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Obsah této Casti ,,Modernich témat‘:

» Frekvence Nobelovych cen (NP) za fyziku kondenzovanych latek

» Vizualizace az do atomarnich rozméra — STM, AFM (NP 1986)

» Ukazka nizkorozmérnych polovodi¢ovych struktur (nékolik NP, zeyjména 1985 — kvantovy HE)

»  Magnetorezistence v kovovych nanostrukturach (NP 2007)

e Grafén (NP 2011)

Ukonceni kursu:
vybeér tématu (po dohodé€ s nékterym s prednasSejicich) pro pisemné zpracovani,

odevzdat do konce zkouskového obdobi .



http://nobelprize.org/physics/laureates/index.html

2018 Ashkin, Mourou, Strickland (laserova fyzika, generace intenzivnich ultrakratkych pulsii)

2016 Thouless, Haldane, Kosterlitz (Topologické fazové prechody a topologické faze hmoty)

2014 Akasaki, Amano, Nakamura (modré-UV svétlo z polovodi¢ovych LED)

2011 Andre Geim, Konstantin Novoselov (grafén)

2009 Charles K. Kao (opticka vldkna), W.S. Boyle, G.E. Smith (CCD)

2007 Albert Fert, Peter Gruenberg — objev Gigantické magnetorezistence

2003 Alexei A. Abrikosov, Vitaly L. Ginzburg, Anthony J. Leggett — teorie supravodivosti a supratekutosti

2001 Eric A. Cornell, Wolfgang Ketterle, Carl E. Wieman — Boze-Einsteinova kondenzace

2000 Zhores 1. Alferov, Herbert Kroemer, Jack S. Kilby — zaklady komunikacnich a informacnich technologii

1998 Robert B. Laughlin, Horst L. Stormer, Daniel C. Tsui — objev kvantové kapaliny se zlomkové nabitymi excitacemi
1996 David M. Lee, Douglas D. Osheroff, Robert C. Richardson — objev supratekutosti v He3

1994 Bertram N. Brockhouse, Clifford G. Shull — pionyrsky ptispévek k metodam neutronového rozptylu v kond. 1.

1991 Pierre-Gilles de Gennes — metody popisu kapalnych krystali a polymert §E



1987 J. Georg Bednorz, K. Alex Miiller — objev vysokoteplotni supravodivosti
1986 Ernst Ruska, Gerd Binnig, Heinrich Rohrer — elektronovy mikroskop, STM

1985 Klaus von Klitzing - kvantovy Halltv jev

2014 — mezinarodni rok krystalografie

1914 Max von Laue — rtg difrakce na krystalech
1915 W.H. Bragg & W.L. Bragg, dtto

2015 — mezinarodni rok svétla

2014 Akasaki, Amano, Nakamura (modré-UV svétlo z polovodi¢ovych LED)
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How small is a nanometer? Stepping down in size by powers
of 10 takes you from the back of a hand to, at one nanometer, a
view of atoms in the building blocks of DNA. The edge of each image
denotes alength 10 times longer than its next smallest neighbor.
The black square frames the size of the next scene inward.

100 microns

10 nanometers

From the classic book Powers of Ten,
by Philip and Phylis Morrison and the
1 nanometer office of Charles and Ray Eames.
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STM — ,.Scanning Tunneling Microscope‘

NI ARLIVD

GERD BINNIG and HEINRICH ROHRER
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1986 Nobel Laureates in Physics
for their design of the scanning tunneling microscope.

Background

GERD BINNIG, 1947-1988
Residence: Federal Republic of Germany
Affiliation: IBM Ziirich Research Laboratory, Riischlikon, Switzerland

HEINRICH ROHRER, born: 1933
Residence: Switzerland
Affiliation: IBM Ziirich Research Laboratory, Riischlikon, Switzerland


http://almaz.com/nobel/nobel.html
http://almaz.com/nobel/nobel.html
http://almaz.com/nobel/nobel.html
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STM:




Detector: sends signal to a computer
Laser source for analysis and image generation

Laser light is deflected
by the moving tip

Vertical movement of the tip
follows the contours of the sample
Tip
Controlled movement of the Horizontal tracking
tip at the end of the cantilever  of the tip
{under constant force)

8490 nm

4245 nm

0
100 pm

50 pm

100 um
H 50 um 0

0

How the atomic force microscope scans surfaces



SPM

AutoProbe™ CP Research
Scanning Probe Microscope







P. KLENOVSKY et al.

FIG. 1. Atomic force micrographs of the samples (a) §1 (pit
period 300 nm) and (b} §2 (pit period 170 nm). The scanned area
was 1.5 x 1.5 pm for both samples. The average height of the QDs
in sample §1 (5§2) is 15.3 (15) nm and the QD base diameter is
122.3 (118) nm.




a TIP

NG / c

N e )

~~
S

Metal Substrate \
\ MMTTH
FG.2 A schematic illustration of the process for sliding an atom across a
* 8urface. The atom is located and the tip is placed directly over it (a). The
. tip Is lowered to position (b), where the atom-tip attractive force is sufficient
t° keep the atom located beneath the tip when the tip is subsequently
- Moved across the surface (c) to the desired destination (d). Finally, the tip

o z w.ithdrawn to a position (e) where the atom-tip interaction is negligible,
~ '€aving the atom bound to the surface at a new location.
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FIG. 1 A sequence of STM images taken during the construction of a
- patterned array of xenon atoms on a nickel (110) surface. Grey scale is
assigned according to the slope of the §urface. The atomic structure of the
nickel surface is not resolved. The (110) direction runs vertically. a The
surface after xenon dosing. b-f, Various stages during the construction.
Each letter is 50 A from top to bottom.



STM: 4K, Cu(111) + 48 atom1 Fe, primér krouzku 14.3 nm
Crommie et. at., IBM Almaden Research Center




InAs/InP Quantum Wires (L. Samuelson, Univ. Lund)

Fig. 1. Left-hand figure shows a color-coded representation of the
origin of diffraction spots from the two lattices of InAs (green) and
InP (red). The right-hand figure shows a high-resolution electron
microscope image of the same structure from which one can
deduce that the multiple layer structure of alternating InAs and
InP segments are perfect from a crystalline point of view, are free
of strain within less than 10 nm from the interface, and have an
interface abruptness on the atomic level.




GaAs Wires (L. Samuelson, Univ. Lund)

e 11174

10 nm

(a)

Fig. 3. TEM images of (GaAs wires with a dark gold particle at the end of
each wire. 1 nm scale bar. (a) Stacking fault free wire grown in the [1 11)4
direction. (b) [T T]8 wire with stacking faults as evidenced by the dark
lines perpendicular to the growth direction.



GaP nanotrees (L. Samuelson, Univ. Lund)

Fiz. 1. SEM images of branched GaP nanotrees: (a) Smgle
nanotree, tlt 45° from normal to the surface. This sample was

grown at 460°C, 1.25 = 107" molar fraction TMG, 7.5 = 10
molar fraction PH,, trunk growth tme 4 min, branch growth
ume Y05 (b) Nano-"forest™ shown tilted 30° from normal to
the surface, growth conditions as above, except branch growth
tme 61 s,



Fig. 2. (a) Band diagram of a single barrier nanowire. (b) A comparison between the J-F characteristics of a homogeneous n-type InAs
nanowire and one with an 80 nm thick InP barrier inserted. Thermal activation of the current, (¢), gives an activation energy of about
0.6 eV for the conduction band offset.




Kvantové te¢ky InAs/GaAs (MOVPE FzU AV CR Praha, UFKL PiF MU Brno)

TEM: 7 vstev, spacer 7.5 nm, vertikalni korelace




Kvantové te¢ky InAs/GaAs (UFKL PfF MU Brno)
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Kvantové teCky InAs/GaAs
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W. Thomson. “On the Electro-Dynamic Qualities of Metals: Effects of Magnetization on the
Electric Conductivity of Nickel and of Iron™, Proceedings of the Royal Society of London, 8, pp.
546-550 (1856-1857).

G. Binasch. P. Griinberg, F. Saurenbach. and W. Zinn. “Enhanced magnetoresistance in layered
magnetic structures with antiferromagnetic interlayer exchange”, Phys. Rev. B 39. 4828 (1989).

M.N. Baibich. .M. Broto. A. Fert. F. Nguyven van Dau. F. Petroff. P. Eitenne, G. Creuzet. A.
Friederich. and J. Chazelas, “Giant Magnetoresistance of (001)Fe/(001)Cr Magnetic Superlat-
tices”, Phys. Rev. Lett. 61, 2472 (1988).




Figure 1. Schematic figure of magnetic multilayers.
Nanometre thick layers of iron (green) are separated by
nanometre thick spacer layers of a second metal (for
example chromium or copper). The top figure illustrates
the trilayer Fe/Cr/Fe used by Griinberg’s group (3), and
the bottom the multilayer (Fe/Cr)y, , with n as high as 60,
used by Fert's group (4).
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Figure 2. After refs. (3) and (4).

Left: Magnetoresistance measurements (3) (room temperature) for the trilayer system Fe/Cr/Fe. To the far right as well as to
the far left the magnetizations of the two iron layers are both parallel to the external magnetic field. In the intermediate re-
gion the magnetizations of the two iron layers are antiparallel. The experiments also show a hysterisis behaviour (difference
1 and 4 (2 and 3)) typical for magnetization measurements.

Right: Magnetoresistance measurements (4) (4.2K) for the multilayer system (Fe/Cr)y To the far right (>*Hs , where Hs1s
the saturation field) as well as to the far left (< — Hg ) the magnetizations of all iron layers are parallel to the external mag-
netic field. In the low field region every second iron layer 1s magnetized antiparallel to the external magnetic field. 10 kG =
1 Tesla.
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Figure 3. To the left a schematic plot is shown for the energy band structure of a d transition metal. The density of states
N(E) is shown separately for the spin up and down electrons and where a simplified separation has been made between the
4s and 3d band energies. For the non-magnetic state these are 1dentical for the two spins. All energy levels below the Fermui
energy are occupied states (orange and blue). The coloured area (orange + blue) corresponds to the total number of valence
electrons in the metal. To the right the corresponding picture is illustrated for a ferromagnetic state, with a spin-polariza-

tion chosen to be in the up direction (N1 = N : blue area > orange area). This polarization 1s indicated by the thick blue
arrow at the bottom figure to the right.
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Figure 4. Illustration of superlattices. This 1s essentially the same
figure as in figure 1, but now with atomic resolution. From this it
becomes obvious that the lattice mismatch between the two

materials needs to be small in order to be able to grow multilayers
with well behaved interfaces.




j (exchange coupling)

Figure 5. Schematic illustration of the
behaviour of the exchange coupling as
a function of distance.




Figure 6. Schematic illustration of the
electronic structure of a trilayer system
with two ferromagnetic layers (light
green) on both sides separated by
nonmagnetic material (grey). The top
Current tigure 1s for the case without external
magnetic field (H=0), 1.e. when the
l two magnetic layers have opposite
magnetizations (indicated by the thick

=— N(E) N(E)— =— N(E) N(E)— blue and orange arrows at the top of

N 1

~— N(E) N(E)— <— N{E) N(E)—

the topmost figure). The bottom figure
I | Hx0 1s for the case when an external mag-
E | E J netic field (H # 0) has forced the two
3d x magnetizations to be parallel (two
EF thick blue arrows at the bottom of the
lower figure.).The magnitude of the
four magnetizations 1s the same.




Figure 7. The same physical system as mn figure 6.
The magnetic layers are now represented by resis-
tances R+ and R,. This shows very clearly that the
total resistance for the two cases are different, 1.e.
there 1s a magnetoresistance etfect. In case Ry > R
it 1s practically only the lowest of the four possibili-
ties which will permit a current. In the lower picture
with parallel magnetizations the resistance for the
spin up (spin down) electrons will be Ry (R) in both
OR=-(1/2)(Rt- R/ (Ri+ R) ~  magnetic layers. In the upper picture with antipar-
allel magnetizations the spin up (spin down) elec-
Ry trons will have a resistance R+ (R}) in the first mag-
netic layer to the left. In the second magnetic layer
the resistance for the spin up (spin down) electron
will be R| (R+). since the magnetization environ-
ment has here become totally opposite compared to
the first magnetic layer.

Ry




Tunneling magnetoresistance (TMR)

Nanometre

Insulator

(semiconductor) —

Figure 10. Ilustration of tun-
neling magnetoresistance
(TMR). Two ferromagnetic lay-
ers separated by an insulating
layer (1 = electron current).




Aplikace: magnetorezistivni hlavy v HD



http://upload.wikimedia.org/wikipedia/commons/1/1e/Hard_disk_dismantled.jpg

Magnetik Free Layer

Turnel barmer

Magnetic Pinned Layer



http://upload.wikimedia.org/wikipedia/en/f/f9/MRAM-Cell-Simplified.svg
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Giant Magnetoresistance of (001) Fe/(001) Cr Magnetic Superlattices

M. N. Baibich,"®’ J. M. Broto, A. Fert, F. Nguyen Van Dau, and F. Petroff
Laboratoire de Physique des Solides, Université Paris-Sud, F-91405 Orsay, France

P. Eitenne, G. Creuzet, A. Friederich, and J. Chazelas

Laboratoire Central de Recherches, Thomson CSF, B.P. 10, F-91401 Orsay, France
(Received 24 August 1988)

We have studied the magnetoresistance of (001)Fe/(001)Cr superlattices prepared by molecular-
beam epitaxy. A huge magnetoresistance is found in superlattices with thin Cr layers: For example,
with tc, =9 A, at T=4.2 K, the resistivity is lowered by almost a factor of 2 in a magnetic field of 2 T.
We ascribe this giant magnetoresistance to spin-dependent transmission of the conduction electrons be-
tween Fe layers through Cr layers.




R/IR(H=0)
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FIG. 3 Magnetoresistance of three Fe/Cr superlattices at 4.2 K. The current and the applied field are along the same [110] axis
in the plane of the layers.
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In conclusion, we have found a giant magnetoresis-
tance in (001)Fe/(001)Cr superlattices when, for thin Cr
layers (9, 12, and 18 A), there is an antiparallel coupling
of the neighbor Fe layers at zero field. The highest mag-
netoresistance is observed in [(Fe 30 A)/(Cr 9 A)ly:
The resistivity is reduced by almost a factor of 2 when
the magnetization is saturated. We interpret our results
in terms of spin-dependent transmission between fer-
romagnetic layers. The giant magnetoresistance of the
Fe/Cr superlattices may result from an interplay of the
orientation of the Fe layers by an applied field with the
spin-dependent transmission between Fe layers through a
Cr layer. If one considers that strongly spin-dependent
conduction occurs in many ferromagnetic transition-
metal alloys,'' the type of magnetoresistance found in
Fe/Cr should be observed in other transition-metal su-
perlattices. The existence of a giant magnetoresistance
in Fe/Cr is promising for applications to magnetoresis-

tance sensors. In the samples we have studied, the satu-
ration fields are obviously too high for applications but a
large magnetoresistance at relatively small fields can
probably be obtained by thickening of the Fe layers (in a
given field, this enhances the torque on the magnetic lay-
ers). Alternatively high magnetoresistance effects with
weaker AF couplings should probably be observed with
other couples of transition metals.



RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 39, NUMBER 7 1 MARCH 1989

Enhanced magnetoresistance in layered magnetic structures
with antiferromagnetic interlayer exchange

G. Binasch, P. Griinberg, F. Saurenbach, and W. Zinn
Institut fiir Festkorperforschung, Kernforschungsanlage Jiilich G.m.b.H., Postfach 1913, D-5170 Jiilich, West Germany
(Received 31 May 1988; revised manuscript received 12 December 1988)

The electrical resistivity of Fe-Cr-Fe layers with antiferromagnetic interlayer exchange in-
creases when the magnetizations of the Fe layers are aligned antiparallel. The effect is much
stronger than the usual anisotropic magnetoresistance and further increases in structures with
more than two Fe layers. It can be explained in terms of spin-flip scattering of conduction elec-
trons caused by the antiparallel alignment of the magnetization.




FIG. 1. Ferromagnetic double layer with antiparallel align-
ment of the magnetizations. Also indicated is the plane of in-
cidence of the laser light for the observation of light scattering
from spin waves and hysteresis curves via MOKE.
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FIG. 2. (a)-(b) MOKE hysteresis curves and (c)-(d) magnetoresistance AR/ Rs={(R — R;)/Ry from Fe double layers with anti-
ferromagnetic coupling. Also, (d) displays the anisotropic MR effect of a 250-A-thick Fe film.
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We also have tested the possibility of a further increase
of the effect by fabricating layered structures with more
than two Fe films. In Fe trilavers with d=8 nm and
do=1 nm we obtained 3%, which doubles the effect seen
in Fig. 2(d) from the double layers. Further increase to
above 10% has been observed by cooling this sample to
about 3 K.

For a quantitative analysis 1t would be important to
know the mean free path for spin-flip scattering. It should
be possible to obtain this information from the depen-
dence of the effect on the thickness of the Fe films. Corre-
sponding experiments are currently under way.

Note added. After submission of this manuscript it
came to our knowledge that Baibich ef al. have observed
magnetoresistance changes as high as 50% at low temper-
atures in multilayered Fe-Cr structures. '’
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Figure 1-4. The carbon phase diagram

Figure 1-5.The crystal structure of graphite
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Electric Field Effect in Atomically
Thin Carbon Films

K. S. Novoselov,' A. K. Geim,'* S. V. Morozov,” D. Jiang,’
Y. Zhang,.I S. V. Dulmrm:f.,z . V. Grigﬂriaﬂh'a.'I A. A. Firsov®

We describe monocrystalline graphitic films, which are a few atoms thick but are
nonetheless stable under ambient conditions, metallic, and of remarkably high
quality. The films are found to be a two-dimensional semimetal with a tiny overlap
between valence and conductance bands, and they exhibit a strong ambipolar
electric field effect such that electrons and holes in concentrations up to 103 per
square centimeter and with room-temperature mobilities of ~ 10,000 square
centimeters per volt-second can be induced by applying gate voltage.

The ability to control electronic properties of
a material by externally applied voltage is at
the heart of modem electronics. In many
cases, it is the electric field effect that allows
one to vary the carrier concentration in a
semiconductor device and, consequently,
change an electric current through it. As the

"Department of Physics, University of Manchester,
Manchester M13 SPL, UK. ZInstitute for Microelec-

tronics Techneology, 142432 Chemogolovka, Russia

*To whom correspondence should be addressed.
E-mail: geim@man.ac.uk

semiconductor industry is nearing the limits
of performance improvements for the current
technologies dominated by silicon, there is a
constant search for new, nontraditional mate-
rials whose properties can be controlled by
the electric field. The most notable recent
examples of such materials are organic
conductors (/) and carbon nanotubes (2). It
has long been tempting to extend the use of
the field effect to metals [e.g., to develop all-
metallic transistors that could be scaled down
to much smaller sizes and would consume
less energy and operate at higher frequencies

22 OCTOBER 2004 WVOL 306 SCIENCE www.sciencemag.org

than traditional semiconducting devices (3)].
However, this would require atomically thin
metal films, because the electric field is
screened at extremely short distances (<1 nm)
and bulk carrier concentrations in metals are
large compared to the surface charge that can
be induced by the field effect. Films so thin
tend to be thermodynamically unstable, be-
coming discontinuous at thicknesses of sev-
eral nanometers; so far, this has proved to be
an insurmountable obstacle to metallic elec-
tronics, and no metal or semimetal has been
shown to exhibit any notable (=1%) ficld ef-
fect ().

We report the observation of the electric
field effect in a naturally occurring two-
dimensional (2D) material referred to as
few-layer graphene (FLG). Graphene is the
name given to a single layer of carbon atoms
densely packed into a benzene-ring struc-
ture, and is widely used to describe proper-
ties of many carbon-based materials, including
graphite, large fullerenes, nanotubes, etc. (e.g.,
carbon nanotubes are usually thought of as
graphene sheets rolled up into nanometer-sized
cylinders) (5-7). Planar graphene itself has
been presumed not to exist in the free state,
being unstable with respect to the formation of
curved structures such as soot, fullerenes, and
nanotubes (- 714).

E




1 um

Fig. 1. Graphene films. (A) Photograph (in nomnal white light) of a relatively large multilayer
raphene flake with thickness ~3 nm on top of an oxidized Si wafer. (B) Atomic force microscope
AFM) image of 2 um by 2 pm area of this flake near its edge. Colors: dark brown, SiO, surface;
orange, 3 nm height above the SiO, surface. (C) AFM image of single-layer graphene. Colors: dark
brown, SiO, surface; brown-red (central area), 0.8 nm height; yellow-brown (bottom left), 1.2 nm;
orange (top left), 2.5 nm. Notice the folded part of the film near the bottom, which exhibits a
differential height of ~0.4 nm. For details of AFM imaging of single-layer graphene, see (75). (D)
Scanning electron microscope image of one of our experimental devices prepared from FLG. (E)
Schematic view of the device in (D).



Published Items in Each Year

14010
1200
1000
8O0
600
400
200

1.10.2020 ...
16.9.2019 ...
18.9.2018 ...
18.9.2017 ...
24.9.2015 ... 69467,

Web of Science, “graphene”

234509 zaznamu ; Citation Report feature not available
195139 zaznamu ; Citation Report feature not available
160097 zaznamu ; Citation Report feature not available
123080 zaznamu ; Citation Report feature not available
polovina roku 2009:

25,0010
20,000
15,000
10,000

5,000

OO O O e T 7Y LT LD e OO O o T N T - ol i B Y o e B R B B T
Ly Qi e e e o e o e OO O D O O O O D O T D O
1O O D O T D T D S T T o ON O OO O O O O O O O e i O
Lot Rt I et I B [ et B | i B B B B R B B Bt It B I e B Y |

Tedl T ears

Citations in Each Year



Physica B 404 (2009) 2673-2677
Contents lists available at ScienceDirect

Physica B

journal homepage: www.elsevier.com/locate/physb

Electronic states on the surface of graphite

Guohong Li, Adina Luican, Eva Y. Andrei®
Department of Physics and Astronomy, Rubgers Univsersing Piscotmway, N 08854, LSA
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ABSTREACT

Craphite consists of graphene layers in an AB (Bernal) stacking arrangement. The introduction of defects
can reduce the coupling between the top graphene layers and the bulk crystal producing new electronic
states that reflect the degree of coupling. We employ low temperature high magnetic field scanning
tunneling microscopy (5TM) and spectroscopy (5T5) to access these states and study their evolution
with the degree of coupling. 5T5 in magnetic field directly probes the dimensionality of electronic states.
Thus two-dimensional states produce a discrete series of Landau levels while three-dimensional states
form Landau bands providing a clear distinction between completely decoupled top layers and ones that
are coupled to the substrate. We show that the completely decoupled layers are characterized by a
single sequence of Landau levels with square-root dependence on field and level index indicative of
massless Dirac fermions. In contrast weakly coupled bilayers produce special sequences reflecting the
degree of coupling, and multilayers produce sequences reflecting the coexistence of massless and
massive Dirac fermions. In addition we show that the graphite surface is soft and that an 5TM tip can be
quite invasive when brought too close to the surface and that there is a characteristic tip-sample
distance beyond which the effect of sample-tip interaction is negligible.

@ 2008 Published by Elsevier BV,



Sample bias (m\)

Fig. 1. Scanning tunneling spectmscopy for different tip-zample distance, which
was controlled by the set bias voltage Insets, STM images with size of 20 nm shower
a flat surface when the tip is far away from the zample surface but a dented one
when the tip is near. Each spectrum was taken with ac modulation of 1 mV_,,, and
averaged ower 256 spectra.
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Fig. X (a} Tip position for different set tunneling currents for zample A The line showes the onset of the low bias anomaly. (b) Tunneling current increases exponentially
with decrease of tip-zample distance for set bias voltage of 50mV.
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Fig. 6. Scanning tunneling spectroscopy of bwo zamples in a feld of 6T. The
spectra were shifted vertically for clarity.




témata:

 STM/AFM (princip, zajimave obrazky)

 grafén (priprava vzorku, vlastnosti,
aplikacCni potencial)

Informace:
Nobelovska nadace, wikipedia, ...



