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Fig. 1. (a) and (b) Class I GNFs, where nullity is equal to sublattice imbalance, Z = [Ny — Ng|; (c) class II
bowtie-shaped GNF with zero sublattice imbalance but a nullity of three, specifically. Black and gray balls

represent different sublattices of A and B respectively in GNF.

FE RGP BRI GNF H, B T 90 41 BH R RE % 5
i AFMAE &, #IE T FORBER M RRE RS 1 B etk
AR B A ARMORE £, X2 — Fibl 95 K 1 1k
PEFP AL B eI AFM 38 & A2 AL i | e,
 HLAR S AL 25 (1 e 2 A ™ M BR i 78 R BE 4L AL
Foh, RSP EERRA TR - EEERE
I A BE Y ARG AT e, IX 75 22 GNF KT — € 1l 7
T, QA SR FIN A GNF L x5 1h)
SRR EE 2 GNF, 4118 1 (c) Jir s IR s i 45
GNF &5, AR AR A &, eh s a) b R s i
ANTE] R BE L1 B R R HEBI T B AFM RS 75
A58 4 SFER BRI S5 28 GNF WJE B Bk i 7
FRAE R B BN, KR B e S B TR R
GNF Rt H heas 1384 Se L0y s 3L A 70
PERZ T RE, B 0 fa] 5 ) MR 25 T2 GNT 4544 2
RIRHIAETT T, 25 AFM A Fr 23R 73 3l 7E v
AN Y i (4 GINE 3 0 O 35 AR s 1 B e g T, B
R A A e, T s R AR R A B e S A
BREK. PR AR 2 RO R] BLSIE B e s B, A
SR G R AN A AL T4, e
H e LT IE N A B AT T, RO S bR LA
oI B R S L2 R B R T P A SR AR 0 K AT A
GNF Z 8}y AR BY. el TR B A R B 1
BB RS A TS, BT LA GNF KA e ) 7 11 fe &=

P2 (< kpT), BAK TAEREFERE 02 52 HL 1
H e e s 2 AR R, N T IR e 7 TAE X
BRI FE TR Hel SEis AT B e 1 oo, i
WS A RASE AFM BliRASZ IR 2
2J = Epm — Earm KT 300 KR N B H/NEEL
e s kpTIn2 ~ 18 meV. HRHE & /7% A #E Ji
RIS 5 3R G TA) b ) B AR 4 R
THEREDRT > h/2(10712 s) ~ 2 meV BRI
A SRAT HL T B e A I

N T W5 GNF 2 5 e 2 LA B4, e —
JRER 771 H 5 GNF I B 25 0 S WAl & R i, HH
HAL - B8 90 23 AT R JE %5 B2 43 A Fh 1 BEL 44 R e 45
A, WIESE Y GNF (1) L7 25 1 vF 5025 S an 61 2 B
7, IR B e AR S E S N T
PR PERCN 6, T AE - T 450 BRI BCR I
H e 3 2448 6 > 74 T AR B AR T AT i
X, BRFTRE 1 B e r 2 I FR ik, 5F B B et pb 5
6 MR AE R, WK 2 (a) . HIRE
FE£ 3 AT O SRR TS R 3R B 6 /> B e SR A FL 140 A
£ GNF _ERAFEALE, £ GNF B B - B etk
A7 TR A S T TE B AFM A &, 5 T I EE 8 A1 Lieb
EMHEFHMS R AFM Aef &85 ek
WhE A SRR EAL 2J = 55 meV, B & T %
T T B/ RE B AR AL A .

217101-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 38 % 3k Acta Phys. Sin.

Vol. 67, No. 21 (2018) 217101

0.6

0.5 A
0.4 +
0.3 1
0.2 +

Energy/eV

—0.24
—0.3
—0.4
—0.5

—0.6

&2

0.1 +

—0.11

Ferromagnetic |

0.6

AFM
0.5 4

049 — —_ 4

0.3 4 —_—

0.2 4
0.1+

0
—0.14

i 4

Energy/eV

—0.44 +
—0.54

—0.6

(2)

(a) WIREETE GNF B R THUERE W, 7R BT (B0 ) MBI T (L0 ); (b) &M

%% L TR, GNF P05 38 B e 7 A I (c) AFM R B RS 1 6 A~ B e 538 i 110 B @20 AT 5% BE THI; B e
SR 0.03 /A3
Fig. 2. (a) Spectra of singly occupied states of a bow-tie-shaped GNF populated by spin-up (bluet) and spin-

down (redl|) electrons; (b) isodensity surface of the total spin distribution showing opposite spins localized

at two sides; (c) isodensity surfaces of spin distributions for the six singlet spin electrons in AFM coupling

state. The spin density isosurfaces are contoured at the value of 0.03/ A3,
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Fig. 3. (a) Mirror symmetric and mirror asymmetric structures of double-triangular GNF with side length n and

junction width m; (b) dependence of the spin coupling 2J on n and m of two type double-triangular GNF. The

horizontal dot line marks the minimum coupling required for room temperature operation.
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Fig. 4. (a) Reconfigurable spin logic NOR and NAND gate

based on of a tri-bow-tie GNF structure with n, = n, =

(c)

ne="7mnqg =9, m=2 (a, b and d are two inputs and one
output respectively, and ¢ is the programming bit); (b) the
schematics of the localized spins and the couplings for spin
logic gate; (c) two distinct spin configurations corresponding
to 1110 and 0110 for the a, b, ¢, d spins, respectively, illus-
trated by spin density isosurface contoured at 0.03/ A3 with

up and down spins shown as blue and red colors respectively.
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Mg (775 e F1 By 43 ) 3R HE 3 i H AR L 1) A g
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Table 1. Programmable logic gates and the total en-
ergy E¢ of the corresponding spin configurations in
operation. The e and Ej are the error output and

corresponding energy (E{ > E).

Gate a b ¢ d FEy/meV e E{/meV

1 1 1 0 0 1 178
1 0 1 O 58 1 116
NOR
0O 1 1 0 58 1 116
o 0 1 1 58 0 116
1 1 0 O 58 1 116
0 0 1 58 0 116
NAND
0o 1 0 1 58 0 116
0o 0 0 1 0 0 178
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Abstract

Scale effect and topological frustration can form magnetic order in the finite graphene structures (graphene
nanoflakes (GNFs)). In this paper, the GNFs that can generate large net electron spin or electron spin antifer-
romagnetic coupling between local regions of net electron spins are classified reasonably. Representative special
GNF configurations are proposed to be effectively used as fundamental logic gate devices for ultra-fast high density
spintronics, and theoretically investigated by the first-principles electron structure calculations based on spin-polarized
density functional theory. The first-principles calculations are performed by utilizing all-electron numerical-orbital
scheme in the M11-L form of meta-GGA exchange-correlation functional. The energy spectrum of singly occupied states
and the isodensity surface of total spin distribution indicate evidently that spin-single-state electrons are localized on two
sides of a representative double-triangle GNF and the spin polarizations of two GNF segments are in opposite directions,
resulting in antiferromagnetic coupling, which is consistent with the results derived from the graph theory and Lieb
theorem. The energy of antiferromagnetic spin-coupled state is 55 meV lower than that of ferromagnetic spin-coupled
state, which is obviously higher than the thermodynamic threshold of the minimum energy dissipation at room tempera-
ture. The spin coupling energy of the double triangle GNF increases with the scaling of GNF dimension increasing. The
magnetic coupling strength of the double triangle GNF with and without mirror symmetry approach to the maximum
stable values of 50 meV and 200 meV respectively, which are remarkably higher that of quantum dots and transition
metal atom systems. Due to the fact that the spin coupling strength of the GNF logic gate spin device can reach
200 meV, it can operate normally at ambient temperature with an error rate of 0.001 which can be easily improved by an
error correction technique. The calculation results demonstrate that the proposed GNF logic gate can finely operate at
ambient temperature with significantly low and correctable error rate. Recent experimental studies show that graphene
nanodevices on a scale of only a few nanometers can be successfully fabricated by etching technique of electron beam
and scanning probe. Furthermore, the properties of GNF spin logic devices are not sensitive to intrinsic defects. The
triangular GNF with n carbon rings has only (n + 2)2 — 3 carbon atoms, while it can endure n — 1 internal defects, thus
persisting in non-bond states and local magnetic moments. It is suggested that the full spin logic gate devices based on

GNF can be realized by using the current advanced nano-processing technology.

Keywords: graphene nanoflake, spin coupling, first-principles calculation, logic gate
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