi¢e YBa;Cu;0;
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Supravodivost
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FIG. 2 Zero-field cooling (ZFC) and field cooling (FC) susceptibllities x(T) of

one of the investigated oxygen-annealed HBCCO samples, measured in

H=2T Oe. The ZFC curve indicates the presence of several different super-

conducting phases.
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FIG. 3 Resistivity R(T) of an annealed HBCCO specimen, normalized with |

respect to the resistance value R(300)=010{. The inset displays the

temperature derivative dR/dT to show the maximum resistivity drop at |
T=1325K. Zero resistance Is attained at T=95K. 5




Supravodivost - zavislost magnetizace na vnegjsSim poli
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Supravodivost - Kritické pole supravodicu typu |
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Supravodivost - Kritické pole supravodicu typu I
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Figure 5b Stronger magnetic fields than any now contemplated in practical superconducting
devices are within the capability of certain Type 11 materials. These materials cannot be exploited,
however, until their critical current density can be raised and until they can be fabricated as finely
divided conductors. (Magnetic ficlds of more than about 20 teslas can be generated only in pulses,

and so portions of the curves shown as broken lines were measured in that way.)

Kittel, Introduction to solid state physics, Wiley, 2005




Supravodivost - supravodice typu Il, aplikace
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Fig. 4.2-6 Non-Cu J. versus B characteristics of Nb—Ti, binary
Nb3Sn, alloyed (Nb, Ta)3Sn, and alloyed (Nb, Ta, Ti1)3Sn multifil-
amentary superconductors [2.8]

Superconducting phase Composition T.(K) B (T) Magnetic field in application B(T)
Nb—Ti 46-52 wt% Ti, =~ 10 ~ 10.5 (4.2K) <9 (4.2K)
2= 47T wt% Ti optimal =9 (1.8 K)
Nb3Sn 25 at.% Sn, ~ 18 ~ 23 (4.2K): <20T (4.2K)
(Nb, Ta, Ti)38n < 7.5 wt% Ta, ~26-29 (4.2K) several T (= 4.2 K)

< 0.2 wt% Ti
Martienssen, Warlimont, Springer Handbook of condensed matter data, Springer 2005
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Magneto-Opiical Tmaging
MWhSe2 crystal, 43K, 3G
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Supravodice

Hloubka vniku (nm)

Al 16
Sn 34
Pb 37
Cd 110
Nb 39




JosephsonUyv prechod

J(t) = J.simo(r)



Josephsonuyv jev

DC Josephsonuyv jev
V=0
J = J,.simb

AC Josephsonuyv jev

2eV't ® = 21th/2e

0(t) = . 6o ®, = 2.0678 x 105 Tm?

, 2eV't
J(V, t):JCsm( - | (90)

w; = 2eV/h =27V /P
4.84 x 10'" Hz/mV.




Supravodivy kvantovy interferometr
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Grafen je dvojdimenzionalni krystal uhliku

A. Geim & K. Novoselov,
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Nature (2006)
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nhobelova cena za fyziku 2010

. Novoselov

za zasadni objevy ohledné dvojdimenzionalniho materialu
grafenu



Jak by grafen objeven?

grafit technika ,izolepa“

opticka identifikace na SiO,/Si
substratu

vySka prehybu ~ 8 A

AFM méreni odporu atd.

Novoselov et al., Science (2004)



Alternativni metody pripravy grafenu

zahrivani karbidu kiemiku chemicka depozice z plynné faze
na médi
Monolayer
Bufferlayer ¢

I glass
MM 11CMm

1cm

—

graphene

oC
© Si

C. Berger et al., J. Phys. Chem. B (2004) Li et al. Science (2009)



Grafen — material, ktery nemél existovat

* 1960 — teoretikové David Mermin a Herbert Wagner vypocitali ze dvojdimenzionalni
krystal je nestabilni diky termickym fluktuacim
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* Jejich teorie byla Uspésné testovana
mnohym pozorovanim az do objevu
grafenu ...

I'I L
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* malé zvinéni grafenu pravdépodobné
krystal stabilizuje

umeélecké zobrazeni grafenu Davida Shanda,
obalka Nature Materials, Vol 6 (2007).



grafen ma nékolik rekordnich vlastnosti: rekordni tuhost

* nejpevnejsi material na svéteé
* mez pevnosti: 42 Nm?

* 200 krat silngjSi nez ocel

Ch. Lee et al. Science (2008)



Model tésné vazby

R * hexagonalni mfiz
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* linearni zavislost energie na (kvazi) impulzu blizk E. — +unh — k- K
Fermiho meze a Fay 9




elektrony s nulovou klidovou hmotnosti

Kineticka energie volné hmotné nerelativisticke Castice: F = %me? — _p2

linearni energiova zavislost FEoq = tvphq = 4
o _ q I -
elektronu v grafenu:

cos tim?

Energie relativisticke hmotné 9 9 4 2
gastice: E* = mgc” + |cp|

Srovnanim s grafenem vidime, ie_
klidova hmotnost

Elektrony blizko Fermiho meze se efektivné chovaji jako

relativistické ¢astice s nulovou klidovou hmotnosti, které se

pohybuji (Fermiho) rychlosti C
V)p N ——
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Rizeni elektrickym polem

— U,—

0
o - _ 50 30 0
- elektrické pole méni koncentraci V, V)

elektron(

- Inverzne Hallova koeficientu 1/R,=nq je
linearni a meni znameénko pri V=0 =>
vytvarnime bud elektrony nebo diry

- kvantovany odpor p, .. =h/4e?

K.S. Novoselov, A. K. Geim, et al. Nature (2005)
A. K. Geim and K.S. Novoselov Nature (2006)

Do (1/462)




Grafen

2= g+ const

o ki) & o(1/kL2)

-50 .25 0
Vg (V)

FIG. 1 {color online).  Resistivity g (blue corve) and conduc-
tivity er = 1/p (green curve) of SLG as a function of gate
voltage. If we subtract a constant of =100 {} (used here as a
fitting parameter), the remaining part g, (V_} of resistivity be-
comes inversely proportional to V, (red curve). The thin black
line (on top of the red curve for V, = 0) is to emphasize the
linearity (the red curve is equally straight for negative V). The
particular device was 1 pm wide, and T = 50 K was chosen 1o
be high enough to suppress universal conductance fuctuations,
stll visible on the curves.



Grafen

S. V. Morozov,

K. S. Novoseloy,

M. |. Katsnelson,

F. Schedin, D. C. Elias,
J. A. Jaszczak,

and A. K. Geim,

PRL 100, 016602 (2008).

e (1/k02)

0 | 1 |

]
v, (V)

FIG. 2 (color onlme). Electron transport in graphene below
300 K can be described by the empirical expression p{V . T) =
oAV 4+ pgdT) where pg is independent of V', but varies with
T. After subtracting pg that for this sample changed from
=40 L} at low T to =70 L) at 260 K. the resulting curves
e (Vb= 1/ p (V) became indistinguishable (the cluster
marked 1/p, consists of 53 such curves). The experiments
were carried out mn a field of 05 T to ensure that weak local-
1ization corrections (rather small [1,22] but sull noticeable) do
not contribute inte the reported T dependences.



Fig. 1.5 Normalized
dependence of graphene
resistivity on temperature,
dominated by 2D acoustic
phonon scattering. (Reprinted
fgure with permission from
Efetov and Kim, Fig. 4.
Copyright (2010) by the
American Physical Society)

Bloch-Gruneisen temperature

BBG = 2;"’1\-’51{13/1{]3 {BD

Ap(T)/ Ap(E®,,,)

Grafen

vp = 10° m/s, vg = (2.6 £+ 0.4) x 10* m/s

E. Wolf: Applications of graphene, Springer (2014).
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Grafen

Material Remarks Carrier mobility (cm?/V.s)
" 4.2K ~TTK 200K

Copper ~ 200 32
Si {bulk) For electrons (holes = 450} 1,450
Gahs Heterostructure -2DEG 36.10° 3.10° 5.10%
Bismuth single crystal, large size, high purity 43.10° 6.4 10° 3.2 10
HOPG Heat treated above 3,000 C 6.7 10 1.2 10
Graphenea Highest values claimed® 2, 105-10° 510

Aoki, Dresselhaus (eds.): Physics of
graphene, Springer (2014).



Cyklotronova frekvence

volny elektron v magnetickém poli

rotuje s (cyklotronovou) frekvenci

e
m

We —

elektron v pasoveé strukture

A
B
eB h? OA(E)
il = W .
C omg - 2% OFE

A = plocha orbity
m_ = cyklotronova hmotnost



Cyklotronova efektivni hmotnost

AE Lineami disperze Parabolicka disperze
A 2
L B=tuhk E| p_1M
k 2 2m*
3 8
A(B) =7k = 25 = e —m*
R OAE) E
me = — &
2w OE "Ul%
E = '?‘Tl-c’l)% E = mc?

K. S. Novoselov and A. K. Geim et al. Nature (2005)



Oscillation quantiques de la résistance (osc. de Shubnikov-de Haas )

AT, (kQ)

K.S. Novoselov, A. K. Geim, et al. Nature (2005)
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Kvantovani stavli v magnetickém poli: Landauovy hladiny

nerelativistické elektron = [ / relativistické Castice s m,=0
ve 2D = :

y ¢!

0

E = :|:’UF7’U€ ——

Eyp = hwe(L + %) By, = Sgn(L)\/ 2ehvi| LB

eB L=0,+1,+2,...
me
L.D. Landau, Z. Phys. 64, 629 (1930) l.I. Rabi, Z. Phys. 49, 507 (1928)

e =@ e » g =



Infracervena spektroskopie v magnetickém poli
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Infracervena spektroskopie v magnetickém poli

M. Orlita et al. PRL (2008)
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Kvantovy Halluv jev
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Novoselov et al. Nature (2005)



Kvantovy Halluv jev

2D electron gases (GaAs-AlGaAs) Monolayer graphene
3.50 ? Ali i? l? 1ID 1.2 1I4 m 2
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Increasing B B 5"{2
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_____ n (1012cm-?)
2
de N |
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Density of States
Y h 2
2
e
O =—n K. Novoselov et al, Nature (2005)
Xy h Y. Zhang et al. Nature (2005)
V. Gusynin and S. Sharapov PRL (2005)
von Klitzing, Pepper and Dorda, PRL (1980) T. Ando J. Phys. Soc. Japan (2002)

merci a A. Kuzmenko



Prvni demonstrace Kleinova paradoxu

O. Klein vypocetl (1929) na zakladée i I
Diracovy rovnice, ze pokud bariéra pri

tunelovani Castice je vetsSi nez jeji klidova
hmotnost, pak je pravdépodobnost Eo-p <~AAA
tunelovani prakticky 100%. Eo, p AN

Vo

Prvni experimentalni demonstrace:
b 1l",TG

Katsnelson, Geim, Novoselov, Nature (2006)

transmission 7T=100 %




VIDET konstantu jemné struktury

* Konstanta jemné struktury o charakterizuje silu elektromagnetické interakce. Je
bezrozmérna, nezavisla na volbé jenotek. Fyzika ani po vic nez 90 letech nema pro
jeji hodnotu teoreticke vysvétleni.

* konstanta jemné struktury je dana 2 1
zakladnimi fyzikalnimi konstantami: o= BE 137

graphene

» optick& propustnost grafenu je - bilayer
nezavisla na frekvenci a ma hodnotu
96
O\ ~2
Kuzmenko et al. PRL (2008) 0 25

distance (um)
Nair et al. Science (2008)

50



Grafen
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Frequency (c

B M K 1
ZA, ZO — vibrace mimo 2D rovinu. ZA — kvadraticka zavislost v okoli bodu
Gama.

E. Wolf: Applications of graphene, Springer (2014).



Grafen

Thermal Conductivity Form of Carbon Heat Treatment Temperature
Wm K™
= 3,000 Graphene
= 3,000 Nanotubes
2,000 - 2,500 Diamond
2000 HOPG in.-p].'ma > 3,(]{:'(]"’['5
Vapor deposited fibers = 3,000°C
100 = 1,000 Pitch-derived fibers = 3,000°C
450 Pure copper
10 PAN-derived fibers
< 10) Amorphous carbons
0.1 Isotropic polymeric materials

Aoki, Dresselhaus (eds.): Physics of
graphene, Springer (2014).
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E. Wolf: Applications of graphene, Springer (2014). Aoki, Dresselhaus (eds.): Physics of
graphene, Springer (2014).



Povrchove stavy v topologickych izolatorech

Diracliv kuzel povrchovych stavl diky silnym relativistickym vliviim v
pasove strukture — spin-orbitalni interakce

E

Bulk
Conduction
Band

Surface
States T L
A l 1(
Bulk
Valence
Band

Topologické izolatory — materialy s velkym poctem elektrond
Dosud znamé Bi Sh, , Bi,Se,, Bi,Te,, Sb,Te,



Topological insulators

Band structure of topological insulator:
Large spin orbit splitting and time reversal symmetry
— spin polarized surface states with Dirac-cone dispersion

Prototypical materials: narrow band gap semiconductors Bi,Se;, Bi,Te;
Bulk conduction band

Surface states

Bulk valence band

Ferromagnetic ordering brakes time reversal symmetry
- pand gap within surface states, Quantum anomalous Hall effect



Topologicke izolatory
Topologie
GaussUv-Bonnetuv teorém

K=(ryr,)2

[ kdA =2my =27(2 - 2g)

g je genus - “podet d&r” Q

g=1



Topological insulators

Topology In solid state physics
Interface of two regions of

Y(r) =™ u, (r) different Chern number —
A= (Hk‘-WJHk ) existence of topologically

‘ ’f protected interface states
F=VxA Berry curvature

Integral of Berry curvature over certain path: Chern numbers

If system has time-reversal symmetry four invariants can be
constructed

NP 2016: David J. Thouless, Duncan Haldane and Michael Kosterlitz
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Topological insulators

Povrchové stavy polarizovaného
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Topological insulators

Schematic band structure of insulator, Quantum Hall state and
topological insulator
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C. L. Kane, E. J. Mele, Science 314, 1692 (2006).



Povrchove stavy v topologickych izolatorech

Bi,Se,, Brillouinova zéna, pasova struktura
Velky vliv relativistickych korekci — spin-orbitalni vazba

Electron binding energy (eV)
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Pasova struktura topologickych izolator
Bi,_Sb Te,

i
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Binding energy (eV)
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Jinsong Zhang et al, Nature
Communications 2, 574 (2011). X=0, 0.25, 0.62, 0.75,

0.88, 0.94, 0.96 1.0


http://www.nature.com/ncomms/journal/v2/n12/full/ncomms1588.html#auth-1

Topologicke izolatory

Vlastnosti topologickych izolatoru:

e proud je Umérny magnetizaci

* nove aplikacni moznosti
« Absence zpétného rozptylu elektrond

» vysoke pohyblivosti az 10000cmz/Vs, elektronika s
malym prikonem

« Robustni vi¢i nemagnetickym necistotam
« povrchové stavy jsou dusledkem symetrie



Topologickeé izolatory
Kvantovy anomalni Hall(v jev - feromagnetismus +
topologicky izolator bezdisipacni vedeni proudu
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Topologicke izolatory
DalsSi mozné aplikace:

e kvantoveé pocitaCe
* spintronické soucastky



Topologické krystalove izolatory

190 meV

~/

Zde je priCinou zrcadlova prostorova
symetrie.

Vysledek je sudy poCet Diracovych
kuzel(. Citlivé na poruchy — naruseni
zrcadlové symetrie.

(c) (d)

Figure 4.6: The band structure of a 280 monolayers (~ 90 nm) (001)-oriented slab of
Pb1-.Sn,Te for different compositions; (a) x = 0.2 trivial insulator, (b) x = 0.38 closed bulk
band gap, (¢) x = 0.6 TCland (d) x = 1.0 pure 5nTe TCL Yellow and blue lines respectively
represent the cation and anion p-type orbitals dominant contribution to the state’s wave
function, which is exchanged for x > x. due to the inversion of band gap. k=0 corresponds
to L points projection (shown in Fig,. 4.4). Dense packed lines show the bulk states, whereas
surface states are the ones that are significantly separated from bulk states. Appearing of
the gapless surface states for x > x. indicates occurrence of the topological phase transition.
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