Quantum Transport In Graphene: Disorder Effects
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: whole spectrum, examining;(t) does not allow for | & The localisation length depends both on disorder

3 Methods for detectlng AL an energy resolved investigation of localisation as te strength and edge geometry. Armchair ribbons are

LDOS. Instead it provides a tool for a global exam- more susceptible to the presence of disorder than
Among the most remarkable features of graphene @reThe largelocalisation lengthin disordered 2D sys-| ination of the spectrum with relevance for possible those of zigzag type (shortarfor the samey;). Rib-
the linear dispersion in the vicinity of the band centre tems necessitate the investigation of system sizes peimeasurements. A finite overlap of already one ek- bons of moderate length and weak disorder> L
and its true 2D structure. Preparing technologically yond reach of standard exact diagonalisation (EID) tended state with the initial state leads to a compldte ~ wave function spreads over the whole ribbon.

relevapt samples (nanoripbons), tV\_/o adc_jitional a4S- methods. Instead, we applyhebyshev expansion| spreading of this state after some time. & Even though Anderson localisation takes place in
pects influence the material properties: disorder apd techniquesrequiring only matrix vector multiplica- 2D disordered systems for any> 0, the finite ex-

boundary effects. Presence of disorder in 2D systenstions of a state with the (sparse) Hamiltonian. THe _ fension of th t s f N deoth con-
leads to Anderson localisation (AL) of the electronif |ocal distribution approactfor the local density of 4  Numerical results e_gsmn O Ihe Systems C"’_‘bz or a more ih-depth con
wave function. In finite, weakly disordered devicep states (LDOS) allows for an energy resolved invep- S| eratlﬁ_n.h ISOI’ adglven .” on SIZle \{VG can ”e.Stlmate
the localisation length may become comparable pr tigation of the localisation properties of the singl¢ Up to which disorder a given sample IS metallic.

even larger than the system size, leading to condugt-particle eigenstates. In addition, we propagate an ifi- 4.1 Edge versus bulk disorder

Ing behaviour despite localisation of the wave fung¢- tially localised wave packet by applying thiee evo-
tion. Boundary effects, and the competition betwegn |ution operator in order to substantiate our findings.| schubert, Schleede, Fehske, PRB155115 (2008)

1 Motivation

4.2 Leakage effects in RRNs

localisation length and system size trigger technolop- . _ Schubert, Fehske, PREB, 155115 (2008)
ically relevant questions: 3.1 Local distribution approach - A9zag GAR  armchair GNR
e How much disorder can we tolerate in a sampje 11 1.,
without destroying the conducting behaviour? Schubert, Schleede, Byczuk, Fehske, Vollhardt, BRB55106 :
e How do the ribbon edges influence this value? (2010); Alvermann, Fehske, Lect. Notes Phy39, 505 (2008) O p ' ' ' 0 8_2 ] N B
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In a given sample of a disordered system translational ol
2 Models invariance is broken. The local properties of sitge .0

reflected in the LDOS,

2.1 Disordered graphene nanoribbons

Mean and typical DOS for zigzag and armchair ribbons of widith= 1.1 nm. We compare the

N
pi(E) = > [(ilm)]6(E — Ep) .
m=1

|nVEStIgatIng the Iocal|sat|0n pI’OpertIeS Of the Slnglle ] . ] ] influence of edge to bulk disorder for two disorder strengthillustrate the localisation properties, /

particle wave function in graphene, we consider tije Recording theprobability density function/|p;] for i each panehy is gven forL = 213 m andl, = 2125 . 00 100 10

tight-binding Hamiltonian many different siteg:} of a certain sample and dif- /e
ferent Sample reahsaﬂor{gz} restores tranSIationaI * In contrast to Zlgzag andfa — 3n armChalr rlb- Left: Mean and typical DOS for the RRN model omNa= 4002 lattice. For comparison
invariance on the level of distributions: The shape ¢f bons, the DOS for other (regular) armchair ribbor}s puy 5 also given forV = 800°. Right: Size dependence B,/ pnd at certain energies

H = Z ez-c;.rcz- —t Z(c;fcj + H.c.) flp;] is determined by]¢;| (i.e. by~) butindependent | Is gapped atv = 0. Introducing disorde_rz Ioca!ised (indicated by the vertical dashed lines in the left panels).
1 (i7) of {i} and{¢;}. Normalising the LDOS to thenean states emerge in the gap. Above a critical disorder | | |

DOS pme = (p;), allows for a detection of the lo-| strengthm the gap vanishes, withf > ;. & The inclusion of next-NN hopping causes a pro-

nounced asymmetry that grows with increasiag

on a honeycomb lattice with’ sites, including hop- | - calisation properties performing a finite-size scalifg g Apajysing gy, reveals the localisation proper- The multitude of spikes can be attributed to localised

ping between NNi;j) only. Choosing the on-site po-{ ~ for the LDOS distribution or the cumulated distribur - e: The reduced values pfy indicate localisation

- : trib I - - 1 (P11 d, - states on “isolated” islands, getting less probable for
tentialse; from the box distribution tion function, F[p;] = |" flp;] dp;. Thetypical DOS throughout the band for both ribbon geometries afd _ N ; g ) 9 P _
_ (15 also sianals the changes in the shaoe bf _ Al%increasings. As compared to the quantum perco
. Py = € aIS0 SIg _ g PE P! the shown values of bulk disorder. Weak edge disqr- |51i0n model. the oresence af shifts those special
ple;] == 0 (g - |ei‘) , the LDOS distribution. While forV. — oo an ex- | der cannot localise the wave function on short arm- energies.
! tendded fstatle |s|_ch3racter|sed_ b]}_’ f_'”'tg valuep®¥ | chair ribbons as indicated by the approximate agrde-
is fini . - i ishi
we introduce Anderson-type disorder into the moddl. andpty, Tor localised stategmeIs Tinite butpty — 0 ment of pty and pme. Only for larger systemsyy is & For smallx all states are localised (vanishipg),

- substantially reduced, pointing towards localisation| €xcept for the band centre in (c). There, the two-
SN [y=ie T T T step structure of [p;/pmel gives a hint to a bimodal

(checkerboard) structure of the wave function.

To model GNR we consider quasi-1D systems of fj-
nite widths with OBC (PBC) in the transversal (lont
gitudinal) direction. Depending on the orientation df
those ribbons with respect to the honeycomb Iatticlf],
we have to distinguish the cases of zigzag and a

chair geometries. Furthermore, we single out the dif-
ference between bulg and edge). disorder.
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& The finite, system size independeny for larger
TS x points towards extended states. The reduction as
Iwo compared tpme can be explained by the sublattice

structure and leakage effects.
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Zigzag (left) and armchair (right) graphene nanoribbons. T_f’ ((3)-51 """ "’.,, """"""""""" 10" *% Left panel: LDOS in the vicinity of an impurity in graphene aseired byNiimi et al. [(PRL
D . DR .’. ............................. \E
O 4 o01 ,"’ T * =18t N=100° K=8x10* I 102, 026803 (2009)]using STM. Right panel: Calculated LDOS on disordered GNRsaddition
' T Jooeeqeee bovemeen- feeeoye- | , | , | , | , 6
10
2 2 t R R N d I -10 ? BE 00)] 5 -10 EIS B(E 00)] 5 to contrasting bulk and edge disorder, we compare in thg(rigit) column the influence of the
uanium maoade _— ——
: Q 1CF ey y=15t L i aspect ratiog x W = 31.4 x 13.5 (31.4 x 3.3) nn?, corresponding tas6 x 64 (256 x 16) sites.
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& To get more thorough insight into the nature df

Mesoscopic regions of different charge carrier den- eigenstates on GNRs, the normalised LDOS can pe

sity may arise in graphene sheets because of, e.g. |in-

f [In(f)i(E

~

Normalised occupation probability|(i|n)|* of characteristic eigenstatps on aN = 128> RRN-

L 10k IR E B 74T Y AP & 1) calculated as a function of position and then relat¢d
homogeneities in the substrate or non-perfect stag¢k- 3 2 1 0 1 2 108 6420 2 4 . lattice as obtained by ED. Same parameters, ) as in the previous figure.
ing. In order to model the minimal conductivity in (6. (E=0) (6. (E=0) directly to STM measurements. Thereby the chequer-
graphene aandom resistor networ@?RN) repre_ Probability distribution of the normalized LDOS for statesthe band centre of a cubic (upper bhoard Ilklef StrUCturfe I«?f tl[][e)étsates In I,.I-:]he I(;mel‘ ”bgo ’ * Panel (a) ShOWS a Ioca“sed state. For Iaﬁge
. ’ - the amplification ot the near the edges and tihe ' ' '
Sentat|0n Of a graphene Sheet haS been proposed b) panel) and 2D honeycomb (lower panel). To ensure a propéstats, the LDOS values of p ffl t t t g the ampIItUdeS In (d) ﬂUCtuate Over the WhOIe |att|Ce
Cheianovet al [PRL 99 176801 (2007)] Thereby K = 2 x 1054 x 10°,8 x 10* different sites and disorder realizations were calculdted occurrence ot flamen ary structures can be seen. WIthOUt any g|0ba| StrUCture’ |nd|Cat|ng an eXtended
random I|nkS between electron and hole “puddle " N = 40%,60% 100%. The KPM resolution was adapted to contaip = 140 states within the o[ . . g State In Contra8t1 the add|t|0nal StrUCtureS on inter-
(Corresponchng to Iat‘“ce S|tes) are assumed to de [-  kernel, irrespective of the system size. In 2D we studieet 192* (black),396* (red),792* (blue) _10'[ | | | s AL | medlate Scales In (b) SuggeSt Ioca’“satlon on Iarge
. . = 10°[ — B |
mine the Observed COndUCtIVIty rather than the |Oca| to match the correct boundary conditions and assentbled2 x 10,4 x 105, 8 x 10* LDOS values. T R | Iength Scales
conductivity of a puddle. Extending tf# quantum Bl — L | & For case (c) we find a checkerboard structure of the
site-percolation moddly including a finite “leakage” The logarithmie representatiof{n (), enables a single comparison with the suggested log- 12?: : iN'! — I amplitudes. The two-step structureAN |(i|n)|?] is
x between all lattice sites, the Hamiltonian reads nfrma' sHSHLTHER ife Fiys. Rem 22845 (2900)1 60(P) = g o [—M} Siiil ; =:>% E . I less pronounced than fdt|p;/pme. Note that here
i 1_ T Slni:e the n.‘iean value and the normf@’.i(.E)] are unzlty, thesameshc?uldhold for the dlStl’IbUtI.On 104| j’-",- i : | Only a Slﬂg|e e|genState Of th@ — O—SUbSpaCG |S
H — —t |: Z (772 C/l: Cf[,—|—/ _l_ (1 L 777/) C,L_|_T C’L—I——>) ®o(p:). This can be ensured by requirilg = —o§, thereby reducing the number of free fit- o I [ : | Sh own.
ica parameters to a single one. Due to this additional requingrag(p;) fulfills the symmetry relation _10t] ITIrE |
_|_ Z ( 'CT . _|_ (1 -)CTc- ) p2o0(ps) = ¢o(p; ") (see middle panel), which was first derived for the non-lireanodel[(Mir- = 12:: : -g:ﬁEl I _
i 1+1 = i it/ lin/Fyodorov JP | Francd, 665 (1994)] 10| f : 1L , , B 5 CO”CIUS'O”S
ic 5 100 ( 5)0[ | |0 (0)|2 ( 5)0[ | 100
X=X ) [nm Nk (r X=X ) [nm
fo . ol Fomg] [ O [Eo
T “Z (Cz' Cit—CiCitt ) | +H.C.. 3.2 Chebyshev expansion technique 0 w0 10 By means of the local distribution approach we were
t Time evolution of an initially localised wave packet on ddered zigzag and armchair ribbons for able tO d|St|ngL“Sh |OC&|IS€d frOm eXtendEd States fOf
_ _ different values of bulk disordey,. Shown is the normalised particle densify(r;)|*>. Device tWO dISOFdGFEd t|ght'b|nd|ng m0d6|S, |n pal’tICU|ar fOF
The two sublattices: and 3 represent, e.g., regiong \Veilse, Wellein, Alvermann, Fehske, RMB, 275 (2006) dimensions{1.1 x 213) nf with N ~ 10" atoms, transport models for graphene. Anderson localisa-
of different charge carrier concentrations. Those re- Alternatively, therecurrence probability’s(#) in the o | | tion is identified by a log-normal distribution of the
gions are randomly connected; thes {0, 1} deter- imit ¢ — oo also reveals the localisation proper; & Considering the quantum dynamics of a particle | hog that shifts towards zero for increasing system

mine the present diagonal in each plaquette. Betwdentles of the system. While in the thermodynamic limit injected into disordered GNR, after a fast spreadi

. _ _ 9 size. The localisation length for weakly disordered
suchlike linked sites, the hopping probability is much Pp ~ 1/N — 0 for extended states, localised statgs process, the maximum extension of the wave fun

_ o _ _ - graphene nanoribbons may be larger than the sys-
higher than for NN (reduced by < 1). Tuning the are charact_erlsed by a finite value Bf,. Startlng t!on does npt _change anymore, even for very lorjg tem size, leading to conducting behaviour. Also in
expectation value of thén; }-distribution,p = (n;), from a localised wave packet,_ we calculate the time- times. On _|n_d|V|duaI sites ‘t‘he ar_npllt_udes iluctuat-e a RRN model, aiming at modelling the influence of
controls the size of connected regions. dependent local particle density, with time, giving the state a “quasistationary” naturg. charge inhomogeneities, we found conducting states,

oweiec[owmey | 08 [peo% , N - ) e T for which the existence Is mz_;unly trlggered by the
LS DR e ni(t) = |(r;, t)|* = ‘ Z e Em <m\¢(0)><llm>‘ | B R v | AN ol leakage rate between the regions of different charge
= 4 — S A N - carrier concentrations.
TN | A by expanding the time-evolution operator into a f{- o I S 2 3 Acknowledgements. We thank A. Alvermann, F.
e nite series of Chebyshev polynomials. Also fqft) Ve X. Bronold, and D. Vollhardt for stimulating discus-
Left: Generation rule for the quantum RRN model. Sublatticesd; form a bipartite checker- the |Oca| d|Str|but|On approach app“es But S|nce a y Localisation length for bulk-disordered armchair and a&NRs. The values are sample averages S|OnS Th|S Work was Supported by SPP 1459 Of the
board on the 2D square lattice. Right: Particular realisatiaf the RRN fop = 0.5 andp = 0.9. |n|t|al State |n general Conta|ns Cont“buuons Of th obtained for 10 GNRs of = 213 nm when the state has become quasistationary. Deutsche FOI‘SChungsgemelnSChaft
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