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Fig. 1. Schematic illustration of advances achieved in experimental study of single-molecule magnets, using the works reported in

Refs.[14,19,20,22,24,27,41] as examples, and more comprehensive coverage on recent developments of SMMs can be found in recent

reviews[17:42-44

I. It should be noted that the blocking temperature of 100 K reported in 2025 corresponds to the temperature at which

the soft magnetic hysteresis loop can still be observed (see Ref. [22] for more details), instead of the highest temperature at which

the relaxation time reachs 100 s.
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Fig. 2. A typical machine learning workflow.
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Fig. 3. Schematic diagram of the current research status of machine learning in single-molecule magnets.
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Fig. 4. Schematic diagram of the double potential well model and magnetic relaxation process of a single-molecule magnet (Repro-

duced with permission from Ref. [43]).
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Hop ASRORTE BO ST T % 58 T b A I AL
(scalar relativistic, SR) & 1E & WA % i &, HSOC
SRR G IS 2 Wi, 7 Breit-Pauli IRl F iy P2
ﬁmszEAQM@_f;ﬁ
x Ly - (8 + 285)

_ Z fALZl-C_SOC + Z§§;7SOC’ (10)

i#]
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Hola = 74 x o FEFARXT TR FAZ 4 fA sh i,
8 METFMATEELT, L =iy x pi NET i HIXF
THLF R

FETHR T N Z e B RS AT RS iff oK A DL
B AR R A T X TR
&, Bl ERAE T E R A4
6 M 25 1) {15 % 77k (state-averaged complete
active space self-consistent field, SA-CASSCF)
B 22 2 28 SR I8 SR A A 12 RH 0T 38 e 23 0
KA EAE % 1 A iE-PUER S (state-intera-
ction spin-orbit, SISO, X F XA ol 2242 H. 4y
TR, 24 SOC st L2 EERIAR),
X 7 1 S5 71 %85 B2 92 bR BEHE (broken-symmetry
density functional theory, BS-DFT)%4 g | 2
N T SRR O Z [ sS El A S8 X T
H SOC TR 58 | Hi - SCIRALN B 5 35 0 B 2R 125 11
B Z 4% By TG VEIA &R BS-DFT —fBOR 370
P A BE DR, T 2278 U R B ISt A
Ry JT e 2 PR P 3 AL R ik = SEBR AT A7k,
FARE 1) 22 A S A2 T IRV R R R . JEARR,
B TFFEERY (quantum Monte Carlo, MC) | %%
£ 5 B F 3 AUHF (density-matrix renormalization
group, DMRG)"597 32 8 77 B4 A 7% (equation-
of-motion coupled cluster, EOM-CC)P3:9] 55 5fg 3
A2 R T o RGP IR R A B AT
5, ABR R F B GE, AR R R
PSR B E9 T H. 546, T aris s i
TR I BT RGBSR 2 | ST AR S BHAL
7\ 2 B RO SE AT, AR B AR R A T kS
TR AR AR & B TR A,
Y AR (AE AL 2R B RR.
v X 5 L) PRI, 2B 35 AT AT AR R Ge e 15
T2 B AR B i A HIS (density matrix embedding
theory, DMET)!" ) Z2 41 75 & F 4k 241158 5 1,
TEIR PR LI 25 T BB RRR T Bk E 2 2%
PRECEIE 7 iR BT AR A Dot 104,

24 BoFEEMBEENMNLERR
KLU, X Ha3 W ARt R A R A i e I
F Van Vleck!!” | Orbach!'% I Shrivastava [107]
M40 AT IR HE S A ME R AR, 2 A1 1 M H]
TR L ARG IR NG, Ao R ) 55
IRRBEE T HS LA, AR, bR AR R B

FET WAL MRS BT A et B 4 T 0, G 5L
B 2 J& BT ) R T REAR O ) B R 5 2 A 9 1
YHEGCH T BEARRE.

i EBES TR S S B  TREAR e 72
RER T IR F R Ge3h 12 008 ) — A AL 45 5
] s Ry FF i R S He A K B AR L T
AR A R 205 AR KB (ab
initio) T T FITIEH A A TE S TRV G AR N
BRI A 52 D010 g Ap ok 2 A BRAZH W 2 55 R
TSRS T S [1] 1 DA SR AR 20.50.52,112,103]
FERXEE T AR, WFos it x AR R (EERA
BFHEA) M ARSI S T TR &
1) CASSCF+SISO 55, FH LA#A A %80 A e v %
i ZHOC T IE IR AN T 4%, 45 6+
Z Y50 12 G Y Redfield J5 #2 8% H 3 07 72
UL 108) Fe 2 mT )P B 1545 2] B4 P AR st 7
ffiE]. BRI TR A A R S SR B s i 22 51— IR —
BRI IEAT, FT ELRENS 1A T o 74 sf 1] B 365
X tqiby =5

Chilton M & 1E# PO B Y AH FH M Sk 58007 ot
[Dy(Cp#)2{p—(Ph),BPhy }] K R Y Orbach it 1t 72
AT TS, & B %5 322 th 4 Jd - L A=) Sk i
R O 1) WK, Pk TGN
Fal A% 5 o B R R AL AT 1106, Lunghi
FAAEE b2 4L T IF Redfield HLE A
FRAERR AN 56 B 9 MRS 7 2R AT TAE
) FH A 30k 2 B 92 RS 7 3T T Dy(acac)s Y
FEFRE, [R5 R T RS DO UK Sl (R R bR
BERIE. TEZJE M TAES, Lunghil? Z & T84 H
TE A 2 2 k5% B R PTG J 1) 301 T 2 R, eI
£ AWHE PP R T Redfield 757 72 A i 19, 45
T Orbach i #2 AVt in /N NG 37 2644 F Raman
IR BGH R X TARbRARE A B TE s I 2= ot
A HE G AR ] 5 g TN ()P A, 1 R SR i T
ARG S5 —TER B T AR S5 &, B,
Chilton KA 1EH 19 i FHFF L HE IE TR MRS
7R FEREWFS, BRSE T 437 A A JiEsh 7
20 FE . ERE S BRI iz ek iz s
F RO T REVRIATTER, 3558 T A0 5T At
MO HL] A B 5. Reta 25 17 38 T — 2 %)
W Cp ¥ Dy B4 TR0 E SR, 8 T e
ANV B 12 F PR RE R SRR, S0 — 25 3 i $4 &
AN E SMM B fE. Mondal F1 Lunghi 118 5@
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AR — R SRR R st R R, W
T Orbach HL#| #1 Raman #L &9 53wk F, & 3K
RS I 7 — E FE BE B4 Raman 5t 750 72 524
& Orbach 4t #2, Jy SEgu A B2 it 1 sk i3z
(A M ATTE—2 % B Orbach A JiE it #4 %
D B O SR TR L T - e i e LU R ED 2
MapAR IS, X2 TAERR A B S TS0 b 25 U B
TR Uege CHET B IR, i — 22T s 1
AR e 7 238 1 o iR TR D AR S AR
AR,

Db sk 26 5 F g Bl 07 2E AH G LS i 5T A B
TR A eSS FH G SEMBR Z MR, BAR,
B T A it T 23 %) BRSO T %o T s 1
SIS ROWHL R, B8 FREARYERE A B R
. BJ:, CASSCF+STSO s 31 B A BR 1 T
WA TTEN . BRSSO TR THER
R MKER A Tt g )7 %8, Staab F1 Chilton!?)
B 2Rt PRAEA (linear vibronic coupling, LVC)
BEARL 5 fiftfr CASSCF BB BEAHZS &, 7T LA im0
DA AIES FRE G ISR S5, RS B
AR5l E LA R 25 40 kAT B B 45 R 420k
Mariano 45 120 L4205 25 i & [ i1 R G280
FIERELR, T8 LA IR SR S AR L JRe T e 4 it )
J A A ) S EIOR RAF 3R SR B RN ) 77, W LA
e T A 0 A s i s R B s Bk, A8
AT Bk FE A BENE R, I8, IR A AR UK
RRB L= T T 0 T e st i i BRI AR AL,
DIBEARIA MK B85 16 A 11330 AR 01211221 14T
ARG SO e J o AR S

2.5 BT R

BRSO FRE N ER —B] Mn), $EEIE S, HK
JECEA 30 A 4. RS ST LB 4S
H— 28 BT R B AR RN Hh AT TR e
HTLUE X T R RS D R 3d B
T, 76 DAZRIEOL T, R RIS A e S8
K, HABREIE LR e R0BR . B P —Ht
BT RGN (M} FRAF 2T SR E Y,
H T4 I SR, HEREREIE iU R 225
i€, AEE BB BAR IR 248, It PR AN ] 4
HLUO RIS G R R AT, S8y T8
KRG AR 2, B DAEAR/N. D5 ST
AR R RPN T B2 0 0 1 W AR 129,

JERNBEECRET LS EAR, BT
AR, SR E THNE d BT RYHuE
ol i R E AR/ (D 038 M B i VK7, FiE-
YA G TEHRES, FEURZ T IE 4 R R R 45
] SRR, D R RE A Y R A TR AR R Y
BAAY R AR A ELAT A A B 2R 2 M
A7 2350 E s S A E Y T 2017 AE4RGE T — 2k
PEBCHL Co RYSEH, Uer 1A% 413 cm !, BHIZENRJE
Ty, = 50 K.

T3 — R VE R AT B B4 REAR R DL R 2
SO ERAZ LA BT R B R BN T
& T, ZHR IR RN, HIE A K
A VAR I BLIE F i, BERE T A B Y ) E-SLIE
#54. 2011 4F, Rinehart F1 Long!2% 42 T “H, -+
- R E R E S (K 6), M1 E TR M,
BB PR A B PR, e M, &
g e R B R B, 40 Dy3+, ZERla 51 ERIA
SR ECARTT IS K IR RE M 24, 2, &
My 75 0 KRR 57, W B S & 78
AR IE TS| ARG R

IS AR LT AT LA E P i R R S K 22 4
BBl R B B G R GRS DG R B
TAT DL A A T T T 1A S 1 R D s S T A
(COT?) H i [i] T5 Er3 ¥ i m PERE 205 T WG 1A,
M55 Dy B Aoz s D) 1 R AR 450 i 25 f 3 R 126127,
TR A AERE 1251290 D038 2 5 ) e 10 i ) e
PRI s R 1 BeiR Y, Mt T HAT 5836 Dy R
XS BRI Dy 8oy FREAR, ARl T KF
1000 K 8 Uy 2018 4, Guo Z£RUARIA T Dy3+=
B 3R AU B0 T BEIR [(n5-Cp*)Dy?*(n5-Cp )]+
([Cp*] =CsMes ), Ui # T 2204 K, BH 2E 5 B
T KIFIE N2 80 K, B UK 2 i W A B . 2025
4F, Emerson-King 55 P2 & B 1 X — 1] Dy .73
T WA [Dy{N(Si'Pr;)[Si("Pr),C(CH;)=CHCHS,]}
{N(SiiPr3)(SiiPr2Et) }]*, #Efi B FBHIEIRE T, 15
F 100 K. SR MITERLLL o FREARIR R b, R A
TSR T3 1 Uege , RO ICRHZEIR B T3, Z04H Y
IR 128 0% BT A 5 R B SR T, (A Ueee AR Y
PRZR 23 SO R F [ e TR AR L Ueee U E
PRZ A T, 130,

ITEAR, XUAZAR 3R A5 TR T2 BT
T AR R BRAEEROR N R G RS 2F,
BHAR T H T, i — 28t . S b5 AR
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43 44 4f5

|£1/2)  [£3/2)  |£5/2)  |£7/2)  |£9/2)  |£11/2) |+£13/2)

bO GO 6

Nd3+ Pm3+ Sm3+ Eud+
4f6

E (b)
£

Gds3+
4

|+15/2)

6 (a) AR =NF LB TR 4t B T ZRE; (b) BT a- RS R Eie A SR, B (a) 510 B3k [125], | (b) 51 A

SCHK [43], BRI

Fig. 6. (a) The 4f electron cloud profiles of different trivalent rare earth ions in the ground state; (b) schematic diagram of the

“electron cloud-Crystal field Adaptation Theory”. Reproduced with permission from Ref. [125] and Ref. [43].

P18 s 52 A5V P DU S 410 ) 3o ol bRk ot 750 A )
ARCEFBL. Blnredl s O B NS HRECA AL A
H BT IR ) RURZ 3 90 4 T LA R B R < J T 5 v
ARV T 55 A 1 S e A A s T R B
i Il e T 1 (152338 Ortu 55 B34 3 4+ SCHAIER 143
ERLILONG S VT IR N A S T P O R e
FEAEFA B TR 2 o0 QTM i R,

3 4t EAOTFHAENILESES T &
R

MR O A BE i RIE R B AR B R, PLAR
27 2] D7 oy W27 2] (supervised learning),
JE Wi 2#>] (unsupervised learning) Fl 5 £k 2% >
(reinforcement learning) = K&, Wi 27 >) & H Al
TEAL =R BB 2 v h i B )z R o7~ T
2, Tz IR R E D RE 7 E 25 - hE
KF, TS B e BB B SN B YR I
FR.TEME 2T 55 b, UIZRAE 80 L i A -
Xy (2, y) WIEZURBL, FIA o WARCHRHIE (fea-
tures) B¢ i IR FF (descriptors), f i y W HK H 45
(target) A8 S o AR (labels); HL8 5> 19 H s &
ST ORI A RS B AR R 8] A E
XV E AR, ST R A A BEAE TITI XT  1Y
B T TR RN o3 T A R R AR AR AN
T FE T | e A AR ) S I 4 AN P S A X R
PEEOR, U XS 23 F B RHAR R LS5~ 7 ik
AT 55 R AL R B AR R PEEOK | RIS AT fE
A HIRE 387K (molecular represen-

tation) !5l PRI, AILAR A% ] AR B R HE L &
AN ARL, A BEREAAAEAR Z ] REAYIEHE, I
Xof AN [R] ATL AR 2 ST BT 5% o0 T RE AR B2 2
2GR REL AT LAy R JLRZE: 1) B3 1
KB BLER2: 2 J15; 2) BE R o3RG AR P o 9
WAL 7 B, 3) LR AN R BLE 7 ) 5 52
LA 25 0] o SRR 2T REVE A R B AT 125

3.1 BoFHERRXHEES

RO AR AR L o > Y L. SR, H i
FEXTH R A S W B AEAR E AR, BB BT
T AR BB I ZR00) S hn R e, AT C A R PR g
I3 AR Es 2 P B IBO R CA IR 8 2
Sl T VB RS R S R AR AR . i pO AR
FRECIBF K F (Cambridge structure data-
base, CSD)®0, &40 2 T %07 > R BL G ) 1 54
2R Gl T CSD Y XS LA ST RN, nT
DTN GTEN R/ O Ay O L avTve SN W VR SR
AR | S A 2 SRS AR A B B BBl A 1971, 5
XF T BRI AR LA W) R BRI A — e R B, (3
AP B AR, IF Bk = RO R 05
[Pk, PRI T 20 B A e SR AT — UK e A
T.. Takiguchi 45 138 )\ CSD ShAR==50HE PR T 28,
T #5800 754 salen BLIR IS FREMA Y A RS,
P ST B4, = 4 EUR (voxels) fE M,
TR R BE 2 2T ARSI 25380 3 e SR ) Wi 73 1S 15
NG T RE, 2 D fR X o3 T A AT
P38 e AR B AT RS BRI T REAAR, PP AI
U BAS AT e PR PG AR. TESRUESE AT,
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X TR0 s 2 1 R RE B T REDR, FI50 8%

A 70% BIUER RS T =) ﬁ'ﬁXHDJfIJﬁIJ%%ZA$1E§
STRIEERY, SEI AR A HOE EATR M, BN
EATREF T REAEE.

Duan %5 B39 ££ 7 2003—2019 4F [a] £ 2 4
oy FRER B P B AL 2= R, X 1400 N2 R R BIRE
AT T Geit, PR T —A TG 7T 28 B 8
JF SIMDAVIS. 8 EE & T — o F ik
W =M R BT (Pr3t—YDb3) DL AR
(ZFRPR B RB L S PR RO S ) R JLA (S
SUBCAE A RV | DOy e 5 ). 1B B
RS 8K, A A4 | REBHZE R | I
LR 5 A T LA N N N E A= (=5 G T & ki
SET AT TV R 05T R ST R BIR AR,
AT DIAE RN 2 ) B A U (U R T S50
TREI Bl DL SRR AN R 52—, B4
KEFH BRI NS TR Y.

Holzer %5 M0 38 1 @b BE TR L T A%
R R L AT R T AR B
T 15 MR ITTERY 17269 D =M RS Y. 1T
R A PBEO-D4/def2-SVP EAT JLA &5k £ Ak LA
K wB9T M-V /def2-SVPD dEA7 B 5 AETHE, KHL
T HOMO/LUMO fig4k . ZFhE I JEF-Ffi | 18
B B A3 L ST Ak Y e 5 80 B A A
B, AT DL 5 R B A 3 A o ) S s 2 )
SRIRET. 34N, B AR B e Y
SRS, BIXS T [l —EEAIAREE, T i &R
TCEAERTOEFRBC S YR, T UHT
ENGEEES FEN LY AP S EN B

EAR RN, TPk NS4 IR THT
F ol A s I 4 e R R L A 25 AR Y, IR
P ) 245 molSimplify! 1 Architector!"*?. J5#
,\aﬁ%‘%ﬁuﬁﬁam;-:ﬁ BeiA{5 Bl SMILES #

AT, R R P i FR D - B R 938 b Ay 8
BCAAR I 25 62k 200 B R 4 77k GEN2-xTBIM {1
PR TE PR AR A7 B AT e . RO 8T AR
A IR R R L A asH, H =4 R —
shikae i NS BRI AN RF S, ol LR IR 22
T I L X T H B AR 2 Sk AR TR A E
i i [140,144-146]

3.2 SHWBRSTFHERNRES 135
HLAR2# 2J# (machine learning potential), {1

FrALAR2= > 713 (machine learning force field), j&
H i ARl e Ry T2 DG A1 T A Bl
2 2] Jy ik Tl HLgs s S R R T — MR R
SRR A B AN L 5 A0 - e 1 X N DG R LA
2 )RR, BefE XTI SR 7200 ma Ak 2e s ] rh
T RLE, DSBS 71 A0 slom = i 5
BAS AT 5 77 R YNGR i T 26— PR S 7 VR A Y
SRR Y PRSP SIS B N R )
ACSERORZE A Pldns I BFT TR A4k 22 25 ]
M ZERAE R | PSS T 2 B TR s R
5 8l 7 2Fad B R SERT AU, SR (Tl S A —
FE, VIREE R i (RS ) 5 HA 15 1 Ak 2 25 o)
FlgeE T HLgR > 1 5. IR ALEs
> SRR G BE T 45 28 b A R R E T 5
TS — R R A T I, PRI S R
W EABR. AR, TS T A R N 7 5
FIAS [k 2 20 A4 2 38 FH AL #% 2 > 3 (R “ K
JiF LR (large atom model, LAM) Al A 1% 4 45§,
A O AR s (o0 fEL2: S IR 75 4 T 2R A I SR AN
JIT A 0L FH s e A RS 4DL A 38 R PR 27 >0 15 8%
FETEE R BYHRAR. XT38 501 REARTE N By 8 4
J& AN R 4 SR B A R R PLER 2= 2 3, BT R
PARR IR R . T8 H T 774 135 4%k
5 1) %% 7 pR AR 7 VA AR IR 5 O HRAAR R B AE AR
PRIXGE, VIZRET X5 B FREAAE N I &8 S
R 4 B A IR R IPLES % S T TR b e —
AR AL BB B, T R AR R SCRR A R A
X LA~ B AR sl CHA AR SR R PR3- 2] 1135 T
VESEAT (T BB VTR
Lunghi I Sanvito!'") ¥ & T HF1E 4B 43 Hr
P pREL (spectral neighbor analysis potential, SN-
AP) BBLARA: > SR, IR LN e 21 0+
AR 2 B PR AR 120122091 1 R A HL A2 >
T1 IR —#E, SNAP BRI R RHAR R Y SRe i o
ff R A I RE I ZFN, T4 R R 2 R AT DA
B XG4 (bispectrum components) AYZEPEZH

&, HpGE s i R AR AR S8R 4 . B
KRR FIA
Nato
E({Ri}, {a;}) = Z ({Ri}, {aj})
Natom N2y
ZZ ol BY(R (11)
l J
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o o,m Oy Dy Dy Ci Duy Ty

100 100

(a) —e— Training set (b) B Training set (c) B SNAP (N = 1k)
—=— Validation set . I Validation set B SchNet (N = 1k)
7 3 Test set 7 Test set ’T“ 100k SchNet (N = 50k)
S0k 2 107 E
< % & g 100F
~ ~ g
B o2t 2 o192 d
z 2 s 107
10-3 * . : 10-3 10—2
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FFR S S

102
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\Q‘ZJ\@Q\Q@\QO \éx@q

E 7 (a) [FeClg)* B9 FF 223 ik, Y\ 2645k DFT iy 3 fe 2 i) iy 3507 A% 22 (RMSE), 3810 42 AN i 48 eh 4 18] 79 200 414 784
I, B SEBLT 0.015 keal/mol 1 2 A 7T 15 2% 5 (b) SNAP HL#% % > X4 T8 HLAE I 4 8 B A 90 47 T AT T DFT B9 8UE
K52 (c) SNAP 5 SchNet HLAS2% 2 FH7E MD-17 M4 i rERE L &L, 1 A Sciik [114), B 3RS BEAL

Fig. 7. (a) FF learning curve of [FeClg]*, the vertical coordinate represents the root mean square error (RMSE) between DFT and

SNAP force field energy. The validation set and test set consist of the same 200 configurations, ultimately achieving an asymptotic
error of the 0.015 kcal/mol order. (b); (¢) Comparison the performances of the SNAP and SchNet in the MD-17 benchmark set. Re-

produced with permission from Ref. [114].

SNAP 1R+, TRk GitiiR 240 B AR
FH R[] Bsf T DA SK 30 38 e 4 B2, O LW e A A X
FRYEZLR. 207 IR SR sh S TR, VE& %t
X BRAN 43T 1 B 25 A AR 25 44 SR ML AR 3, 1 I
11 DFT PSRN i I ZR4E. i A in il 2542
Y5153 2] MLFF #1753 13 )12 (MD) £ 4l
ARECIE B3 I R AR 1A G2 014 L J B i A DI 2B v
Ik, EERAE—HE MD NS, R
T I UEIZ T TR Sl M, VR SR A [T 5
TG T CHy. [FeClg® . SR FIA R Y
MLFF F-0038 T 3% 71 5 % 43 1 ot %) 4l 4 A 8
( 7), BT T AR S5 5. 2B 2B, %
J5 A PSR IHRS BE 5 ph 25 2% (NN fY
KEEEAR S, I HLAT LR DG AN H AR A7
B Se R

BRI TAES, Briganti il Lunghil'*2 ¥ SNAP
PRI 5 — o I 2R M [ A E PR A T AR s R
e I HESMZE A, BT R AT RE A ikeE
AR E R T30 112 (MD) i ifa e 114
ZIT R IR OBIHTHE T S A M B E R 3
TINGIRZET % (s.) SHPRESEL (6) WA
TE N M Kpresh = 6 - 5, HIRERYBEAFHER BT 4D 5T
AR, BARGE R, s F el 1w iR )
B AT 77 22 s2, M 5 > kypresn I il 2 26— R
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WS D-fe et AR vEN, £t MLFF i3

B2 2] BEGE T RE LA, FE xMDLT a4 B
B 5] PLAR . VO(dmit)y. Cr(ppy)s 2011 59303
W, T AT 20—150 M EY BN AT IR b 2ok
& (BEH# RMSE < 1 kcal/mol). X T4 /8l &9
543 K 2, Briganti il Lunghi $2 iR & I 455K
W SE A B R WO R RE = 5 B Y TR,
it pe 4l I 25 5 B ) {8, i Cr(ppy)s S5 T 5%
JRAR Z IR RERE . 12T IR T R URAE, X
PHHEERW AR Row  BUGE w SHI(H 6 =38, K
TRREACN T TALAS, AW ML 3R 5 Ab 55 45
BT 1R R T sl R R T .

3.3 SIS BIIRFEI T E

XF TR 2 3 R A Ol i AL
TITRG B B4 TR, WEAcH28 (B0 (7) i )
KA AAER. NS A B, #EACH S5
PYHERR T B A = B PR, i 2 L AR R kR
T AT T B sR NS RN sR B TR
12 89981 FEE T R BB AE SR Y, J A AR
T A B AR VRSB 7, i A R IRAS
SRR Z A Y 25 AT B g, LRI B s SRR T
SE 4 IRz BRI AR 38 Y JR 38 FE I BL (local
density approximation, LDA) 8 ) S 6 & it I
(generalized gradient approoximation, GGA) &
45 e PRAR TR I A R, R A5 — € 9] Har-
tree-Fock K5 54 (1 232 112 R 3% J& T Hubbard
UMBIEY LDA/GGA (B DFT+ U)!153:154 n] 747 >
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Hokak ) (H e i 4 AT UM AR T Hartree-
Fock T i lbHE 8 Hubbard U K/, 7EE pREL
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TARR, WEAH S50 P S0 2R R 7K Y
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VERBLAS 2 2] Ik i T4 F WG PE AR R 1 B
W22, Dam 55 199 £ %6 — 28 BLAG W A8 37 7 (A
Mn*+(Mn®*); Ho3FREA, SR LA > 7 ik
FEERVA Ty G ] W NG R 15 EA e S e L]
06 FR. A AT T 2 10 52 56 R E 1Y Mt Mngt
(151 )3 (15X 75 (dbm); (L = O, X = Cl, 7 =
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Jp ). Dam % 59 SR ] T LASSO IE U fLZE Bl
VE AL 2 IR 0 B8 SR IE R AEAR Y 1) 15
RS B2 . W50 3R WIASUAE FH PR fy T 1k F - 45 4
fE (H AR LS FNER) YIRS J 4 p AT
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0.9). AR F F—LepRifE B s - Hr 8 5 48 T A
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MBTR SOAP

[ Z5 A RRIE Z (] AR OC I, R BB LAL B 5 A,
BIAIFEES dap WINRHIEY) Jap RIAHSCHERCR, 6T
A LU 348 BOX A S5 4 S BOR BB Y e 1 RE
SEJ7 AR Mot (Mn®*); B0 FREK.

Bahlke 45 17 °F 2020 4F4H 1 — 0] 5k T2k
UA A1 AT T B2 M1 (Gaussian process regres-
sion, GPR) W53 XU Cu?t B &9 Hh G 3 #1540
P BLAS 5 2 7 . AT EEAR 73 42 [Cug(uo-
X)o Xy|? Al [Cug(p- V) Xy * K, L HE X = F,
Br, C1 A TTREZHEM Y= AcO, ox; oxy, MeO,
OH , MAAR 1 257 PAUZBL 5 4H4, i DFT
(BP86) AT 4 A4k, I f A& bR ek 505 ik 059
TEAALZ PR B3 LYP /K- EAHRAR3] T2CS40
J, R B IC N [Cuy). FFH A T TUZEH
WAF, 4 JE SOAP ., 2k it £/R (many-body
tensor representation, MBTR). Z {4 AH H.1E F
RAF (Fop Fl Fop + Fip ) FLRLALESHIFIAST Ang+
Dist, J5#4 H Cu—Cu Ml Cu—Cu 5 Z 403
PG BSOS A C A S B sk A B A A AR, AT T
TORTE) B A% R AR, LA T A (LR AR 1) o
radial basis function, RBF), Matern(1/2) #% (i
PR AP HTRZ) . Matern(3/2) #%. ¥ [Cuy] B
B4t 401 J7 2R o R - GRAR HEA TR AL 5,
Frig g K& 8 fras. I LLE i, BR T Ang+Dist
FEIRTE, R EAZ R A GPR 54 % [m] A A
AR IR R I, FRAE LS M LU o 00 RO 2 ;
ffiH] Ang+Dist iR FFIE, 2Pk 8] 15 DL K i

95% confidence interval
Ang-+Dist

Q
3
=

AcO HAL  [OHOX AcO HAL

H 2
OHOX = AcO

Q

J/(kJ-mol—1)

Q r Q r
HAL  POHOX = |  AcO HAL  POHOX =|  AcO HAL

9 L 9 L 0
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Matern(1/2) ridge regression

0 10 20 30 40 500 10 20 30 40 500 10 20 30 40 500 10 20 30 40 500 10 20 30 40 50

Molecule of test set

8 SRTIAS TR 3 A 44 43 S A P v 0 e 2 [T 059 (L) R M0 [0 5 (F ) $000 3% Cu BL& W0 4 T2 8580 5 DFT 5451 1

Hedsg, 51 A SCHR [157], B3R

Fig. 8. Predicted exchange coupling parameters in a set of dinuclear Cu(Il) complexes obtained from Gaussian process regression

(upper panels) and linear ridge regression (lower panel) compared to the DFT results. Reproduced with permission from Ref. [157].
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Density of points
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BIZH A 3L 5 MR R AT, K VI ZRiR 221 0 BAR (AT LU AR A SCibik [144], E AR
Fig. 9. Scatter plots and error distributions of the predicted values AFEj; obtained using different descriptors and the DFT calcu-

lated values. Five descriptors including one-hot indices, SOAP and chemical features, as well as their combinations are tested, and

the training error is compared as the ideal value. Reproduced with permission from Ref. [144].

RBF ) GPR RBUH 22, i FIHABZ KU GPR
5 A Y ANEE S5 5R. h T R ARz fb e
AT — 2 T RIS 5 AR [Cuy) 4
A E 2RI Cu BES YW Ge J1, KA
(] IR A B e MU [l D AR 1 R AR AN ER AR,
A LA Ang+Dist A 5 R4 .l 1l Matern(1/2) #%
) GPR 45 th L Ase o] 5 () F

Ren 55 M4 i FIBL E #E FF (gradient boosting,
GB) FIBEHLARM (random forest, RF) Hl#F2%: 2 &
ARG R T WU Co 4+ HF vy e 44 F 2 55 4
LA RE AE, Z R CFR . AATASEE G i
X% Cu(Il) H5r b A Coy(CsNH,),(1-PO,(CH,
CeHs)o)s i %, it BEME A2 B T 1081 M HA
AT iy B LA ZH 5 1Y Co? UL & IR 4K
PEAE. Ren &5 4 25507 = PR SF: 1) AR
BCIARZH A AU FLARFE IR B (one-hot) Fifi; 2) RAE
WA S5 5 57 1 JR 30 45 1 1) T i S i A R

(SOAP); 3) AU fF it f&k HOMO, LUMO BEH, fir {4
SA LS SRR R R R A2, L]
SUICEE NS BAATT. HAMNE% & T ik
205 B HRTTS one-hot DA SOAP By4H 4G, —3k
AT 5 AUATE. R T3 I IERAEAS AR
R PERE, S5 RWIE 9 fis, TTLAE R R
25 R B AR, R B TR S B R Y
HLRF ST AR RE G L T HA A Y.

3.4 SIXBRERESHNNREFZIFE
UNFTSCHTIR, A5 0] S R DR BT R
REMERARARFNE. S 3RAR S ] RE = Ik B S 22 1
PHEEIRIE , BTG T Z A R n] RE s 1 2 il i
A e AR R, RAES TS 1 SRS A
HATSRRFIE. X T3 3d i P48 1 503 11
R, LA 1) Sk 2 2 203 24K D 3RAE, T
0 2 B R A 5 1) SR U A R R 2 2
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1 1 1 1 1 Al |xx 1 1 |V‘< 1
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T2 from CASSCF/cm~! 0/rad

El 10

(a) FIZAE AU T 5 CASSCF 1330153 T2 (H A HE 7R, R B 1Y A3 T2 E IR m 4i; (b) BRI JERE 55

AR Y IE, XTS5 R BEALE L 0 ff e, T LA SRR B FRERS SR RO 45 R TSR R T2 B 58 Al L BERE AR R X R OC &R B 3

fik [160], C RS HB2AL

Fig. 10. (a) The correlation between the predicted value of this model and the T2, value calculated by CASSCF is presented, dots
of different colors represent different m components of the T2 value; (b) Verification of the rotational equivariance of the model.
For the random rotation # angle of the structure, it can be found that the T2, value calculated by the structure before and after

rotation completely meets the corresponding relationship of the rotation matrix. Reproduced with permission from Ref. [160].
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(a) B D fE-5 MK THEE D EAFIE & LA, B AR bR 2 M T 45 M RO TE 28, 4510 1 D B 20 A 7 2343 2 RN R -/

Hil; (b) B0 DAA (zfh) 5 KI5 DAE (y3h) AOBCE, AR BE R SRR R B AL RS 1. SRR [162], B 3R1HRAT
Fig. 11. (a) The box plot of the comparison between predicted D value and the D value from ab initio calculation. The horizontal

axis represents the coordination number of the structure in the test set, providing the interquartile line of the D value distribution

and the maximum to minimum range; (b) Scatter plots of predicted D values (z axis) and D values from ab initio calculation(y ax-

is), with dots of different colors representing different coordination number structures. Reproduced with permission from Ref. [162].
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Machine learning in theoretical study of single-molecule
magnets: Current status and challenges”
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Abstract

Single-molecule magnets (SMMs), as a class of advanced molecular materials with immense application
potential in high-density magnetic storage, spintronics and quantum information science, have attracted
extensive attention in recent years. Over the past three decades, experimental synthesis of novel SMMs has
made remarkable progress: the effective magnetic reversal barrier (Uer) and blocking temperature (75 )—the
two key figures of merit characterizing SMM performance—have been pushed from the initial values of 42 cm!
and 4 K to the current records of 1843 cm ! and 100 K, respectively. Despite these advances, the practical
device-level implementation of SMMs remains highly challenging, most notably because the blocking
temperatures achieved so far still fall far short of the requirements for robust real-world operation.

From the theoretical perspective, ab initio quantum chemical calculations play a central role in the study of
SMMs by enabling a microscopic understanding of magnetic relaxation mechanisms and the establishment of
quantitative structure-magnetism relationships. However, an accurate description of molecular magnetism

requires high-level electronic structure methods that can treat strong electron correlation and relativistic effects
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with high fidelity, which leads to prohibitive computational costs, especially for large or multi-nuclear systems
and for simulations that must probe long-time spin dynamics. In this context, machine learning (ML) offers a
powerful complementary route to bridge the gap between accuracy and efficiency.

This review provides a comprehensive account of ML methods in the theoretical study of SMMs along the
entire chain from data to models to applications. We first introduce the basic concepts of SMMs, the physical
picture of magnetic relaxation, effective spin Hamiltonians and their parametrization, and the current status of
ab initio approaches to SMMs, including recent developments in first-principles spin—phonon coupling and spin
relaxation theories. Building on this foundation, we then systematically survey ML applications in SMM
research from five interrelated perspectives: i) construction and curation of SMM-related datasets, such as
databases of lanthanide complexes derived from experimental measurements and high-throughput quantum
chemistry calculations; ii) development of ML force fields tailored for molecular magnetic systems, exemplified
by SNAP-type potentials and related symmetry-adapted representations that retain rotational, translational
and permutational invariances while reaching near—ab initio accuracy; iii) ML models for predicting key
magnetic quantities—including magnetic anisotropy tensors, zero-field splitting parameters and magnetic
exchange couplings—using physically informed descriptors and, in particular, covariant ML architectures that
respect the tensorial transformation properties under molecular rotations; iv) ML-assisted spin dynamics
simulations, in which ML force fields and ML-predicted spin Hamiltonian parameters are combined to efficiently
evaluate spin—phonon coupling and relaxation times over extended time scales; and v) ML-driven SMM design
strategies that integrate high-throughput screening, automated quantum-chemical workflows and data-driven
optimization in large chemical spaces, including frameworks that build open databases and couple them with
ML models to identify promising high-performance SMM candidates.

Across these topics, we emphasize the core methodological ideas and emerging best practices: the design of
symmetry-adapted molecular representations for magnetic systems, the strategy to reduce the cost of generating
high-quality training data, and the construction of closed loop that link electronic structure calculations, ML
models and screening or design tasks. We conclude by summarizing the current opportunities and outstanding
challenges for ML in SMM research, including data scarcity, transferability and interpretability of models, and
the extension from single-ion to multinuclear systems. We also highlight the promising outlook for ML-
augmented spin dynamics as enabling technologies for the rational discovery and design of next-generation,

high-performance SMMs.

Keywords: machine learning, single-molecule magnet, magnetic relaxation, spin-phonon interaction, ab initio

quantum chemistry

DOI: 10.7498 /aps.75.20260221 CSTR: 32037.14.aps.75.20260221

140701-22


http://doi.org/10.7498/aps.75.20260221
https://cstr.cn/32037.14.aps.75.20260221
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

BAO-FREAEBHI R FRVSREI N E: IIREPER
N GRFAE REL EIER BB

Machine learning in theoretical study of single—molecule magnets: Current status and challenges
SUN Zheng ZOU Zilong DENG Yifan = WANG Bingwu  JIANG Hong

5] Fi{ &, Citation: Acta Physica Sinica, 75, 140701 (2026) DOI: 10.7498/aps.75.20260221

CSTR: 32037.14.aps.75.20260221

TELR T2 View online: https://doi.org/10.7498/aps.75.20260221

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

AW TR AR LA DT Tk
Machine learning in molecular simulations of biomolecules

WFEEEAR . 2023, 72(24): 248708  hitps:/doi.ore/10.7498/aps.72.20231624

S AR S B AR MK BT M X HE/HBH Y CUNa ™ CHIR Sl R 8 000 Bl
Combining machine learning algorithm to improve prediction performance of ab initio method for vibrational energy spectra of

HF/HBr/H>CI/Na*Cl
YAz, 2023, 72(7): 073101 https://doi.org/10.7498/aps.72.20221953

PLES I WRRE L 45 F T JE . PRl S5 i

Machine learning empowered electronic structure calculations: Progress, challenges, and prospects

WIBEAEAR. 2026, 75(1): 073101 hitps://doi.org/10.7498/aps.75.20251253

PlLes kT3 )
Quantum dynamics of machine learning

Y27, 2025, 74(6): 060701 https://doi.org/10.7498/aps.74.20240999

HHFOHR AP RIBLAR )

Machine learning for in silico protein research

YIBR2EA. 2024, 73(6): 069301  hitps://doi.org/10.7498/aps.73.20231618

ST PS> B HARR SR TR

Single shot imaging for cold atoms based on machine learning

PFEEEAR. 2023, 72(14): 144201 hitps:/doi.ore/10.7498/aps.72.20230449


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.75.20260221
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20231624
https://doi.org/10.7498/aps.72.20231624
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20221953
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20221953
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20221953
https://doi.org/10.7498/aps.72.20221953
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.75.20251253
https://doi.org/10.7498/aps.75.20251253
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20240999
https://doi.org/10.7498/aps.74.20240999
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231618
https://doi.org/10.7498/aps.73.20231618
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20230449
https://doi.org/10.7498/aps.72.20230449

	1 引　言
	2 单分子磁体的理论描述
	2.1 单分子磁体自旋弛豫唯象模型
	2.2 单分子磁体的有效哈密顿量理论
	2.3 针对单分子磁体的量子化学方法
	2.4 单分子磁体弛豫过程的从头算研究
	2.5 单分子磁体设计策略

	3 针对单分子磁体的机器学习方法研究
	3.1 单分子磁体相关的数据集
	3.2 针对单分子磁体的机器学习力场
	3.3 针对磁交换参数的机器学习方法
	3.4 针对磁各向异性参数的机器学习方法
	3.5 机器学习辅助自旋动力学模拟
	3.6 基于高通量筛选和机器学习的单分子磁体设计

	4 结论与展望
	参考文献

