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REMEMBER the normal geometry for the study of
the Aharonov-Bohm effect in solid state transport:
the conducting ring in magnetic field B :
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resistance flux —  B-periodic (®- periodic) resistance
T through i .
the ring oscillations R=f(®P/®.)
QLoD with the period Ad®= o
(or @o/2)
@ is the flux through
2R, the electron orbit or through the ring

(all orbits in narrow ring are the same),

®o = hc/e is the flux qguantum



MOTIVATION: The Aharonov-Bohm effect
In graphene ring. The first experiment.
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They found existence of weak
oscillations of magnetoresistance with a

flux periodicity of hc/e, while a
contribution of hc/2e has been

highly suppressed.
S. Russo et al. Phys. Rev. B 77, 085413 (2008).
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Processing of perforated graphene (Latyshev et al)
Nano-holes in nano-thin graphite (a, b) and graphene (c)
produced:
by heavy ion irradiation (a, 24 nm, AFM image),
by FIB (b, 35 nm, SEM image) and

by helium ions (c, 20 nm, SHIM Iimage)




Processing of perforated graphene

Typical sample made by FIB:
nano-hole in nano-thin graphite flake

Nanohole : 2Ro = 40nm




Graphene and graphite:
There is a graphene sheet on the natural graphite surface

G. Li, A. Luican, E. Andrei. PRL 2009
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EXPERIMENT: B-periodic oscillations R, (B)
In nano-thin graphite single-hole sample b at B> 8 T:
the Aharonov-Bohm effect in abnormal geometry?

3.3 T periodicity corresponds to flux quantum hc/e per hole.
Oscillations were observed up to 45K.
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AB effect In magnetoresistance for
three types of nanohole structures
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a) columnar defects with diameter D =24 nm

b) FIB made nanohole, D=37 nm

c) nanohole made using helium ion
microscope, D=20 nm



Graphene antidot in magnetic field B:
what is a possible mechanism of the AB effect ?

- Antidot resistance
— b b F A — @
B [ T

2K,
WH Y 7 7 7 The magnetic edge states due to skipping orbits?

The Tamm-like edge states ?!



The Tamm-Dirac edge states in graphene

AB effect can exist only in ring shape geometry
for trajectories localized inside the ring. For a hole
geometry the averaged contribution of continuum
of trajectories beyond the hole should smear out AB
oscillations.

However, the unique possibility for existence of AB effect on hole-type
geometry is related with existence of edge states. They can play a role of the ring.

re(GP)y, = Ey, [y, +ia’e ™"y, ] =0

(ERy)’

U

a Is an edge parameter

Effective potential energy of electron in
graphene antidot. Boundary condition is
equivalent to o-like potential well pinned
to the boundary.

V.A. Volkov and I.V. Zagorodnev, 2009



The aims

AB effect in single antidot (nano-hole) samples: new
experiment results for nano-structured graphite
and graphene

The theory of Tamm-Dirac states —

the Tamm-type edge states in graphene semi-plane
and antidot without magnetic field.

The same In magnetic field.

The AB-type effect taking the Tamm-Dirac states In
graphene antidot into account.




The Weyl-Dirac fermions in graphene

Near K-points:

E +

ﬁ20510 O:HW 0
> L0 —cop 0 -H, T

Weyl 2x2 Eq. < HW — Cﬁp

But: spin = pseudospin (“isospin”)

c~10°m/c



The Tamm-Dirac states on semi-plane

E (k) = —22_7vk
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B=0: Tamm-Dirac states on graphene semi-plane
V.Volkov, |I. Zagorodnev (2009)

Left and right valleys in bulk graphene:

The Tamm-type states on graphene semi-plane
In the left valley and the right valley o E }
(a is an edge parameter):
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The Tamm-Dirac states on semi-plane
In valley-reduced scheme:
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B=0: the antidot as an quantum object

T =%x1) are occupied by electrons rotating
Ise or counter-clockwise around the antidot.
The energies of these states are quantized




Remember Landau quantization
for usual and Dirac fermions
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. Dirac fermions:
Usual fermions

there is zero'th level at the Dirac point



Graphene semi-plane in magnetic field:
edge states spectra

Skipping orbits
+

Tamm-type states
+

L andau levels
of massless Dirac

electrons

left valley: red
right valley: blue i

K, 1s measured from the projection of the valley
center on the direction of the sample edge



Magnetic field effect on the Tamm-Dirac

ky:R_zﬂ E.R=z2va(]+®/D,—-7/2)

) =x1/2,£3/2,45/2,...
The quasiclassic quantization

In the antidot Ro :
k, = 27r(j —T/2)/27Z'R

®/D,- the number of magnetic

flux quanta through the antidot.
d=nBR?



Energy of bulk and edge electrons in the
antidot in magnetic field
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The quantization of the Tamm-Dirac states In
AD: magnetic “band structure”
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ER=72va(j+®/®,—1/2)
W/o intervalley scattering:

Gaps (anticrossings) as result of resonant i+
Intervalley scattering backscattering : P - 5
a mechanism of conductance peaks at :




Resonant blue-red back-scattering
on antidot leds to conductance resonances and
AB-type resistance oscillations

Edge states
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Resonant intervalley scattering does’nt depend on Fermi
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CONCLUSION

Experiment:
*Resistance of nano-perforated graphene samples demonstrate the
Aharonov-Bohm type magneto-oscillation with period corresponding to the
flux quantum per hole area.
*The results are associated with the existence of the Tamm-type states of the
Dirac electrons (“Tamm-Dirac states™)

Theory: without magnetic field:
*The Tamm-Dirac edge states are predicted on any edge of graphene.
* These AD states from different valleys are occupied by electrons rotating
clockwise or counter-clockwise around the antidot. The AD energies are
guantized.

Theory: effect of magnetic field:
*Energy of edge states is controlled by flux through the AD.
Intervalley resonant backscattering leads to gaps in magnetic dispersion of
spectrum and the Aharonov-Bohm type effect in electron transport.
*The scenario of Tamm-Dirac edge states may explain the experimental data
In the nano-thin graphite and graphene samples with nanohole.
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Envelope Functions
and Boundary Problem
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Appendix: The Tamm states in the Dirac band model
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The Tamm-Dirac states on graphene semi-plane
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Aharonov-Bohm Effect

Y. Aharonov and D. Bohm. PR 115,485 (1959).
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F1c. 2. Schematic experiment to demonstrate interference
with time-independent vector potential.
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The temperature dependence of the height
of these peaks
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The MOTIVATION

B-periodic resistance oscillations in ultrathin graphite crystals with
columnar defects (nanoholes) Wwere observed in magnetic field.

AD=hc/e = ®o: the ARaronov-Bohm effect ?

Yu.l. Latyshev, A.yu. Latyshev, A.P. Orlov, A.A Shchekin, V.A\Bykov, P.
Monceau, K. van der Beck, M. Kontsikovskii, I. Monnet. J
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Mechanism of AB effect ??



The MOTIVATION: the AB-like effect in abnormal geometry.
FIB fabrication of a ultrathin single-hole graphite device

SEM picture of the single-hole structure in thin graphite flake

Thin graphite flake containes 30-50 graphene layers

Hole diameter is 40 nm.



AB oscillations on bi-graphene with
columnar defects at pulsed fields

Graphite single
crystal with

12- e
e T columnar defects
10- R B39k :
' thinned to the
7 3.8k thickness of <1 nm
5- 37k (bi-graphene)
e obtained by soft
%2 heam-plasma
o] (o] -
g " 3skg  discharge.
~2.37 —34k§’ :
' Period of
= 3.3k oscillations AB =
7.5- 201 76x02T
-10- 3.1k
8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58

B ()
The effect does not depend on sample thickness.

That points to the surface contribution:  Yu.l. Latyshev et al. 2011



Estimation of an effective ring width




R (kOhm)

16.0k -

8.0k -

0.0

Experiment in low magnetic fields:
the Shubnikov-de Haas oscillations of resistance as a

function of the inversed field for graphite sample #1
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The H-periodic part of resistance of thin
graphite sample #2 at various temperatures
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The downward arrows: principal series @ = (2n +1) ®,/2,
the upward arrows: an additional series ® = n @,
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BBIBOJIBI

1.MccnenoBaHo conmpoTUBICHHE 00pa3IioB rpad)eHa 1 TOHKOTO rpaduTa pa3HOTO THUIIA
C HAHOOTBEPCTUSMU B CUJIILHBIX MAarHUTHBIX IOJISX.

2. B MArHUTHOM KBaHTOBOM Ipejaesie 00HApPY:KeHbI B-nnepuoanyeckue
OCHWLJISIMM CONPOTUBJICHUS € MEPUOOM, OTBEYAKIIUM MPOXO0KIACHUIO
KBAaHTA MATHMTHOIO MOTOKA 4epe3 oTBepcTue (3¢ dekt THna AB).

3. {151 OCHOBHOM cepUM OCHUJUISALIMI MUKW COMPOTUBICHHUSI COOTBETCTBOBAIU
MOJIYLEIOMY KOJWYECTBY KBAHTOB MOTOKA.

4. AMIMTyaa OCHUIISALUN ¢J1abo 3aBHUCEIA OT TEMIIEPATyPhl.

5. 9¢dexT Ab B 00pa3uax HeCTAHAAPTHOI (HEKOJIbIIEBO) reoMeTpuH
CBA3BIBACTCH € CYLIECTBOBAHMEM KpaeBbIX cocTossHui Tamma-/lupaka,
CHJILHO MPHKATBIX K KPal oTBepcTHsi. J([MpakoBCKHE 3JIEKTPOHBI B ATHX
COCTOSIHUSIX BPAIatOTCS BOKPYT OTBEPCTHS 110 YaCOBOM (B OJTHOM JIOJIMHE) WITH
IIPOTHB YacoBOH (B IPYTroi JTOJIWHE) CTPEIIKH.

6. MarHuTHBIM NOTOK yIpaBJsSieT (pa3oil ITUX COCTOSHUH, Kak B cTaHAapTHOM AB
a(pdekTe, 1 CKOPOCTHIO BpAILEHUS JUPAKOBCKHUX AJIEKTPOHOB.

/. I1pu moJ1ynesioM KOJM4ecTBe KBAHTOB MOTOKA MPOUCXOAUT MEKI0JIMHHBIN
PE30HAHC B PACCESTHUM HA3a/1, YTO O0bSICHACT MUKH B CONPOTUBJICHUH U X
YCTOMYMBOCTh K Temmeparype. M3 cpaBHEHUS C OIIBITOM U3BJICYCHBI ITAPAMETPHI
TEOPHMU.



