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Fig. 1. Schematic of the investigated single-molecule junction consisting of a NiCps-based BMM between

two Ag(111) electrodes. The gate voltage can be applied by a dual-gate architecture.

2 BB G EHY

W 7 as B R, AR =85 PR A MAg(LI) R, 0 DO TR A
M Ag(111) AR, H0 X LS —AN1, 1 (S 2 ) — %82 731 (1,1'-bis(mercaptomethyl)nickelocene, BMMNiCpy ) 75
I AR A R A B A A A Ag(111) FEAR R T R A7 B HARIE T4 x 6 x 3 Ag(111) kIt
. T A AR My J7 AT L AR A T AR M Ay P T R A BRI RS, H R —
ABMMNiICpy 731, Bt AT ELAME B2 — AN 745, Oy 1 Il M 9 75 70 1 45 19 IR 3l B Tiedi
BIERT, FATEBMMNICpy 7 1 B R4 E 7 — < mMR. % 5830 K H 5 S8 26 A 4 1 A i = R
JE, )5 R G AR T B S 2 T KR LN, R A5 58— IR SR PR SRR g R . Rt AERR rh B ATk
T ERMEHEANBZ, FFRBIABHECN.S cov JEEE N2 A R IX SR A 10 RS2 BR AL
T, AN PR SLE6 M AR 73 1 BE e R I P A A R 18 R R L BN, AR SRS R Y B K4S
B R BRI, T RN S M, T REIRATE I — B as R, RN, BT R A A BEAE A A S

3



B, AR SE SR AL, B B R R /A LR S MR 2 TR R FLAL

B e BMMNICp, H H 4T HI 45 7 Quantum ATK B HEATARAE 12431, SRI5, BoBR o THiBER
U R B EUR T, KA B R E TR Ag (111) B R T A5 7 BRIy T 45 X T o0 T4
O XA, D AT A M IR ARG SR AR K S-AglE B, TE AR AR pr,  HR IR 97 S A A 4% H A Hh S
FIHIPAEF JEH e R BOFRAG, He I 5 51 (1 AR R 7 R Bl R 1 Dy L RE IR B LR FF I H R S5 4
EERRA I 52 SIS bR T 90.02 eV /AL

FELE AR JE B2 1 SRS F eimmia PR B T 5, SR T BBtk SR B UL (SGGA) (T Perdew-

Burke-Ernzerhof(PBE)iZ i 4. XTH. C. S, NiJft 7 FHXC M AR (DZP)FEA, XF Agli 715 Fl #.¢
AR (SZP) . 2 St iaks ,  SI2 7 [a] S 1R Ak 8T e % 2300 Rydberg. X BRI TH5T, ks HURE
N6 x 6 x 120, XA AR ERTHE, kBN x 6. 8 7B TRE SIS I S S St i i o
kSRR RO x 9. TEH T BIEIEA TR H, G SR ISR N 1.0 x 107* Hartree.

A TAE R 2 T % 52 B P18 (density functional theory, DFT) ) 3EF % #K 28 21 (nonequilibrium
Green’s function, NEGF) J7VEHF 7043 45 H AR Bl E e ia M i 15), 24742 ARG (T ) FOAS BRI (TR ) A
[, P A 2 [ S AP AR MR FERR BT (BB, > Try WIAT = Ty, — Tg > 0). BEEF, ZE D50 N &85 1
ghrp e PIRE FRL. e R PSR S I AT DA I DL R A s A (46

+oo
L= [ TABRET) - ful B TWE, &)
Hrr, oFoREBER LECEBER TR, e FHA, h&TTHEEL ORI v oA R
Jur(E, Tyr) =1/(1+ e(Fmp/m)/knTi/m (2)
TR (L) /A (R) AR T T A S By pr AR T T B IS 8 0 A
Jo(B) = 2 1B TL) — fa(Bs Tr)| T (E) 3)
FE BB HR S, AR/ HR (1) A0 B R (1) 73 Al SO
I, = I+, (4)
5% i (5)

53 T4 B e B o K98 VU3 RBU(S,) ATl PR A 503k Ag 1)

1 Ly,
7 elLy,’

4



Hr, L,,(n=0,1) %K HN

FESLIERS b, O T IR

—
[V)
j—y

~

%Amﬂ——/

400

(B —p)" 5E

— 00

Of(E, 1, T)

AR G5 R IR PR R P e 46 0 L RE e I UL BE
'J"ﬁ%%ﬁl( ) [49-51]

Current (nA)
_ - N N w
(4] o (4] o

o

- V=0V

o w
T

- —m— AT=20K, I,
| —o— AT=40K, I,
AT=60K, I,,
L —— AT=20K, I,
—Om— AT=40K, I,
[ AT=60K, I,

F A A g S e e

0 50 100 150 200 250 300 350 400 450

TL(K)

30 | —m— AT=20K, |
| —®— AT=40K, |
AT=60K, |

V=0V

b —— AT=20K, I,
= —O— AT=40K, |
AT=60K, |

s

s

s

2 TERFHHE(V,

0 50 100 150 200 250 300 350 400 450

TL(K)

Current (nA)

05 e,
0 50 100 150 200 250 300 350 400 450

T,(E)dE

39 € SCHLAT 5 DUE 2R 8 (

S.=S1+8,,
S, =8 —8,.
(c1)
| —=— AT=20K, |, Vy=18V or :{* bt
L—o— AT=40K, |, 3 S~ *\ —
AT=60K, |, T ~o
; 2 V=4V N N
= B[ —=—ar=20k.1,
w@_ _________ 5] oL~ aTmak, |up \
5 T AT=60K, I,, 0
[T AT=20K, U, )\()\, © —— AT=20K, |
L—— AT=40K, I, A2 ATeaok o
e A5}~ ATk L
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
TL(K) T (K)
(c2)
| —8— AT=20K, I - 15 | —8— AT=20K, I, -
—0— AT=40K, I Vg=18V 10 Lo AT=40K. Vo=4V
[ AT=60K, I
[ —(— AT=20K, I, 5k
F—O— AT=40K, I,

AT=60K, I¢

i W ]

Current (nA)
o

L —
[ —— AT=20K, I, '\"\\”
L —0— AT=40K, I, o
AT=60K, I

':'_D\D\

TL(K)

NI E BRI TR T B e F R T AR AL R AR

0 50 100 150 200 250 300 350 400 450

T LK)

(7)

Se)HTH

(8)

=0, 1.8F14 V) Z (AT =20, 408160 K)F, IS0 E e _EHBRL . H e

Fig. 2. Thermal-driven spin-resolved current (I; and I}), spin current (L), and charge current (I.) versus

Ty, for different AT (AT =20, 40, and 60 K) under different. gate voltages (a) Vo =0V, (b) V; = 1.8V,

and (c) V; =4V.

3 ZREIT®

G, AT 1 MRS o)1 4

IR Z) H iz

Rz, 245 T A FIMEE (V;

=0, L.8F14 V)HIA

R ERARE (AT = 20, 40M160 K) F» 7 P45, LA BETL A8k, E2(a)fis, 4V, = 0 VI, #E

i W52 3 25 10 e b R R 70 T4, O HBEE TL AT RIS I ASKrE N, 24T, = 400 KFAT = 60

5



K, I = 29.19 nA. {H2, BN NHERL —BERFIEEHS, HFHXTLMATREWAER . ATy =
400 KMIAT = 60 Kitf, I, = —0.71 nA. JATBEKI, 1, 5LAETENKIRSNIT AR, B, 70741
IR Z) B s B A e IR RS, RO R B i ) LIRS F e IR, A, A AR R
A 8E W BRI AL, FEAi R N i 4

ME2(L)ATELE H, BEMEMER, LEERC, SIkER, LBH2MK. MV, = 1.8V, L5 K
NFIETTRA R, 4Ty = 400 KFIAT = 60 Kif, I = 1.83nA, I, = —1.83 nA. WL}, 4> F 451 # 0K
) i F4iIE B B BE ) b R E B R IR SE T, BRI, BRI 2R R I R I [ e 2E D
LN, BINREA > a5 R BT, TR L AR R N R A LUK (BT, = 400 KFAT = 60 Ki,
I, = 3.66 nA, I.~0nA). BEETL AT, LB, WL AARNER L2, i, o
FAM IR Bz 4l A TER S, AR R &S X U8, BMMNiCp, I & & kit
TR REFE N IR 3] [ i i1 #1F

R GRS R Y, = 4 VI, WE2(e)fiR, LAKSHRET LRI, M7, = 400 KRIAT = 60
K, I = 0.48 nA. i, I 4kEER A, Ty = 400 KNAT = 60 Ki, I = —14.16 nA. bR, 7
T FRIRE) B B E T R IR S, R B E I E e T AOKE) A B SRR 4h, 4Tl
A BT B35 1) B R LA AT i L, HUENTBORIMIE T AR . 5V, = 0 VISAHLEL, V=4 VIS 73745
HRLAT I ) AR A E B v AR S e, LRI O R AR T, BRI R B T DA Sk
53145 AR B BRI 1R A 5 T AR 2l 7 1) S

N T BRARA 0T 231 S5 PR FRLT IR L RERR AR L daiIE T R AT RS DL RS RN, PATY =
300 K. WZAT = 20 KIESAG (LML AMATE BARUUKETE),  E3gH T ARMEV, = 0,
1.8F14 V) T 24 [k B e #F i 7B 5B T, (B) B4 THIERER LRI T, (E). fERATH 8737
givh, AR R FERAOR R R, BRI, P BRI 3% K T A bR KR ) 2 A R R TR
A M v 2 AR P v T AR L, XK U A R B R A BB R B3 (acc) s, AE SR
KEEH(Bp) 107, T AR S TAEM, BBl fu— fr > 0. B, B A pkE A ik
B KfMh, EEr T, fu— fr <0, RVE-FMA R ZBRY 8. AE3ATELE i, BMMNiCpy 7>
T E5AE Ep BT A PIAS B8 1 F I S 06 B R OJ7 RE S ISR BT A BE IR i B IE, B d E e L
FTHOMOMHOMO-17) 7 $UIE 5Tlik; 10 Ew b 07 (3% SR 5 T A BE 1A T iz, EEMm AR T
FLUMOMLUMO+17> 7B sk, M EISRT LA, M 707 A 2R P8 1 2 ZEAR B D i o 20

6



@ b ©

= —— spin-up —— spin-up =
Vg=0Vvy v w 10.02 v v spindovn 7 40.02 v spindown vy V=4V 1002
0L 0k —fi-f
10 /\ 0.01 10 J/\ o /(\ oo
4 o
= 10" 0.00 ':_, =107 0.00 ; [
i {-0.01 i 4-0.01
102 F—spmop 102
[— spin-down 4.0.02 V=18V q-0.02
102 — Y n n 102 " 1 n
10 05 00 0.5 1.0 1.0 05 00 0.5 1.0
E-E¢ (eV) E-E; (eV) E-E¢ (eV)
(d) ,ox0° (e) 10 () 50
Ve ——spin-up 40Fy,=18v ——spin-up Vg=4V —— spin-up
10k 9 ——spin-down spin-down 10k spin-down
20}
< 00 < £ 05
= < o0 <
T = > 00
20f
20f 0.5}
3.0 " " " -4.0F 1 1 1 1.0 1 1 "
10 05 00 0.5 1.0 10  -05 00 0.5 1.0 10 -05 00 0.5 1.0
E-E¢ (€V) E-E; (eV) E-E; (eV)

Kl 3 A HRIRET, =300 K. ®ZEAT =20 K, ANEME T K (a-c) B e #F i FE ST, (F) & (d-
fY G, (E): (a,d) V=0V, (b, e) V; = 1.8V, (c, f) Vg =4 V. (a-c) T =M FF5FRATLH THIE
BE. SRR AR SR A A e B 2

Fig. 3. (a-c) Spin-resolved electronic transmission spectrum T,(E) and (d-f) current spectrum J,(E) at
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Gate-voltage-tunable thermally driven pure spin
current and spin-polarized current in a
nickelocene-based bipolar-magnetic-molecule
junction®

ZHANG Congrong)  KONG Yaqi!) WANG Shaoxian!)  WANG
ZiqunQ)’T ZHANG Guangpingl)vi

1) ( School of Physics and Optoelectronics, Shandong Normal University, Jinan 250358,
China)

2) ( School of Opto-electronic Engineering, Zaozhuang University, Zaozhuang 277160, China)

Abstract

The conversion of waste heat into spin signals at the molecular scale is a key goal in spin caloritron-
ics. Using first-principles density functional theory (DFT) and nonequilibrium Green’s function (NEGF)
method, we investigate thermally driven spin transport in a single-molecule junction based on a nicke-
locene (NiCpsz) bipolar magnetic molecule (BMM), where the occupied.and unoccupied molecular orbitals
near the Fermi energy possess opposite spin polarizations. A dual-gate architecture enables efficient elec-
trostatic tuning of the frontier orbitals relative to the Fermi energy.

Our calculations reveal three distinct transport regimes controlled by the gate voltage V,. At V, =0,
the junction exhibits a strongly spin-up-polarized current (I+ = 29.19 nA, I} = —0.71 nA at T;, = 400 K,

AT = 60 K), giving nearly 100% spin-up filtering. At V, = 1.8 V, the spin-up and spin-down contributions
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become almost equal and opposite (I+ = 1.83nA, I} = —1.83 nA), resulting in nearly complete suppression
of the charge current (I, ~ 0) while a pure spin current of I, = 3.66 nA persists. This arises from gate-
induced symmetrization of the HOMO-/HOMO-1-derived (spin-up) and LUMO/LUMO+1-derived (spin-
down) transmission peaks relative to the Fermi energy. At V;, = 4V, the spin-down channel dominates
(Iy = —14.16 nA, I; = 0.48 nA), reversing both the spin-polarization direction and the current flow.
Quantitative analysis shows that gate voltage shifts the molecular levels with an efficiency of 13.2%-—
15.9% per volt.

We further evaluate the Seebeck coefficients. At room temperature and V, = 1.8 V, the values at the
Fermi energy are Sy = 28.1 uV/K, S| = —29.0 pV/K, Sy = 57.1 pV/K, and S, = —0.9 ¢V /K. The spin
Seebeck coefficient consistently exceeds the charge counterpart, confirming superior spin-dependent ther-
moelectric conversion. Although the absolute values are one order of magnitude lower than some reported
systems—due to the relatively smooth change in transmission spectra—this points to future optimization
via molecular engineering (e.g., side groups or anchor modification) to enhance the transmission slope
near the Fermi energy.

In conclusion, our work demonstrates that a single BMM junction can be gate-tuned among three
functional modes: spin-up filtering, pure spin-current generation, and spin-down filtering with reversed
current. The generation of pure spin current without charge current, and thus without Joule heating,
makes NiCpg-based BMMs promising for ultra-low-power molecular spin caloritronic devices, such as
thermal spin logic and spin-based thermoelectric converters.

Keywords: Spin Seebeck effect, Bipolar magnetic molecule; Spin-polarized current, Spin
current, First-principles calculation, Nonequilibrium Green’s function method
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