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Abstract

Using first-principles calculations, we investigate the effect of zigzag extensions on the magnetic
properties of triangular graphene quantum dot with armchair edges. The results show that when
two or three zigzag extensions are added to the armchair edges of triangular graphene quantum
dot, the ground states of most modified structures conform to the Lieb’s theorem, while some
structures violate the Lieb’s theorem, which can be attributed to the small energy difference be-
tween the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular or-
bital (LUMO). In addition, we find that the ground states of partial modified structures remain in
the low-spin state, while the others change from a low-spin state to a high-spin state. Our findings
have important implications for manipulating the magnetism of graphene quantum dot with arm-
chair edges.
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1. 5]

TERE U, A B E  F B . BE 7RI RE, TR SER A Y E AR R
REAUIRAH) 772 M FT[1]-[7]. 2018 4ELL3K, Jarillo-Herrero 4TS R 57 B BAAE 5256 b3 i URE K Y
FEHEZ =2 A 8, WS T RRA LM S B ESHTNETE, HILIre T ik s 1
U, RIS T AT SR M I T AA[8] [9] [10]. BRDNAT S A R L iE - PUE RS A RO EVE A B Es, AT
H et B ARG, 3G R0 3 B AR AT BT, DR SAAR R AE N F S A AR B
HABE KM,

SRR SR AT s VR B — R GRS, AR M B = AN J5 ) B T RIE aiE T &
TR, B AR R A P R SR 1 N B B R Y[11]. AR T AR EAREE A S
IR AL SN ASRGE T RN ASEE T 5, G RMA BIEE T AU TR g e
WRLIA G2 . Jiang 55 AN TR BUHE T AT 8605 B 7 s 08 1~3 nm G P AR R I [ABREVE[12] . AR 50 K%
(1 Ezawa I 7 K BLAE A 10 4 = B A0 el B 7 A W IE R RS I AR IUH Bk, DL B it
TR} [8][13] . Fernandez-Rossier 55 N0 K BLEE 10 2N 10T A S i /1 s AE/N T 1.5 nm B 20w, 2
FERT 1.5 nm i SIAMEERIENE, FFAEDZIY BUR MR [14]. ML TR AL M A SBmET AL A
TP R A S R T R AR, RS R 2 A S T A R B PR . B A,
BURHETF RN A B IG R T AR FE AR WS BB 4. Osman AR, SdmEEBRE, %
FRLLG SN A SBIG BT AT T NPUREE BB 55 A2 [15].

T, Rizzo 88 Nl i [ HEFRa A A S0 9K s 51 NAE UG B E Aok SO O R, X FRAS 5 N BBk LA
ANHCE SR T T RO T BIIE L AR B D4R [16] . Sun 28 A\t — 2B R X FhOT T TR, 538 7 =
PR B EE ), 3R13 T BONAR e MR DL A S B R B, 1 — DR S T S R ) Bk F A i 2 SR 0 4
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KAy 5N A B ok R LR PE R AT FEVE[17]. 2 3 BRI TAER AR, JATE SR TRib% =
A SR T RIS L SINGR A RYSE AR, IR AT ES — 1R R B 5 T AW SO R S A R S T
TR, FEIRTFRILG = MU A sl 1 mi L5 NAE A B AE A 2 S B0 B 1 45 K R B e S A2
BiEs, HRIHEAE 3 2 A fa D R S AR AL

2. HHARBI SR

1(a)E X TR TFRITAGAH 11 DA =M A Sl E T A, L OEAE A KR T, HOERAE
B R T, MRAEET R PRIIE T AL, A SEBRIE T HHEN Na» B EBRIE T8 HC Y Ngo X
TAAEIRMER R TR S = AT A S0 T 5, iR Lieb 2B, S8 OIS S B HE S=INa — Ngl/2 [18].
N T W FA FMBIR ST BIER T RHL 2 = e A sk 7 sl VBT LAUR T (8 N A 25 308 . JATHR gk
ThLG =M S E T =100 % 59 S1. S2 f 83, JHZIRIE 1(a) i kAIA BXEA 1D
RIEFB(T) HE(M)FISKLE(H) . AHRZR T Bl 1(0) BB G i = M A S a1, fE1E] 1(a) 451
(¥] S2 A S3 74 % (1 M AL E Lo BTN — AR A R E AR, S2 WG AHE A RYSEAR 4 17 (RE A k) 5 14 1(a) P
Hi k7T — B0 1008 Ry S3 1A% b i H 4 AR S AR 7] (LA k)55 141 () K&k s AR B, A8 Le XA
AR IME R “-7 BBIT. MR¥E ERMe, K 1) B R-RN S2MR-S3ML. A3 T
KFRUGEH 11N B MM =AEAa8HE TR BHETANENERRS L HETR%E
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Figure 1. (a) Triangular graphene quantum dot with armchair edges, the red
and blue balls mark the A-type and B-type atoms, and their numbers are
marked as Naand Ng, respectively. (b) The decorated structure S2MR-S3ML

E 1 () xFus=—miaEREaTs, L8KNKE A XRF, HE
124 Na, BEBEKHR B KEF, BHIZA Ns. (b) 121H%EH S2MR-S3ML

TEASCIT A, BATRECT 5T % i R I 5 — R H 5k, IR H R IR
) PBE A #ocBRiZ bR, K Ai%#F 1 x 1 x 1[19] [20]. SiMafifbfae &gt 5 8H 17 Dmol3 f2F . XF 45
BEATARAGIS, BOEBNE 4R E N 3.7 A, BRI E T, BTFSERSEE N1 %10 e/A[21], &
BISCHE S E N 10" Ha, SIS % B N 2 x 10 HalAL X &AM T AL E AR S 1 85 M HEAT 78 40 5t
B LIS RISk, BEJG AHE RS AT T X N 2 EASRE R TT. SRA Vienna M Sk SR 14 (L
(VASP)H P E A 7R T = A A SR T A E S E o A, ST BAR AR
PR (PAW B T — BRI T - B FAIEAE A [22]. TH50R BE B8 A Normal, KT fE A 400 eV )
PR, BEEISbRHE R E N 10 eV,
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3. &R5118
3.1 HMANEEREMMNKFRIG=ALASHE F oY

TATE SRR = ATE A RE 8T AR TR S B sS4 05 8L 8 i g BLAE U3 B8 i s ) 5 5
R A MR LR, S EBES = 1), AT ZRAEDimen M. & 15 T EHES =11
SERZFR(SN). Sitt(Structure). A ZHAMEEE 2 (AE = Es=o — Es=1)« PLAAHMN FFEZ(GS)F Lieb
SEFAS(LTS). R4 Lieb sE ¥, 4 S =0/, BN ATACEES: 24 S =18, BimgapNaT 5
BIES. W& 1 REATTLLE 1 D1~D9 ZESHIN=EE, WXL T45 & Lieb 2B
e e
Table 1. The structure name, structure, energy difference between singlet and triplet states, the ground state and Lieb’s theo-

rem state of nine dimers with S=1

FL BBES=1H, WFMHZRFNEIR. G, BS5ZETHEREE. URGHIESH Lieb EIES

SN Structure AE =Eg-¢— Es-; (Ha) GS LTS

D1 S1TR-S2TR 0.000095 Triplet Triplet
D2 S1TR-S2MR 0.000162 Triplet Triplet
D3 S1TR-S2HR 0.000129 Triplet Triplet
D4 SIMR-S2TR 0.005871 Triplet Triplet
D5 SIMR-S2MR 0.000862 Triplet Triplet
D6 SIMR-S2HR 0.000255 Triplet Triplet
D7 S1HR-S2TR 0.003695 Triplet Triplet
D8 S1HR-S2MR 0.000918 Triplet Triplet
D9 S1HR-S2HR 0.000181 Triplet Triplet

TATEE PR SRS 25 h R e fe € 1) DA R D7, 25l T eI AR RS, 455
b 2 . B 2(@) M5 2(b) 235309 D4 B D7 S RE,  EITRIBESLLANRER AR ERSERE, 7
ML S EANR B TR EE; P 2(c) M 2(d)5r 45 i D4 R D7 () B e o A, 3R el or AR
H e LR T =, e REERN TR T =, SERARKE T, BoRARERT. Bk 2()
A 2(b)FTEAE Y, D4 M D7 EJOKRES I A e BT E e T A AT AT, Saei=
HAFEETTLIE DA M D7 &b Ty B e, M 2(c) M 2(d)rT BLE Y, i B B4R vh e A 1 Y A
BT BRI 5 L, T EL A0 1A RS L ) [ e s A R — 7 Tl R 3

40 T T T T T T T 40 N ’ .
(a) D4 ~— Spinup (b) D7 Spin up
20k :— Spin dn 20 —— Spin dn
2 ' 2
R Ofmeeeee e AN R Of e AL
20+ 220
A -40
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Figure 2. (a) and (b) The density of states for D4 and D7, and the black and red lines represent
the density of states with spin up and spin down, respectively. (c) and (d) Spin density distributions
for D4 and D7, respectively. The yellow and green parts represent the electron clouds with spin
up and spin down, and the brown and pink balls represent carbon and hydrogen atoms

& 2. (a)f(b)53 574 D4 #1 D7 WS EE, BEILENRBRELNSER, T8X4&K
FRERETHESEE; (C)F(d)5 5% D4 M D7 WERZEE S, REBSTKRKEKEE
ERBFR, RERIRRERBDTHEFR, BEKARKRETF, HEKRKRIET

Bk, BATHE TR I AN 26 R FEf ELS 1 E S = 0 M. 4 2 B T A8 EIE S = 0 IS5 I 44 R
LR, A SZEAIAEEZE. UMM Lieb RIS . Bt 45 Lieb g3, 1BMisE N AT
REABCRS . W& 2 Fal BRI HSE RS Lieb B M4 R FIEe4—% H+ D10, D11. D12,
D15, D18 A HIA=HE.

Table 2. The structure name, structure, energy difference between singlet and triplet states, the ground state and Lieb’s theo-
rem state of nine dimers with S =0

F2 BBEKES=0F, WFMHZRFNEIR. EH, BS5ZECHEREE. URBENESH Lieb EIES

SN Structures AE = Eg-¢— Es-; (Ha) GS LTS

D10 S1TR-S2TL 0.000917 Triplet Singlet
D11 S1TR-S2ML 0.001302 Triplet Singlet
D12 S1TR-S2HL 0.005505 Triplet Singlet
D13 SIMR-S2TL —0.008295 Singlet Singlet
D14 SIMR-S2ML —0.005824 Singlet Singlet
D15 S1IMR-S2HL 0.001329 Triplet Singlet
D16 S1IHR-S2TL —0.021635 Singlet Singlet
D17 S1IHR-S2ML —0.008326 Singlet Singlet
D18 S1IHR-S2HR 0.000866 Triplet Singlet

TERXTEE, FRATIEE D12 F1 D17 F4r BT E AT 2 M A e, 4R K 3 frx. &l 3(a)f
3(b)4r 72 D12 F1 D17 A% S, FTRI R et RER AN ERSHE, TRaasgRz [k
A T A2 14 3(c) A& 3(d)Z20 5 o D12 A1 D17 K [ e s 5 o0 A, s i A B e L1,
SRR THBETE, WERAERE T, HERRREAETF. HE 3@ LA, D12 1
FOKBEMHE B e m LA A BEm R A% E RGN, BEA N = ESESUI ST R B RR
A ME () AT LAE H, D17 fEFOKRE MHE A% B R A, I B ES R RES, Fik D17
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A TAR EBER . A 3(c)HmT LAE th D12 (1 [ Jie 2 B 3= EEAE v 75 B s in 04 40 14 B S e Bl iy e S 7 |
AR B e A F 1) B e B R R D7 RS AN 3(d) R RT DA B D7 1) T FE R RE AR e Al 1 B
JEAH BT B S5 b, (R PR ANl 7 2R e (oAb 1 1 T B S Il A1

T S=0MWATHE B, BANSH 7T el HOMO A1 LUMO ffg &2, HriEis Lieb 2
f) D10, D11. D12, D15 LA D18 X Wi () fig & % 73 4l 4—0.163 eV, —0.131eV. -0.05eV. -0.131eV
H1-0.164 eV, 1M 54 Lieb € ¥ D13, D14, D16 L D17 #H)M ) e & 7% 43 7] 9—0.387 eV, —0.303 eV
—0.754 eV H1-0.389 eV. IEUIZ X RlA 1) B AR AT ST 48 I [23], USRI 2> T3
(Frontier Molecular Orbitals, FMOs) B A T I e £ 1, AT 8 RS B /E F 2 AR, X5
1T B TR(BRB) AT N AT E . SRT, M4 FMOs [IRE R ZEHORHT, T 1 X0 & 48 8k 54 FMOs
IAERETERS o Yang 55 AR 5t 3% B SRR I 2k v LUA R T LUMO #1 HOMO /RS %
[24], IXIF A D10 %5 LA M6 TS Lieb @ B E R . 28 LRIk, 4 in e /N6 5 B e, 2 1f
GER ORI 7 4 Lieb EH, M/HEEMHET T Lieb 8, IS =ARABKE T ANESIMMEE
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Figure 3. (a) and (b) The density of states for D12 and D17, and the black and red lines
represent the density of states with spin up and spin down, respectively. (c) and (d) Spin den-
sity distributions for D12 and D17, respectively. The yellow and green parts represent the
electron clouds with spin up and spin down, and the brown and pink balls represent carbon
and hydrogen atoms

E 3. (@)F(b)53 %)% D12 #1 D17 WIFSEE, BEIENRBRE LNSEE, T84k
REFBEETHSZE; (©M()5 54 D12 71 D17 MBERZEE S, BEHHIRES
EEENEFLE, FEMARRBEOTHEFE, BREIREFHRET, BEKKERS
R¥

3.2. RMENRERENRRFHLE=ALAEHE TR

=M A S8R T SRRl g B =N R ae i, FRATTRIRR N = 24K (Trimer), 45441
SEBEN 12 8% 3/2. &6, BAVTHR B BHEN 32 KI5 & 3 FIH TR EBE S = 3/2 Z5 ISR 4544
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THEAENESKEEZ. DUMRBESH Lieb @A, R 3TLEY, IraamiLsy hiy®
&, EISELfFA Lieb EHE,

Table 3. The structure name, structure, energy difference between doublet and quartet states, the ground state and Lieb’s
theorem state of eleven trimers with S = 3/2

3 RAKES=320, +—M=BENZIR. EH. —ESE5NESHEEE. ULHENAESH Lieb B

SN Structures AE=Eg-y, — Es=3/» (Ha) GS LTS

Tl S1TR-S2TR-S3TR 0.000191 Quartet Quartet
T2 S1TR-S2TR-S3MR 0.006070 Quartet Quartet
T3 S1TR-S2TR-S3HR 0.003841 Quartet Quartet
T4 S1TR-S2MR-S3MR 0.001065 Quartet Quartet
T5 S1TR-S2MR-S3HR 0.003843 Quartet Quartet
T6 S1TR-S2HR-S3MR 0.006226 Quartet Quartet
T7 S1TR-S2HR-S3HR 0.003763 Quartet Quartet
T8 SIMR-S2MR-S3MR 0.005009 Quartet Quartet
T9 SIMR-S2MR-S3HR 0.006342 Quartet Quartet
T10 SIMR-S2HR-S3HR 0.001092 Quartet Quartet
T11 S1HR-S2HR-S3HR 0.000360 Quartet Quartet

WAV R BN E M T2 FT6 it 5 T EAINAEEM AR E, 4RmE 4 For. # 4/
Kl A(b)srmile T2 1 T6 MIAHEE, EI7mBESERR AN LR, T ML RER AR
IR Kl AC)FE 4(d)alie T2 A T6 1 H e FEAn, BeiaREaRkER LBz, g6
HoREAEN TR TS, WORAERBE T, BHORRRAR T WE 4@FE 40)hBATTLE
F) T2 F1 T6 7E 2 K BEG B i a) FA0 e ) (A8 25 B AR S D AN SRR o A o AL 4(c) R 4(d)mT LA
B, e 3 B R AR G R A AR Kb (R B, L AN U T e A 1 e R R T
F. FEEEE T2 1 T6 HIPUFASIEAS M AT LA E T2 A1 T6 Fiscib T B ieds, X Emks 5l A= Mtk
RUGE IR AE S FRL & = AT A B )6 BT SN R ARG B eSS m eSS

BT RBM AT S = 12 B, R 45T S =12 WML, 4. —E55NES
e 2. DARMMIIFEZS R Lieb wHAS. M HES = U2 1, R4 Lieb w3, B1fE 1 =MFH 2
T RN TR EIER, (HEE 4 aTUEH, KBS HMAFE Lieb @2, MASBIHERATT &
Lieb ;g 3, XFULIATHAT T — LRI 5.

40

(a) T2 +— Spinup (b) T6 +— Spin up

20F E—Splndn 20F
2 | 2
Q O """""""""""""" D 0 """"""""""""""
20} 20}

40— Ty —
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Figure 4. (a) and (b) The density of states for T2 and T6, and the black and red lines
represent the density of states with spin up and spin down, respectively. (c) and (d) Spin den-
sity distributions for T2 and T6, respectively. The yellow and green parts represent the elec-
tron clouds with spin up and spin down, and the brown and pink balls represent carbon and
hydrogen atoms

E 4. (@F(b)7 5k T2 F1 T6 ISEE, BEXKARBEEDLNSEE, 4B8XE&K
RERETHAEE; O©FMAPRAR T2 8 T6 WEREENH, ReBorRRERE
EWRFR, REMARREBEEOTHEFE, BEEIARKET, BEKKRIRET

Table 4. The structure name, structure, energy difference between doublet and quartet states, the ground state and Lieb’s
theorem state of eleven trimers with S = 1/2

F4 BERS = 128, +—M=ZREMEBMR, &8, —ESENETHEEE. URERNESH Lieb EFES

SN Structures AE=Eg-y, — Es=3/» (Ha) GS LTS

T12 SITR-S2TR-S3TL —0.001497 Doublet Doublet
T13 S1TR-S2TR-S3HL —0.040528 Doublet Doublet
T14 S1TR-S2MR-S3ML —0.007699 Doublet Doublet
T15 S1TR-S2HR-S3HL —0.041927 Doublet Doublet
T16 SIMR-S2TR-S3ML —0.014156 Doublet Doublet
T17 SIMR-S2MR-S3ML —0.015901 Doublet Doublet
T18 SIMR-S2HR-S3TL —0.021769 Doublet Doublet
T19 S1IMR-S2HR-S3HL —0.017032 Doublet Doublet
T20 S1HR-S2TR-S3HL 0.005336 Quartet Doublet
T21 S1HR-S2MR-S3HL 0.003999 Quartet Doublet
T22 S1HR-S2HR-S3HL 0.003656 Quartet Doublet

BAVHE T T15 A1 T20 B FEA A e 5, 25814 5 fos. [ 5(a)F11El 5(b)437 4 T15 F1 T20
MAERE, LR RESERER AN LEHE, FHMOOREARR AN FRIAEE: & 5c)M
P 5(d) sl T15 A1 T20 (1 FBE % FE A0 AT, sl AlE R EMHE T2, SO3aR% B iern T~
BTz, WERAERBRET, MaRRREAEF. HE 5@ME 5(b)rTBLEH, T15 fl T20 78 %Kitk
B3 9 1) A0 B 1 R A AR R R AT o SR S AR NI [ e R A, ATLUR B T15 19 H g
28 B AL I B 5 AN AL UG R AE AR ) A A — AN R E R L, A S ESRAST M TS 4T
RE A T20 [ H e B S5 /8 =AM 5 BLAE (A ity FLER U 17— D7 a4k A, X M e i T20 4k
T B eRE .
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XS = 12 WM, A4 7 Ei1 HOMO 5 LUMO MEEEZ. & Lieb LK)
T12-T19 fIRE R 2437 8—0.359 eV, —0.38 eV, —0.25eV. —0.344 eV. —0.372 eV. —0.246 eV. —0.256 eV
—0.241eV; ¥ Lieb EHLM) T20. T21. T22 IREERZE 5 5I8-0.09 eV, —0.03 eV, —0.064 eV. HFH A
WAL S A S AL, 1E & HOMO Al LUMO FUE faf Hf8 43 i T — R & 1 45 1 IR B e S A8 s
HEss.

ZEEPTR, EXRTRIAZG =M A S0 E T R A=A BB, 27 B I 45 14 #R1F
4 Lieb EHE, (HAF/DELEHET T Lieb w3, I8 R A B e S HEAL 1 HIERS.
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Figure 5. (a) and (b) The density of states for T15 and T20, and the black and red lines
represent the density of states with spin up and spin down, respectively. (c) and (d) Spin den-
sity distributions for T15 and T20, respectively. The yellow and green parts represent the
electron clouds with spin up and spin down, and the brown and pink balls represent carbon
and hydrogen atoms

E 5. (F(b)2 %7 T15 F1 T20 WIASEE, BRIEARBRELNSEE, TRNL
REZBRETHSEE; O/ 514 T15 7 T20 WBEKRZEESH, BREeloRERR
A EHEFE, FERIRRARBDTHETR, BRERARKRET, HEKKERS
&F

4, &5ig
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