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Fig. 1. Side- and top-viewed optimized geometries of clusters: (a) Byy; (b) FeBay; (¢) FesByg. The bond lengths are in A.
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Fig. 2. The SAC-CI energy levels of clusters FeB,, and
FeyByy. The singlet and triplet terms are denoted by the
black dashed and red solid lines, respectively. The related
terms from which the involved initial and final states in the
spin dynamics to be discussed later originate before the in-

clusion of SOC are marked.
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BIESH LA 505 1.133 eV Fl 1.490 eV, #E—2
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JEFF By LY FABER . I 1 W LAE ), FERT
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Table 1.  Energies, spin expectation values, and spin density of the states with spin localized on one single magnetic atom

for cluster Fe,By.

Structure State Energy/eV (Sz)

Spin density

—~

n
N

~

(Sy)

Fel Fe2 By

1) 0 0.38 0.87 0 0.001 1.919 0.015

[2) 0.001 -0.59 0.73 0 0.001 1.911 0.015

|5) 0.513 0.21 -0.42 0 0.002 0.946 0.023

|6) 0.515 -0.12 0.46 0 0.002 0.962 0.023

[17) 1.797 0.16 -0.72 0 0.022 1.473 0.224

|18) 1.797 -0.42 0.05 0 0.013 0.839 0.13

FeyByy [19) 1.797 0.26 0.67 0 0.021 1.432 0.22
(B: 0 =90°, ¢ = 90°) |25) 2.002 0.41 -0.35 0 0.004 1.099 0.120
|26) 2.003 -0.23 0.54 0 0.005 1.189 0.133

139) 2.658 -0.02 -0.63 0 1.114 0.084 0.261

|41) 2.659 -0.01 0.63 0 1.114 0.084 0.261

|56) 2.948 0.42 -0.63 0 0.026 1.412 0.305

[57) 2.949 -0.52 0.55 0 0.026 1.411 0.303
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DIRBAEE N Fe i+ L (B) Fel), fULnl A, &
W Fe JEF 1Y F BEJR 8 H T By B “BR A1 HL T
N Fe JFEF52 3| — 2 B2 AR, HoAR R AEAS 5L
B, Wi A e A G . RS MR A]
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FeByy A%, T A S Z 554 1 HA Fe J5F,
TEFTHER 71 RS TP 18 M HEA RIF AT
S, B RITEE A Fel 55 |

FELL IR H A R R A 1, 2 A e
HUERS A, M BT AT BRI AT A R T RS
() R L 0 18 S S MG 7 1 AR R 223, & AR
WOCHK AT, A e A e L IRetE
PR LIS DISEEL, A e A PR AE FeyBy, M
e L ABAF LATI. T TRKE 45 X S T AR [ 2 A 1Y)
PR A TSN 124 B 255, I ah Ty 2201y S 3
BLHI 25 3 BAR R R 53 #T

3.3 BREKSDINFE
3.3.1 AWk Gk P

R B 48 5 W) XF [ e () 29 SR 451 (Amg = 0)),
FERBBGE U, A HA MR A TER I RS2
6] ok et A G R IRT . A SCHET A R A
TEA S HOE K rhids S F SEEl 1 P 22 ) i ]
PR BRAT, 76 FeByy Al FeyBy H 4~ A7
B E] T nE 3(a) 5El 3(b) sy H e B
g 2. Hodr ) B 3(a) B0 KA B A |4) FiAs
16), H FeByy FFERI AT KA A RIS — A=
HARRY 2 SAFE 2N o F R, HA MR A
BEHLH; & 3(b) B0 AR A5 5 R 25 (8) M A% 9),
FeyByy HIFEMIATT 29388 AT BYEE — A — B ARE
2 SA'FES RN S 4k, HAT A B e )
H ABERRE Fe2 b Bk KBEE (W
A BEIEEAE . A e R EOESE (O
6] FWHM | PRI & AE ) 43 B30 2 sk 3. 18
it A R B, FeoByy b F e 8IS 51 J1 24 B A &
JE (RIRZSH R ) 8w (93.5%), 58 MU A L
FeBy MR 81 1246 Ji— 2 HA] (29 600 fs), {H I
HArRHOLREER S (2.114 V). X T H e H)

s I T OE I RE R R 28U LT A (3
K) B HHRISMGEREZIE. X TRARZH
FAZS 50NN, BEAE T B R &
RIS S5 (80R) AR 2. #ln, K 3(a)
FiRgh 1%, FEA 2 50 11 A4S, i
BERHY )2 R A [13) F1|14) (RE & 43 31 R 1.313
M 1.317 eV), H5PI3514) (BORZS6)) Afig 225
WOLHER 0.299 eV (WL3 3) #2ik. & 3(b) Fr/R )]
Jizerh, g 27 S S Ok LF
A (BOR) &85 FEPHIZ[59) (R A 3.002 eV)
MRE S22 HHAE. BLAN, TR OE S BN AR 1Y
THOLT, K00 RS, &I e R [ e B
AR AL R B SRR F] T 95.5% Fl 83.8%.
A PR AT A R TR R T 2 5 o RS A X R
PE (BIRTERR T2 5 RIS S 2 o ie 4k 2
H ] — = E A 4R 1) 5 AR R A ) B
P ME AR 5 1T M RO X FR I 3k B, 75 AR A
PR LRS- ESZMEEAAENY . K

1.0F = ~ (a)
\
0.8 \ State [4) State |6)
’ 7
g vl State |13)
E
: L
8 04} o State |14)
)
0.2
0 b
g
e}
2
<
=]
I3
O
o

—800 —400 0 400 800
Time/fs

K3 HPABERFE IS5 (a) FeByy BRI H iE B
A FE; (b) FeoByg WIHE 1 F BE B et 2. o 4% 2 J) 24 )
A& RIS R A 30 R R | 2L (8 SR R R
Fig. 3. Ultrafast spin flip scenarios: (a) Spin-flip process in
FeByy; (b) spin-flip process in Fe,By,. The initial, final, and
intermediate states involved in each of the spin-flip pro-
cesses are represented by the black dashed, red solid, and
dotted lines, respectively.
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£ 2 HHBES AR DY ARSNGB REDIRE S A e
Table 2. Energies, spin expectation values, and spin densities of the initial and final states of each scenario.
Spin density
Scenario Structure State Energy/eV (Sz) (Sy) (S2)
Fel Fe2
FeB,, |4) 1.021 -0.94 0 0 1.291 —
- (B: 0 =90° ¢ =90°) |6) 1.022 0.94 0 0 1.291
ip
FeyByy |8) 0.856 0 0 0.89 0.006 1.785
(B: 6 =0° ¢ =90° 19) 0.857 0 0 0.89 0.006 1.785
FeyByy [1) 0 0.38 -0.87 0 0.001 1.919
Transfer
(B: 0 =90° ¢ =90°) |41) 2.659 0.01 0.63 0 1.114 0.084
FeB,, |6) 1.022 0.94 0 0 1.291 —
(B: 0 =90° ¢ =90°) |7) 1.133 0 0 0 0
Crossover
Fe;By 137) 2.371 0 0 0 0 0
(B: 0 =90° ¢ =90°) |45) 2.784 0 -0.52 0 0.090 0.873
# 3 ERANES I FARITRBOCSE, Hrb 0 R o M ASTHOCTERRAFR R T Ir A, v A ASHEOGIR S 517 F
SEF A A, FWHM R3Ok b A2 5 4 v
Table 3.  Laser parameters for the achieved scenarios. Here, 6 and ¢ denote the angles of the incidence in spherical coordin-

ates, and 7 is the angle between the polarization of the light and the optical plane. FWHM is the full width at half maxim-

um of the laser pulse.

Laser parameters

Scenario  Structure Initial /Final state Fidelity Amplitude
0/(°) (°) v/(°) FWHM/fs /(atomic units) Energy/eV

FeBy, [4) — |6) 89.7% 1129 6.1 338.9 337.3 0.00997 0.299
Flip

FeyByg 18) = 19) 93.5% 156.4 1224 T71.7 466.2 0.00634 2.114
Transfer Fe,Byg [1) — [41) 91.9% 244.7 914 225.3 92.3 0.00781 2.661

FeBy 16) — [7) 77.9%  61.0 3214 82.9 318.5 0.00783 0.212
Crossover

FeyByg [37) — |45) 745% 2972 356.1 3015 352.0 0.00306 0.416

K

A
ANy

E i T AL RER BN IR, T oIk 2
I A P A e AR RRIT, AL o T A
PRECRERTBAR I A SE L BUY DI RE.

3.3.2 AW AR F

F JE 1) 7 B8 38 Jmy SR A AS TR i 1 v o R E 2
ZIAIBRAE, ARG A ST AL s A Ty
A EEENE . —Bokit, 5 A TEMEH LT,
A e B e S B 0t FAE TR R e g,
TCIEARAE 53 3] ey 3 A A [ 1 S ) B A& ] Bsf
FETE. J3hb, BMEAEAE A3 1) HAA AN TR A e =8
1AL, WH R R, BB A 1E r
)25, (5400 | AR 7S ) 9 BR AT 5 3 AH EL AL (18501,
WX 1 TS FeyBayy HIFE IR IEY] . AR
K2, 420 TS (A TARR AT
— N EHA 1AM, 78 Fel il Fe2 Ji+ |
() [ BE % BE (4350 0.001 A1 1.919) #1245 |41) (

ARATAFRR AR\ ZEE 8 SA 42N,
£ Fel #l Fe2 J& ¥ I+ (W F i€ % B {8 5> 5 K
1.114 #10.084) Z A5 117, B Fe2 3] Fel B9 A
AL R, HARERE i3k 91.9%, W&l 4 R, &
UL IS, A |39) A [41) f Rl — = E A4
24T (EA AR 3 T SRR B E e [n],
DL 1), HG2ERRE M B, PRI, Z5(1) 2025 (39)
PR e A% it R L2 AT SRy . (H i TR
BERA 82.7%, HA5SCHRAS 1) B3 41) 1Y F i
Rt IR T IR — 2B (W1 AR AR IRARIRD) T
ARYRIR. 5 HBERIE 3 1R m), X T8 RS
REZAT BB 1) H e 3 1%, Hraslotie
REFIET o) KEZERE R 2 e (5
0L R R AT 2 = fR SR AT ), IO RE
It R P R B BT P — B BRI — R s s
S — RS BER 2200 E). X B, Zsh v T
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HA)  ORASRER 220K (2.659 eV), Hrfsisothe
it (2.661 eV, W3 3) BHAMB S m. 7ish,
FERM, TV K EE MRS N REIE T Z [ 1) B e
R, %8 130 KB 67 Al Aok Hoat
v, Horbg 11 g rhoo Jmilas L, 14
JRIAE Fel b, 10 MRIETE Fe2 |, W3 1), 16 4
[l SR SR AE Fe2 i By b (HHHBA: €5 B (8 5 te
JE 259K 50.8%—63.7% F1 31.9%—38.9%), i
ARl R IR AE Fel, Fe2 Fll By, L (453554 H €%
FEME 5 3R 33%), RPN IR RS, k]
Lz A S )2 b, Fe2 2] Fel 1Y A TE
W IR T By FIMFEAER], B Fe2 HE)RH
A WIENL)) —Fe2 + By M H A —Fel +
Fe2 + By R 7S - Fel HIERRA K&
141)), ZEAE R IR 2 5T LS. X,
R HEAN AR T A 3 2 P RS Y o R AR TR
B, AR AT X 3 A [ A% 0 B B — R
AP0 Al Sy E AR L, RS A
HHERZ, (0Z 8 11252 U [ 29k 200 fs, 5
{2l g2 3 B Fe .

1.0F — = - — = -
14
\
081 State |41)
o
2 0.6}
<
o
=
8 04}
o
02t
0 ST s 7 S SRt SN
—200 —100 0 100 200

Time/fs

Kl 4 Fe,Byy B L1350 TR B IE 53N 1%, Hdd)
A RIS R A L | AL E TR TR R

Fig. 4. Ultrafast spin-transfer scenario in Fe,Byy. The ini-
tial, final, and intermediate states involved in the spin-
transfer process are represented by the black dashed, red

solid, and dotted lines, respectively.

333 MEARIIHHF

H i 28 OB T AN A [ fig 2 R (Anvs H eSS A
1 FEAS 2 16]) B RS 2 1] i BRIT A i, 3l & A
EES RS TEAYT (40 Fell, Col6, F1 Mnlt!
Beaw), AR EE MR SN AN E, HAEE
P A5 o | TR RN | B RS 2T

T EAT AR R )12 B A 16263, BB AR B R, AR TR
FI e 2 5 B 22 IR R S R R A 1R Y. ELFE A e
PUER SRR T AR BA ATER A SR REH T,
EBRIT 1T ATERG 45 1) S VeSS A vh B 1 A R AT
REAS LS. I 249, A SCHE A% 143 301l 55
BT HHAS|6) B4 7) AT H [37) 3 |45) BRE Y 1 iE3E X
17, E 5 s, HhE 5(a) B RIES16) &
H1 FeByy FIFEMA T £ 3R AT A4 SAC-
CI =7 2 SA'RESUAr 24T R, RA|7T) R AAATY
PR AT B —A SAC-CTBAFE 4 1 1A K] 5(b)
FIRBIRIAS|37) 3K A FeyByy BIFEH) SAC FRLHE S E
P, KA|45) K H HATTLFR A FE LA —E
ARBY 9 SA". HHIARBSIEMA SOC Z i BB AL
EVEILIE 2. SHTPZE AT A Esh A b, A E
28 ik A8 A5 O LR SR, A3 o 77.9% A
74.5%, dE—H UL T AN IE] e £ R AR YL 2 fa] Bk

10— — — (a)

0.8 " )
06k 2 State |7)

Occupation

0.4r

0.2

Occupation

—800 —400 0 400 800
Time/fs

Kl 5 HIRARZEL S (a) FeByy BB HiEsE X
A (b) FeoByg WIHE I F B85 X5 2 4% 3 J) 24 )
A& RIS R A 30 R R | 2L (8 SR R R
Fig. 5. Ultrafast spin crossover scenarios: (a) Spin-crossov-
er process in FeByy; (b) spin-crossover process in Fe,By.
The initial, final, and intermediate states involved in each
of the spin-crossover processes are represented by black
dashed, red solid, and dotted lines, respectively.
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RN WMER L. Her, firE 2 SR P s
A 5 A =HAM 4 DMRED, JFHE RS

10 N =EAM 8 AMNHEDR. 546, X TFE 5(a) ¥,

RAREHIGE G oL, FOtRER (0.214 eV, UL
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A (1.022 eV) BYREREZRHE, WX T 5(b) H.

RASRE R AR IO, HBOGRER (0.416 eV,
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WO RE S AH .

A SCR Y B 1Al o — MR SRR T, %o W i
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Fig. Al. Other stable geometries of clusters FeBy, and Fe,By.

127505-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 12 (2021)

127505

# Al FeBy and Fe By HIFEFITHAESTER % & SOC % i SOC 2R MYRELL(E (P17 eV)
Table Al.  Energy values of the calculated states of clusters FeBy, and Fey,By before and after the inclusion of SOC (in eV).
FeB,, FeyByy
Before SOC After SOC Before SOC After SOC
1.131 (1'A") 1.133 1.504 (1 'A") 1.489
1.133 (2 'A) 1.134 1.850 (1 'A") 1.857
2.320 (1 'A") 2.319 2.199 (2 'AY) 2.203
2.545 (SAC) 2.554 2.361 (SAC) 2.371
2.676 (2 'A") 2.677 2.587 (3 1A 2.592
Singlet 2.676 (3 'A") 2.677 2.801 (2 'A") 2.806
3.130 (3 'A") 3.132 2.843 (4 'AY) 2.845
3.636 (4 'A") 3.638 2.996 (3 'A") 3.002
4.266 (5 'A") 4.269 3.133 (5 'AY) 3.136
4.272 (4 A" 4.272 3.429 (4 'A") 3.434
4.282 (5 'A') 4.285 3.632 (5 'A") 3.637
0.000 (1 *A") 0.000 0.0005 0.001 0.000 (1 3A") 0.000 0.0007 0.002
1.019 (2 3A7) 1.021 1.021 1.022 0.508 (1 3A") 0.511 0.513 0.515
1.201 (3 3A") L2711 1271 1.294 0.851 (2 *A’) 0854  0.857  0.857
1.293 (1 A" 1.295 1.313 1.317 1.545 (2 3A"") 1.548 1.551 1.570
1.476 (2 *A") 1.475 1.478 1.478 1.668 (3 3A") 1.673 1.673 1.673
2.361 (3 3A") 2.363 2.363 2.364 1.793 (4 3A") 1.797 1.797 1.797
2.945 (4 3A") 2.947 2.947 2.948 1.984 (5 3A") 1.989 1.989 1.989
3.119 (5 3A") 3.120 3.121 3.121 1.997 (3 3A"") 2.001 2.002 2.003
3.462 (4 3A) 3.464 3.465 3.466 2.089 (6 3A") 2.093 2.094 2.094
) 3.467 (6 A" 3.470 3.471 3.471 2.100 (4 3A") 2.105 2.105 2.105
riplet 3.471 (7°A") 3473 3473 3474 2.112 (7°A) 2113 2116 2116
3.743 (5 3A) 3.745 3.745 3.745 2.653 (8 3A) 2.658 2.658 2.659
3.753 (8 A") 3.755 3.755 3.756 2.707 (5 3A") 2.711 2.713 2.714
3.990 (6 3A") 3.989 3.990 3.994 2.779 (9 *A) 2.784 2.784 2.784
4.000 (7 *A') 4.003 4.008 4.008 2.783 (6 3A"") 2.787 2.788 2.788
4.419 (8 *A') 4.421 4.421 4.421 2.934 (10 A7) 2.939 2.939 2.940
4.435 (9 °A") 4436 4436 4438 2.943 (7 %A") 2048 2949 2952
4.436 (9 *A') 4.438 4.440 4.440 3.144 (8 3A"") 3.150 3.151 3.152
4.536 (10 3A) 4.528 4.528 4.539 3.301 (9 3A"") 3.305 3.306 3.306
4.540 (10 3A"") 4.543 4.554 4.557 3.338 (10 3A"") 3.343 3.343 3.344
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Abstract

In this study, we use first-principles calculations to investigate the geometry, the electronic and the
magnetic structure as well as to propose the laser-induced ultrafast spin dynamics on the tubular FeB,, and
FeyBy clusters. Our results show that the FeBy, is a stable configuration when its Fe atom gets preferably
adsorbed inside the By, tube, while the Fe,B,, is more stable configuration when one of its two Fe atoms is
located inside and the other outside the boron tube. In the latter cluster, due to the higher number of d states
introduced by the additional magnetic atom, the density-of-states in the low-energy region becomes higher, thus
leading to richer spin dynamics. The different local geometries of the two Fe atoms lead to a multitude of
many-body states with high degree of spin-density localization. Based on the calculated ground state and
excited states and by using suitably tailored laser pulses we achieve ultrafast spin-flip and spin crossover
scenarios for both structures. Besides, the spin-flips reach a high fidelity (above 89.7%) and are reversible, while
the crossovers have lower fidelity (below 78%) and are irreversible. We also propose an ultrafast spin-transfer
process from Fe2 to Fel for Fe,By,. The present investigation, in which we predict various ultrafast spin
dynamic taken by magnetic atoms absorbed inside and outside of tubular boron clusters, is expected to provide
significant theoretical guidance for the future experimental implementation and the potential applications of the
relevant spin logic functional devices.
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