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 materialt

5. SupravodiCe a grafen



Fyzikalni vlastnosti materiall

4. Magnetické vlastnosti material(

a) Magnetismus izolovanych atom( — klasicky a kvantovy model diamagnetismu,
paramagnetismus: klasicky a kvantové mechanicky model, Pauliho paramagnetismus, Van
Vlecklv paramagnetismus.

b) Feromagnetika a antiferomagnetika — vyménna interakce, Heisenberguv hamiltonian,
Weissova teorie stfedniho pole, feromagnetismus prvkd, slitin, sloucenin,
antiferomagnetismus, ferity

c) Elektricky transport v magnetickém poli — Hall(v jev, magnetoresistance
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diamagnetické materialy — susceptibilita

X=— M, € NZ r?/ém,
X/p

X (109) X.o (10° m*mol) x/p (10° m3kg?)
Ne -3.78 -0.084 -4.20
Ar -10.8 -0.241 -6.03
Kr -16.1 -0.361 -4.30
Xe -24.4 -0.545 -4.15
H,O -9050 -0.163 -9.05
GaAs -16272 -0.443 -3.06
Si -3215 -0.0386 -1.38
Ge -7085 -0.0966 -1.33
Cu -9676 -0.0686 -1.08




diamagnetické materialy — susceptibilita

X (10%) X0 (10° m*mol?) x/p (10° m3kg?)
NaF -0.241 -5.84
NaCl -0.366 -6.27
NaBr -0.603 -5.9
Grafit x||c -610 -3.2 -264
Grafit x-1c -14 -0.075 6.3
Bismut -166 -3.5 -17

Grafit




Diamagneticka susceptibilita nékterych iontu
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paramagnetické materialy — Langevinova funkce
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paramagnetické materialy — Brillouinova funkce
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paramagnetické materialy — zavislost magnetizace na teploté
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Figure 4 Plot of magnetic moment versus BIT for spherical samples of (1) potassium chromum
alum, (11) ferric ammonium alum, and (I11) gadolinium sulfate octahydrate. Over 99.5% magnetic
aturation is achieved at 1.3 K and about 50,000 gauss. (57). After W, E. Henry.

Kittel, Introduction to solid state physics, Wiley, 2005



Hundova pravidla

1. The term with the maximum multiplicity lies lowest in energy = S has a
maximum possible value
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*,* symmetric upon
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Since "I";_pin"l"spam must be anti-symmetric,
then "i"s_pacg must be anti-symmetric to
obey the Pauli exclusion principle.



Hundova pravidla

2. For a given multiplicity, the term with the largest value of L lies lowest in
energy.

i P High L, electrons Low L, some
& 1 0 orbiting same electrons
5=0 Lar ; dirgction to add -::u;bitir,g in opposite
(Singlets) 1“-. F to L value, :::EEGLT:.?E::L:: reduce
3 A
FI
P : =)
S =
(Triplets) “-._ = =
Orbit-orbit
interaction For large L value, some or all of the electrons
Hund's | are orbiting in the same direction. That implies
Why is higher rule #2 | that they can stay a larger distance apart on
angular momentum the average since they could conceivably
state lower in energy? . .
always be on the opposite side of the nucleus.

For low L value, some electrons must orbit in
the opposite direction and therefore pass close
to each other once per orbit, leading to a
smaller average separation of electrons and
therefore a higher energy.



Hundova pravidla

3. For atoms with less than half-filled shells, the level with the lowest value of
J lies lowest in energy.
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Hundova pravidla — 3d a 4f prvky

|
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Ca Ti Cr Fe Ni Zn La Pr Pm Eu Tb Ho Tm Lu
Sc vV Mn Co Cu Ce Nd Sm Gd Dy Er Yb

Blundell, Magnetism in solid state, Oxford university press, 2002



Hundova pravidla — 4f prvky

Table 2.2 Magnetic ground states for 4f ions using Hund’s rules.
For each ion, the shell configuration and the predicted values of
S, L and J for the ground state are listed. Also shown is the
calculated value of p = pegr/ug = gy {J{J + l)]lf'?' using these
Hund’s rules predictions. The next column lists the experimental
value pexp and shows very good agreement, except for Sm and Eu.
The experimental values are obtained from measurements of the
susceptibility of paramagnetic salts at temperatures kg T > Ecgfp
where EcgF is a crystal ficld energy.

ion shell § L ] term P Pexp
ce*+ a1 3 3 %, 254 251
Pt 4f2 1 5 4 3H, 3.58  3.56
NaHt 4 3 6§ Ky 362 3.3-37
Pm3t a4t 2 6 4 Sl 268 -
sm** 4% 3 5 3 Oy 085  1.74
Euw3t 4% 3 3 o0 7R, 0.0 3.4
Ga*t a4 L 0 § 88;, 794 798
™+ 4% 3 3 6 TFg 972  9.77
Dyt 4 3 5 L SHyspn 1063 1063
Ho’t 410 2 6 8 i 10.60 104
Et el 3 6 B 45, 959 9s
Tm>t 42 1 5 6  3Hg 757 7.6l
yoit 4?13 1 2Ry, 453 45
Lu3t a4 0 o0 o I3 0 0

Blundell, Magnetism in solid
state, Oxford university press,
2002



Hundova pravidla — 3d prvky

What is the reason for orbital quenching in transition metal ions?
«3d electrons take part in chemical binding (i.e. FeCl,, FeF,);

*The 3d electrons are subject to strong crystal electric fields (CEF) of the
neighbouring ions;

*The CEF lifts the 2L+1 degeneracy of the d" - electrons;

*Lifting of degeneracy leads to an energy splitting of the d-shell:

€

tog

spherical symmetry <  octhahedral symmetry

A is the CEF splitting between orbitals of different symmetry; Orbital
angular moments of non-degenerate levels have no fixed phase
relationship;

The time average expectation value for the orbital moments is then
<L>=0; L is not a good quantum number.



Orbitalni interakce
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Hundova pravidla — 3d prvky

Table 3.1 Magnetic ground states for 3d ions using Hund’s rules. For each
ion, the shell configuration and the predicted values of S, L and J for the
ground state are listed. Also shown is the calculated value of p = uef/UB
for each ion using Hund’s rules predictions. This is given the symbol p) =
g7[J(J+1)}'/2 and the next column lists the experimental values Pexp Which
are derived from measurements on paramagnetic salts containing the relevant
ions. This agrees much better with p» = 2[S(S + D)]!/#, which assumes
orbital quenching, sothat L =0, J = Sand g5 = 2,

ion shel S L ] term )43 Pexp P2
T+, vt 3dl L 2 3 %oy, 155 1700 173
v+ d2 1 3 2 3R 163 261 283
cot, vt 38 3 3 3 4R, 077 385 387
M3t cr2t 3d* 2 2 0 Dy O 482 490
Fe** ,Mn?*t 3¢5 3 0 3 OS5, 592 582 592
Felt 3d® 2 2 4 3Dy 670 536 490
Co2t 37 3 3 3 YRy, 663 490 387
Ni+ 38 1 3 4 3F 559 3.2 283
Cu?* 3¢ 5 2 3 2Ds;; 355 183 LT3
Zn*t 3d 0 0 0 lsg 0 0 0

Blundell, Magnetism in solid
state, Oxford university press,
2002



peff

Hundova pravidla — 3d prvky
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M/Mq

paramagnetické materialy — spin 1/2
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paramagnetické materialy — spin Y2, mérne teplo
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entropy

paramagnetické materialy — spin ¥z, entropie
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paramagnetické materialy — entropie, adiabaticka demagnetizace

. I ] - e s . — — . — —. ] - -

Fig. 2.15 The entropy of a paramagnetic salt
as a function of temperature for several dif-
ferent applied magnetic fields between zero
and some maximum value which we will call
By,. Magnetic cooling of a paramagnetic salt
from temperature T} to T is accomplished
as indicated in two steps: first, isothermal
magnetization from a to b by increasing the
magnetic field from 0 to By at constant tem-
perature T;; second, adiabatic demagnetiza-
tion from & to ¢. The §(T') curves have been
calculated assuming J = 3 (see egn 2.76). A
term o T3 has been added to these curves to
simulate the entropy of the lattice vibrations.
The curve for B = 0 is actually for B small
but non-zero to simulate the effect of a small
residual field.

Blundell, Magnetism in solid state, Oxford university press, 2002



paramagnetické materialy — susceptibilta

X (109) X.o (10° m*mol) x/p (10° m3kg?)
CuSO,.5H,0 76.7
MnSO,.4 H,0 812
NiSO,.7 H,O 201
Cu -1.08




paramagnetické materialy — susceptibilita
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Susceptibilita slitin Cu
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Orbitalni interakce

Jahn-Tellerovo rozstépeni




Vymeénna interakce — prima vymena

antibonding .

| } bonding r

Fig. 4.1 Molecular orbitals for a diatomic molecule. The bonding orbital, which corresponds to
the sum of the two atomic orbitals (symmetric under exchange, as far as the spatial part of the
wave function is concerned), is of lower energy than the antibonding orbital, which corresponds to
the difference of the two atomic orbitals (antisymmetric under exchange). This therefore favours
a singlet ground state in which two electrons fill the bonding state and the antibonding state is
empty. This diagram is appropriate for the hydrogen molecule Hy which has a lower energy than
that of two isolated H atoms ( Eg). Note that the diatomic form of helium, Hes, does not form
because the four electrons from two He atoms would fill both the bonding and antibonding orbitals,
corresponding to no net energy saving in comparison with two isolated He atoms,

Blundell, Magnetism in solid state, Oxford university press, 2002



Vymeénna interakce — supervymena
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Vymeénna interakce — dvojita vymeéna
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Feromagnetické prvky

T, (K) M_/ 300K (T) M_/OK (T)
Fe 1040 2.149 2.20
Co 1400 1.798 1.82
Ni 630 0.609 0.64
Gd 290 2.49
Tb 223
Dy 87 3.8
Ho 20
Er 20
m 38




Feromagnetické slouceniny

T, (K) M (Hg) M_(T) /0K
MnSb 587 7.5
EuO 70 6.9 2.40
EuS 16.5 6.9 1.49
MnAS 318 1.09
MnBi 670 0.85
GdCl, 2.2 0.69
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Feromagnetické materialy

TABLE W17.2 Technologically Important Magnetic Materials

Material

Magnetically
Hard or Soft

Applications

Metals
Steels (alloyed with W, Cr, etc.)
Fe particles (oxide-coated)
Fe,Ni,_, alloys:
78 Permalloy, Feg 12 Nip 7s:
Supermalloy,
Fey 16Nip 70Mog os:
Invar, FeggsNig 35
Mumetal: 7= Feg 15Nig77Cugns

Co alloys (CoCr, etc.)

Fe,_,Si,

Fe:Si:Al alloys: Sendust.”
85Fel0515Al

Alnico alloys: Alnico 5.7
51Fel4Ni8A124Co3Cu

Amorphous rare
earth—transition
metal alloys

Amorphous Fe:B:Si:C alloys

Intermetallic compounds

SmCos and Sm>Co;5

ngFeHB

TbFEg and (Tb[}_;D}"[}_j)Fﬁg
(Terfenol-D)

Ceramic compounds

y-Fe; O3

C[‘Dg

Mﬂ;__l Z.ﬂ_l FE—)_ 04

Y;Fﬂﬁoil (YIG)

BaO.6Fe, 05 or SrO-6Fe,0;
(BHFE;ZDEQ. SrFequ}

Hard
Hard
Soft

Soft

Hard
Soft
Soft

Hard

Soft

Soft

Hard
Hard
Soft

Hard
Hard
Soft
Soft
Hard

Permanent magnets

Magnetic recording media

Electromagnetic devices,
magnetic recording heads,
precision instruments

Magnetic shielding,
transformer cores
Magnetic recording media
Transformer cores
Magnetic recording heads

Permanent magnets

Magneto-optical recording
media

Magnetostrictive elements

Permanent magnets
Permanent magnets
Magnetostrictive elements

Magnetic recording media
Magnetic recording media
Magnetic recording heads
Microwave technology
Permanent magnets,
magnetic recording media

“Composition given in weight percent.

Gersten, Smith,
The physics
and chemistry
of materials,
Wiley 2001.



Feromagnetické materialy — permanentni magnety

TABLE WI17.3 Properties of Permanent-Magnet Materials

(BH }max Br H:_-b Tf.'
Material (kJ/m’ ) (T) (kA/m) (K)
Transition Metal Alloys
Alnico 5°: (51Fe, 14Ni, 8Al, 353 1:25 43.8 1120
24Co, 3Cu)
Steels”
Cobalt steel (35Co, 0.7C, 1.7 0.95 19.1
4Cr, 5W, bal. Fe)
Tungsten steel (SW, 25 1.03 3.6

0.3Mn, 0.7C, bal. Fe)

Rare Earth—Transition Metal Intermetallic Compounds

Nd-Fe-B¢ 200-380 1.0-14 700-1000 580

SmCos* 130-180 0.8-0.9 600-670 000

Sm(Co.Fe,Cu.Zr);" 200-240 0.95-1.15 600-900 1070
Ceramics

Ba0-6Fe, 0+ 28 0.4 250 720

“Note that 1 kJ/m* = 1 kA-T/m.

bThe quantity H'_ is the coercive field corresponding to B = 0.

“Data from D. R. Lide and H. P. R. Frederikse, eds., CRC Handbook of Chemistry and Physics, CRC Press,
Boca Raton, Fla., 1994, pp. 12-113. The alloy composition is given in weight percent. See the Handbook
for methods of fabrication.

4Commercial material from Magnet Sales & Manufacturing Catalog.

“Data from K. H. J. Buschow, Rep. Prog. Phys., 54, 1123 (1991). Sm(Co,Fe,Cu,Zr)7 is a two-phase material
which can be thought of as a composite of SmCos- and Sm;Coj;-type phases.

Gersten, Smith, The physics and chemistry of materials, Wiley
2001



Feromagnetické materialy — zelezné slitiny

TABLE W17.4 Magnetic Properties of Pure Fe and Some Magnetically Soft Fe Alloys
and Electrical Steels at Room Temperature

Alloy i, (max)? H, (A/m) M, (10° kA/m)
“Pure” a-Fe (~99%) ~1(° 80 1.7]

Pure a-Fe (=299.99%) 2x 10° 0.8 1.71

78 Permalloy (78Ni, 22Fe) ~10° 4 (.86
Supermalloy (79N1, 16Fe, SMo) ~10° (.16 (.63
Mumetal (77Ni, 18Fe, 3Cu) 2.4 x 10° 2 ~0.5
Hipernik (30N, S0Fe) 7x 10* 4 127
Silicon-iron (97Fe, 3Si1) (oriented) 4 x 107 8 1.6
Amorphous FegpBi;Sig — 2 1.27

Source: Data for FeggBy(Sig from N. Cristofaro, Mater. Res. Soc. Bull., May 1998, p. 50; remaining data
from A. Chikazumi, Physics of Magnetism, Wiley, New York, 1964, p. 494.

“The compositions of the alloys are given in weight percent unless otherwise stated.

bThe maximum relative magnetic permeability p,(max) is expressed here in units of pp =4 x 1077

N/A? and corresponds to the maximum value of B/H on the hysteresis loop in the first quadrant taken in
increasing field.

Gersten, Smith, The physics and chemistry of materials, Wiley
2001
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Feromagnetické materialy — spontanni magnetizace
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Feromagnetické materialy — spontanni magnetizace

1.0 =}t~ ) ;
- _-_-.: P
:_'\._ x"““::o ~e =12

M(T)[M(0)
W
=

® Fe
4 ONi ‘i
xCo \c
2
0 = 2 4 6 8 1.0
M

Obr. 19.3. Spontinni magnetizace u Fe, Ni a Co jako funkce teploty. Kfivky pro J = LJ=1
a J = oo byly ziskdny uZitim rovnic (19.10) a (19.11).

Kittel, Introduction to solid state physics, Wiley, 2005



Feromagnetické slitiny
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Figure 13 Average atomic moments of bina
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Kittel, Introduction to solid state physics, Wiley, 2005



Antiferomagneticke latky

T, (K) T, (°C)
Ce 12.5 -260.65
Pr 25 -248
Nd 19 -254
Eu 90 -183
Sm 14.8 -258.35




Antiferomagneticke latky

T, (K) 8 (K) J
MnF, 67 -80 5/2
MnO 116 -510 5/2
CoO 292 -330 3/2
FeO 116 -610 2
Cr.0, 307 -485 3/2
a-Fe,O, 950 -2000 5/2




Antiferomagnetické usporadani v kubické prosté a bcc mrizce

(b) typeC (c) typeE (d) wypeG

Blundell, Magnetism in solid state, Oxford university press, 2002



Antiferomagnetické usporadani — neutronova difrakce
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Antiferomagneticke latky — typicka zavislost susceptibility na teploté

|

(a) X
)
M.,
B‘ s
M._
Y
(b)
M, M.

Fig. 5.10 A magnetic field is applied paral-
lel to the sublattice magnetizations. (a) For
small fields nothing happens and the system
remains in the antiferromagnetic phase. (b}
Above a critical field the system undergoes
a spin-flop transition into a spin-flop phase.

Blundell, Magnetism in solid state, Oxford university press, 2002



Ferity

T. (C) N_/molekula p (10° Q.cm) M_(T) pfi OK

Fe,0, 585 4.1 0.64
MgFe,O, 440 1.1 1
MnFe,O, 300 4.6 0.02 0.70
CoFe,O, 520 3.94 0.5 0.60
NiFe,O, 585 2.3 5 0.38

T. (K) N_/molekula Kompenzacni teplota (K)  M_ (T) pfi OK
CuFeO, 728 1.3 _ 0.20
Y,Fe O, 560 5.0 _ 0.5
Gd,Fe,O,, 564 16.0 200
Dy,Fe O, 563 18.2 220
Ho,Fe O, 567 15.2 137
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Krystalova anizotropie ve feromagnetickych materialech

S00 |- Parallel axis
400 4 1200 /
300 - - | /
200 I _ Aﬁﬂﬂl plane
——— r.
400 100 |1 400
Fe Co
I
‘% 500 400 600 0 100 200 300 U0 D005 3000 6000 8000
B, (gauss)
Smeér snadné magnetizace:
[100] [111] [001]
Smeér obtizné magnetizace:
[111] [100] Vv roviné kolmé
Kittel:

Blundell, Magnetism in solid state, Oxford university press, 2002 uvadi chybné



Doménove stény ve feromagnetech

Rozmeér stény zelezo
cca 40nm
Jiles (1998)

Fig. 6.20 ta) A Bloch wall, (b A Néel wall,

Blundell



Kritické exponenty ve feromagnetech

Ta..c 1 Critical point exponents for ferromagnets

As T— T, from above, the susceptibility ¥ becomes proportional to (T —TYY as

T-> T. from below, the magnetization M, becomes proportional to (T, — T)P

mean field approximation, y = 1 and g = 4.

Y B
Fe 1.33 = 0.015 0.34 + (.04
Co 1.21 + 0.04 _—
Ni 1.35 + 0.02 0.42 + 0.07
Gd 1.3 + 0.1 —
CrO, 1.63 = 0.02 —
CrBrs 1.215 + 0.02 0.368 = 0.005
EuS — 0.33 + 0.015

Experimental data collected by H. E. Stanley.

Kittel, Introduction to solid state physics, Wiley, 2005

. In the

T, in K

1043
1388
627.2
202.5
386.5
32.56
16.50



Hallav jev

Hall Effect

Edwin H. Hall (1879) R =B/dnq

B, |
y IY;V Magnetické
A pole
T %% Tloustka
2
I ,_éJ

Koncentrace nositelll naboje
I

Hall resistance R =V /I

P



Obri magnetorezistence
Glant maagnetoresistace

NC 2007 R/R(H=0)
Albert Fert

Peter Gruenberg

(Fe 30 A/Cr18 A)y,

| | | | T | | | |
40 -30 -20 .10 0 10 20 30 40
Magnetic field (kG)

Figure W17.2. Experimental observations of giant longitudinal magnetoresistance R(H )/R(0)
in three different (001)Fe/(001)Cr magnetic multilayers at 7 = 4.2 K. [From M. N. Baibich
et al., Phys. Rev. Lett., 61, 2472 (1988). Copyright 1988 by the American Physical Society. ]

Bez pole vrstvy usporadany antiferomagneticky

Gersten, Smith, The physics and chemistry of materials, Wiley 2001.



Obri magnetorezistence
Giant magnetoresistace

Parallel configuration Antiparallel configuration

MNMMl M, NM M

VNPT VY

R=R R=(R+1)/2

Fig.5.3-21 Schematic picture of the GMR mechanism.
The electron trajectories between two scatterings are rep-
resented by straight lines and the scatterings by abrupt
changes in the direction. The signs + and — are for spins
S, =1/2 and §; = —1/2, respectively. The arrows rep-
resent the majority-spin direction in the magnetic layers.
M = magnetic, NM = nonmagnetic. (After [3.95])

GMR (%)

1 1 ]
30 :

i’a.
O "
O N

20 "
10

0

0 1
Chromium thickness (nm)

Fig.5.3-20 Dependence of the GMR ratio of an Fe/Cr
multilayer on Cr thickness. (After [3.94])

Martienssen, Warlimont, Springer Handbook of condensed matter data, Springer 2005



Kolosalni magnetorezistence

b
o

Resistivity (102Qcm)

]

Resistivity (102Qcm)
[~

Temperature (K) Magnetic field (T)

Blundell, Magnetism in solid state, Oxford university press, 2002

Fig. 8.23 Colossal magnetoresistance in
Laj_ StyMnQy for v = 0.175 (a) Tem-
perature dependence of the resistivity. (b)
Isothermal magnetoresistance, After Tokura
et al. 1964,



Konduv jev
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Ashcroft, Mermin: Solid state physics, Thomson learning 1976.
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Fermi circle

/-

Landauovy hladiny

Landau levels




Landauovy hladiny
Oscillation of the DOS at the Fermi energy

w/0 extremal orbit w/ extremal orbit
P t’f £(k) =&+ dE Hb

Orbit of
energy &

® The number of states at Ep are highly enhanced when there are
extremal orbits on the FS

® There are extremal orbits at regular interval of 1/B

2Te

S - extremalni fez Fermiho
plochy
ﬁ.S P - perioda oscilaci v 1/B



De Haasuv — van Alphendv jev

+|1
N — B
'Eu dl
- . - lE_l [
i C al [€ g
3
(b () (d)
{f

Figure 9.8: Cols for the observation of the de Hassvan Alphen effect. For each set. ¢ 1= the col
flux-linked to the sample and ¢ is the compensating coil, only weakly floc-linked to the sample: (a) e
15 wound around the centre of a dise-like sample; (b) ¢ 15 wound around a sample cut into a cyhnder;
(¢} & small sample inside colinear coils £ and 7; (d) small sample msde coaaal coils ¢ and el () side
and top views of a coll evaporated down onto a thin sample; (f) as {e) but with only & single anmlar
turn. In both (e) and (f) e has not been shown. [Based on figures in Magnetic oscillations in metals,

by David Shoenberg (Cambndge University Press, Cambnidge 1984).)

AM dB
Y4B ar
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De Haasuv — van Alphendv jev

Susceptibility (arb.units)

4550
Magnetic field (T)

P
=)

Figure 9.9: de Haas-van Alphen oscillations in Pt at 4.2 K with B parallel to [111]. The data have been
recorded using a pulsed magnetic field. Note the presence of two frequencies of oscillations due to two
extremal orbits about the Fermi surface. The y axis, labelled “susceptibility”, represents the voltage V
induced in the coil divided by (dB/dt), leaving a quantity proportional to the differential susceptibility
(dM /dB) (see Equation 9.34). (Data from S. Askenazy, Physica B 201, 26 (1994).)



De Haasuv — van Alphendv jev
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Figure 31 De Haas-van Alphen effect in gold with B || [110]. The oscillation is from the dog’s
bone orbit of Fig. 30. The signal is related to the second derivative of the magnetic moment with
respect to field. The results were obtained by a field modulation technique in a high-homogeneity
Superconducting solenoid at about 1.2 K. (Courtesy of I M. Templeton.)
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Shubnikovlv — de HaasUv jev

T=1.3K

Resistance in Ga

Shubnikov - de Haas (SdH) oscillations are observed in the superconducting state of the quasi two
dimensional organic superconductor K-(BEDT-TTF)2Cu(NCS)2. The SdH oscillations can be
observed on the broad resistive transition curve down to about 5 T at 0.5 K, where the resistivity
becomes about 30 % of the normal state value. The additional damping of the SdH oscillation
amplitude in the superconducting state in comparison with the normal state damping described by
the Lifshitz - Kosevich formula is found below about 7 T as well as that of the de Haas - van
Alphen oscillations. A novel strong damping effect is found in only the SdH effect in the quantum
vortex slush region strongly affected by quantum fluctuations.

IMR, Tohoku University :  Takahiko Sasaki, Toru Fukuda, Naoki Yoneyama, Norio

K nabhavachi



Kvantovy Hall(v jev

2D elektronovy plyn — povrch polovodicCe

A

2DEG
conduction band
fermi level

Energy

Z-direction



Kvantovy Hall(v jev — 2D elektronovy systém

Kvantovane Hallovo napéti — nezavislé na kvalité materialu

14,000

12,000}

10,000

800G

Py 1)
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2000

300
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Prng! )

Blki)

p,=V,/I=h/Ne’

0,=25812,8075/N kQ

Kittel,
Introduction
to solid state
physics,
Wiley, 2005



Kvantovy Hall(lv jev — 2D elektronovy plyn

o

K. von Klitzing, G. Dorda, M. Pepper, Phys. Rev. Lett. 45, 494 (1980).



Kvantovy Hall(v jev — 2D elektronovy systém

Vysvétleni: elektrony v silném magnetickém poli Landauovy hladiny
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Metody méreni magnetickych vlastnosti

vibraCni magnetometr

SQUID

Magnetoopticky KerrQv jev (Faradaytv)
magneticky cirkularni dichroismus
XMCD

indukCni magnetometrie

Faradayovy vahy - Gouyovy vahy




Metody ziskavani magnetickych poli

Permanentni magnety do cca 1T
specialni konfigurace az 5T -- Halbachovo usporadani

Rezistivni magnet s feromagnetickym jadrem max cca 2T - omezeno saturacni magnetizaci
jadra

Supravodivy magnet (max cca 20T) - zadné rezistivni ztraty, nutnost kryogennich teplot
rezistivni magnet - vysoke rezistivni ztraty, nutné vykonné chlazeni
kombinace supravodivého (vngjsi) a rezistivniho magnetu.

Pulsni magnety -- kratkodobé
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