Acta Physica Sinica
B FHAIRRM R P RNEEZE S RA RS HE
by *

PhBLF AT OMEAT R T

(AR 75 TREERE, AR TR E X TG, JEst 100871)

By AR RN — RAERLMEAA A 5 B 1 A5 B R S A P LA K Y RIS (0 e HEA RHA R
LRS! T2 R B R8T AR (1 SE 98 & BT FUAE I 25 = 4R RIS T4 08 H 2R,
RALH > T HEARTERE A R B SR A B 28 Uy MBEFHIEIRIE Ty, M FHT 42 cm™! F1 4 K
T RBETHE] T EGHT 1843 e~ A1 100 Ko SR ANLL,  SCHLR T TRV a5 A A R AT SR i i
RGP, Rl 2 Hh P ZE IR AT AR AR TSP N R 2R o MK BB A A v SR B AL R 00 1l
R T T R AR, WA RO I AR O L, AL BRI R R . (B, T
e Y A s 3R SRS P vt 2 AL B R 8 SR PR S8R AR X V8 28 ) b JEE B T AL 22T A
& ot I THSRLSA N LSRR A ok TARK IR JTEEoK,  BLas< 2 AL A AR R A 2 o
PG H T Z RN, ARG TR R BT AR AL T RS AR E L
T I THIRR AR S . WP SIS IR, AR5 AR AR AR . BT
DT HEVER RO SR 2 2] 018 o TSR B T AL 8 27 ST . Bl a2 >) i Bh B e sl ) 548
P FE T I R R AL A8 2 ) Hl B R T REAR VT SE DT TR LA 5 2] JT VAR B 1Ak
WEFMIBLIR, a8 7 HLER 2 SR SUR I ML S PR, 9 AR e PERE S 2T AT R )
N R

SRR WLEES), WA TRIA: RO ENe S THIER: MOLER T

PACS: 07.05.Mh, 31.25.—v, 71.15.—m, 76.30.Kg

1 5 7

b B ARR SR A R, ATTAHE B A R T R I ER . SRS G BN TR T
MBERHERIE I8 o O TR BRI AT 2 — U4 AR GEREME AR 1 AT Ak B T B T K AR R 7 1T ORI )
WO I o Rl RS 4 /N R GRS R, B IR RONKs o P B, W R HECKS: b T AP 8l i A TG
RS, M 2 A5 BB AE I BE 71 7). B3 FREAR (single-molecule magnets, SMMs), tHFR A5 F49K
& (molecular nano-magnets) ¥, & —28 A XA R FESFHE . FRE RN RE LRI G2 (R
) RSy AR, A5 LA TR NS BRI A T, AT T AL SERE A A R e R ~F )
BRI o BP0 A i 3 R A D B AE R AE AR IR A N R B Fh R 1 S Ve S B B A IR AT . RRAE

# [FETTMEE.

T B EVEE. E-mail: bwwang@pku.edu.cn

T #{E/F#. E-mail: jianghchem@pku.edu.cn

* ERHRBIFEE S (HiE5:12234001), dbaini BAARIEEESE: (LS :2252006)



Oy T REARYE RE B R I R b A2 WA 75 %4 22 (magnetic relaxation barrier, Uy) FHEFHZEIE (magnetic
blocking temperature, Ti,), HI# R w IRGE BHA LB, 55 € N7 1R I
TCAZ L ) BRI -1, S Y B 43T R AR S B B FH (V) B OB P A 2 — (12251 M Btk 4 90 4FAR Sessoli
S NRIE T 5 FRER Mnpp0,5(CH3COO0) 16(H20) 4 (— e Mnyo) B4 FFAE, ASKIA B sy
TRERE R ARGE A Rk DT B 1 FoR), FRESESES& 2 R R RAE U418 R R &8 i
ey 1022 RO I I SR A 320 B RS DL R A BT ORI E Sim ik R B A
Bk 7 LEAS BATAE T I B AR N 2 4b, S0 T REVR B G 1 7 7 R AR RAERESLIRIE SR 2021, A
JEH TR B2 AR R U B SR R I BRI S S, BRG] T AR T2 1)
Sy (13,40

B 1 o TRERTE Sk R B A, DAOCHR [14,19,20,22,24,27,41] FRRIE IR R N1, 40 1B TR
R S FITELR 74280 TR 2, 2025 FEARGE R 100K FH F 3 N 000 21 5 A ]
2ot s B (VE W SCHR [22]), T AR SRS s TR AA 2] 100s AR -

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 ['7*2%4 Tt should be noted that the
blocking temperature of 100K 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 (Reproduced with permission).
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Fig. 5. Schematic diagrams of various magnetic relaxation processes in single-molecule magnets. Repro-

duced with permission from Ref. [13].
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Gy PR IRI E] . BARTHR 45 R SEIRHER I 20— e — N E R A, T H AR A T it R
V) B FE AR A )

Chilton K &E# 200 1 YAl LS 7% [Dy (Cps)o{pi—(Ph)sBPhy}] 4 2K Orbach i ik
17 7UE, ORI TR EE - REERENARE R O ) W3, BRER T AR G N A R R A
TR EEMBISA I A B, Lunghi KATEH P21 $248 T HET Redfield PR 15t 7400 72 1) 1 A
H5E B 1 N SL BB 724 R o« AT AR R A R S B ek BRI T VAT T Dy (acac); HIAE 15, FF[H
5} 2% £& T B RIS IR Sh R IR S BRIE . FEZ R I AR P31, fhATT5 R T AN e R AL
AT 2 1B 15 5 R, TEARRH A AW AL R T Redfield 7 F2RIfAE 10, 71T Orbach i FEFji
/NI AN %A Raman I FRSHIRIE S . 2 TAEMR G H Best B30 /7 7B 50 M E SRR [v) 7 B F3000 1)
AR, BRI E T REE R 55H —HRE N LL KRS LA . 74b, Chilton K A1ER 110 B H#RH
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s R, s My SR KBRS, W ERt, WSS 1E/RE R 5] R

(a) (b)

K6 (a) NEIZMMLETRIES Af BT S35 (b) “H T m-mEyaEnnie” ~2E. K (a) 51H
B2k [125], Kl (b) SIHBSCHER [43], SRR

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].

PRSI P AT DURE VAR AT T K 25 S50 E AT 5 v i 17 X AR 2 1) B 00T REAR (RO BEAR DR R o 51l T B
SRR LA 7 B2 3 DU 0 T IE AR (COT? ) BMiA 5 Er®t R tERe 0 7#ifk, 5 Dy**
PC S I D P AR AT 2 S BRI (120127, B R R (21200 DS it 5] N 5 1 i o) P A 4 AL S5 1)
BaFRCRYs, M T BA 585 Dy, JREXTFRIER) Dy>t B0 ik, JEER] T KT 1000K 1 Uegro 2018
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FE, Guo A PUHRIE T Dy3t =R TS5 FHEA [(n5-Cp*)Dy>* (n5-Cp'=F70)|+([Cp*]~=CsMe; )» U
EF T 2204K, PHIEEEE T, KIEHE SOK, B IRFBIREMIR. 2025 45, Emerson-King %A 22 &)k
T X —H] Dy>t BAFREAR [Dy{N(Si'Prs)[Si(*Pr),C(CHs)=CHCHs]} {N(SiiPr3)(SiiPr2Et)}]*, HiFiR:
NRHZERE Ty, IAE] 100K SAT{ERELL T HIARR R, REAATREE R T U, (R IHZER
FE T, HIAHSME 128, R T AR mERE T, H Ug BARKER B8, X2 BT eSS FRAEmEL
Ueg BIRERRI T, 1199,

ITEEAE, SUZAR R B TR BT Z BN EN . AR SRR T E TS, S
TH T, B8t MR O 51N B (R A FH U0 2 00 ) 30k o Bt i st 740k 2 10 A R0 B (131
BIWERE S O Mr. N3~ MreliA L Bt MBI XU i U 42 i@ DL S 35 4 SR B & 0 #8231 1 s i)
F A8 B AE A iR A R R [l 26 JF 11 1192:1331 0 Ortu 28 A 134 383 SE56F B 1 207 18] ) 43 A - 1B AR A
HAEH. BB bET| PR AR BAEH LA 7 73R QTM 2R,

3 AR R THLREIALEE S ] AR

AR C A B BRFAEAN H AR 0] 8 A0 1, AL 2] D7 iR ) I 2] (supervised learning), FEHE
B222] (unsupervised learning) F5#4L2% >3] (reinforcement learning) — K. W E % )& H BIEAL2EFIM
BEREE R SO T2 MBLES 52 2 J7 0, T2 M F R BT 0 R 8 D R S8 A - TERE G R, HE T SO
R B A EARPERE R R . R E SRS, IR s D - o) (x,y) ITECHIIN,
I x HFNHFHE (features) SRR (descriptors), it (y) WARBE R (target) ZEIHFRZE (labels); Al
s I bR RET AR AR R S B S 2 A E B G R, BZNE ST 5\ BE% 11
DS Bt o T R F ORI R 70 T G B R R AR AN SR RS L e AN (R SR iR B AN AR P S AR
XPRRPEZR, PRI 701 B RA RALAR 7 21 T2 1) o AT 55 2 S S0 R SR AN R IR 2K L [A) I RAT
A5 B 22 5R I 73R8 (molecular representation) 19°1, [KIt, ML) MIEA B 22 4E . £oR
AR A BERHAFAER L AT RERIL S, TN REAS R LS 27 IR o S0 70 T WA AL &% 57 ST RIE 5
RECAT A NI T JLRZE: (1) #ER 0 TRERHINL SR 57 > J13: (2) B 70 T REAR s 5 Vot B0 AL 25 5% =)
B (3) Zia ANRINL A2 =) J7 1R SE AL A 2723 8] vp SEEHT 70T REME AR SR AR AL 0 12

3.1 B THAMAHEXHEIES

RGF IR SR ML a8 ST 1 2Rt . SR, E RTEE ST REC S B SR E AT PR, R0 B 50 Rl A
(RS TR I R D0 BE I PR o I A 110 9 o SR i e MK 2R 5000 2 R R B R S 5 2, B0 R 114
Xof RELE AR AL R R A . A AR R R SIMF S MBS % (Cambridge Structure Database, CSD) (129,
S THIIAN AR AR SR . BT CSD R X BHERATH R, AT ASREUH R A RS
P, FAIGER. BCATAAL, DLRBEK . A S OGRS ME BB A 1T 1o T RATT R RS
VIR SERRRAE A — e A B, (BRICEIIMTE EER, JFHRZ MRS R, KIE & ZX R
GEER AT R AN .. Takiguchi %8 A U381 ) CSD @A 2= 2504 i T 3k 1740 800 % & salen
TR 1) SR~ WA R AR AR S A R ST R 4R, (8 FH = 4EEMR (voxels) TESNARIN, JF R FHIRFE 2 S) B 81 45 1)
8 T I 0y TR N TRER, 22 S0 T 5 R AT VR 4 VP s AR 3 L mT S By
TS, VPO AR AN T BE A2 B 0 FREAR . TESRIFSE BREATINR, %5288 B S 20 m PERe B 0 T
K, FUNERLA 0% MHERZRS TEdrs T T A48 TR I Ei i, Sei BRI o e ik
P, BRENTRE A REAE .

Duan %5 A B0 I4E T 2003-2019 4F[A) 5 2 500 - REMR D BRAL 44005, X 1400 TR RIFE A
TG, JFR T — ARG, A H R SIMDAVIS. %8RS S 7 — B8 TRERIE M i =
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WABET (Pr3t~Yb3t) DLAECAMIE (R, BRI, EARCAAESE) FECAL LR (Lot A, AL
HE. D7 IREAESE) . ZBUREE RG-S 8, WA A% MIPHZEIR S . B s IR« Wt R
] LA S 2 AR A0SE . BRI N TV R TR S R A, B AT DU A B 2R 1 L
PR o (B BT SZ6 R B Bk 25 DL AR S AR EAS R G —,  H 48 Kk 2 B Bed 42 0 AR 2 38 i
Skt HERE AL

Holzer 25 N\ D40 @ @b FE T HE . T EAN TN KL AT NE PRSIt SRR E. BE%
T 15 MBI RITEM 17269 N =M R AEY. 1HHRA PBE0-D4/def2-SVP #H47 J LAl 45 F AR 40 DL K
WBITM-V /def2-SVPD #EATHL G RETHA, $REL T HOMO/LUMO REZ. £ SCRIJE T g7 (AR . %
R DAL RAG T I RE B S AR A 2, AT LUR T8 R &4 i3V R i T SO VI 2R s Re T 3 4b,
T IZ R R AR B RIS A R, B0 T F— B SE, THEATA R TR E N LR T
FCAPIIPERT, PR AT DLA TS [ M 2 A P 3008 R A 9T

EAERN L, TERZMNMEEATT R T T B34 Rl 48 fi KRB S MmRE T, RN
BFE molSimplify U1 1 Architector 12, J5 3 W7 B UK BECAIBR, B EH SMILES #iiARF45 H,
SR S R 4% NB K A B R T8 FELTRT R I BC AR - 45 A 4 06 B R 48 770 GFN2-xTB U431 flR AL e A i b 1% 47 &
FTHE AR . XFR 5 AT DAPUE I T AR IR A4S, EZ 4 R —45iM R m 2R A FH
W%, ATURTELNEEETE. X8 THOEZA TR TAER AR R A (401447140

3.2 SIXBEOFHACRINRF SN

W5 2] % (machine learning potential), WHHLAE2~>] /73 (machine learning force field), & H Fift
SRM R R R )V S AN S A8 5 2 g5 ik DT 1990 LR 2 ) AR B T 3 — R SR BT BRS04
PR ZR “Ar-Re R X RIOC RN T S B, BRI 2R B It 78 73 78 5 I AL 7 2 1) vh R AR i A
A AL R 255 7 3y A 0 B v ) SR AR 3R AT 5 7 AR I SR ER B FH 38 — 1R SR B DV A i SRORS T . i S
BTENIIF BRI R SRR G &, Hlds 2 IR T R R 2 B A e i 2 L Pt
TN ) S B ARP AT B ) R I S R . SARTHLAS A I K, IIGREE TR () 5
A o5 A 2 A A B e T LA 21 03 A 5t . RIS 57 S) SR B0 I T 25 7 A 2 4 BT
58 N 3 5 B8 — VA R BT N S, PRIt FLE A R R P PR . AR, TR IE T AN
3% FH 37 S5 A AN [R) A 2 2H R 2R 1R AL o7 21 35 (bR “ RIE 7B (large atom model, LAM) A%

TEE RIS T EHE 4T HEARTE P 3 6 @ AN R & B I & R RIOHLAR ¥ D 3, B AT A IRIGRE
T WA & BT I8 T A D1 I SR B B B bR PR T VA AE R 0B R HRAR RAFAE RO N XE, I ZR%t
XL IE B0 T WEARAE R 6 R 5 Tl AR <R B A A AR RO 2 21 1 T AR AR AE — DA REES R OB BL
T BA TS I EE SR SCHR v R 2R (R B B3 AR B A AT DG 1 2R LA 27 20 73 TARREAT 1 B (R PPk
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(a) (b) (c)

K7 (a)[FeClg]®~ I FF 222] 2k, bR DFT MJpigaeE < (a7 iR % (RMSE), JaiEE A
RAE A AR 200 MY AL, BASZHLT 0.015keal /mol SRZEHIHNLIRZ; (b) SNAP HLAS2 ] ) 45
TANMLPEEBEILAY TN T DFT MEUERE; (c) SNAP 5 SchNet HL# % > #M7E MD-17 il
AR ERTERELLRL. HHESCER [114], C3RFGRAL.

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 0.015kcal/mol order. (b) ; (¢) Comparison
the performances of the SNAP and SchNet in the MD-17 benchmark set. Reproduced with permission
from Ref [114].

Lunghi K& &1EE U4 FFk 7 5T RE4RIL 4> T 4 58 2L (Spectral neighbor analysis potential, SNAP) [
MLES 2% ) AR, FR LN FTE AN B0 FRERAR R I IR AL (120122050 R A L8 27 ) J13 i iy
—FF, SNAP R 4R RIS REE DI N & AR REE M, a7 X AT LS N XE 73 & (bispectrum
components) FJZNEHE, HA XSS & HE s SEBERS . B ERIEAA S

Natom Natom Nag

E" (R} A{e;}) = > E({R:}{a}) = Y D aiBi(R:) (11)
l l J

SNAP {E N FEax, FEBFIR 2 Ak AR F R AT DA SR R B, 3 LI 2 S A (e B R
TR R BRI, AEE S AT IS R BN S, 5T DFT tHERAE
NG REE . EHVIEIIZENIZE 2] MLFF i MD #£8], JREGZ B I E R SR L E R
WAET L, EERAE—ER MD AHESEFER . A TRIEZER S SEAE, (FERA
W7 7:I45 T CHys [FeClg)® ™y R F R R MLEF FRMRR 17 1% 7135060 40 1V R K sk AR
BIIAS T ERR I AE R B R BZ T IR AE PR IS S [E RS B S e 4 (NN) RS EEAR Y, JF A
AT DA R 5 HA AN A ELAE R IS 5 BT AT e 3R

FEBEE M TAES, Lunghi K A1EE 152 % SNAP #E7 5—FhIE T2k B VA AR H i A T 0 e R 30
SOJMERAM LS, S T R AR R TR A R =B Tl 1% (MD) s iasE . %
DDA E A E R E T BFINSGRET 2 (s.) SAP eSS (0) MW EIEN S E
Ehresh = 0+ 5> ARV RERE MR A TANFR ORI AL . HAARTRE R, 2 73 120 380 g /R R Ty 2
8% M 5 > kpnpesn WK S — VRSB Z54E, MM EE MD nlfasgigf7 Bosm K. B2,
GAH eSS — T WU RTINS D-fe Rt SRR, At MLFF 193305 ) 35 T 5 diknt. 78
rMD17 $¥a e KoK BRILA . VO(dmit)yy Cr(ppy)s 5570 T EETIKRY, %7440 20-150 MR
BPAMA Bk 22K B (B RMSE < 1 keal/mol). X T & @R AWEE AR, 1EHIRBIEAIZGSN. @
IALEIRE W ORI E S BRI TR, gl ISR 5 SR L, A Cr(ppy)s T 58 2R RIRBERA
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SERA . ZINET TR IORAE, DOABEBEE Roys BE w 5BME 0 =28, KIEFRA T
A, NEMTENUR R SRS R 28 70T I i i 1R it 7 s ROE o5 %

3.3 SRR SYRINEZFIHE

X T HH 22 AN TtV 4 e G A T e R 4R G T A PR By AR, GRSt (RN ) RAE
EHXREEH. NEWRITTENAE, WS ENERITTEEG S, &L HERR B T & Fhk
T2 B MR R PR A 1 T B ik 093], FESR T R HESR Y, T SLE RO T B e Xt
FRYERERT7 3, @ T EA R IRAS S Re R 2 A 22 kA5 2 J, H IR B o 2 T 28 e S Bz iR
ALk I 1 R4 IR ALL (local density approximation, LDA) 8¢ B IE L (Generalized gradient
approoximation, GGA) fH1E45 HE IR R, RAME — € L] Hartree-Fock KA 28 # 1 4R 12 bR
5% 8 T Hubbard U £ 1Ef) LDA/GGA(E) DFET+U) 153154 Wl ke i (5 25 ok, (0 H e b A Uk
Wi T Hartree-Fock 5 b B 8L Hubbard U FIR/N. RS ERBEERIINESE N, BT 7Rk E T iy
SR RIE TR R, WSS 3 50K T SE TN 2R R H B K I 2 2SR R 01, 75 %472 CASSCF J7i%
(A b — 2R 2 25 A BAE B 7 5 BN A QR RN, BESRAR = v AR

VE ML 22 2 T VE R T FREYE AR R B9 R #1258, Dam 25 1159 &1 36— L WA 37 7 R Mt (Mn3+)5
HO TR, SR LS 2 S R I RS T SRR TRIEMEMRHEZ MR R fEEHE T2
AT SEIRHGE I Mot Mn3 (us-L2+)3(us-X")Z3 (dbm); (L=0, X=Cl, Z=0,CCHj, dbm=dibenzoylmethane) [*°l,
¥ dbm F#ty CH(CHO), LAB/NTE S, 8 BB mR L, X M Z BRI 7 114 S84y, {1
H DFT #tfrgifatith, FF@idSpemZESRA 7 Mott-Mn3t Fl Mn3+t-Mn3+ @A 50 (990088 Jap
M Jp)e YEFHFXM T LASSO 1EMIAGZE AR AL IR, FEAS A2 S5 IE SR AEARE 2 1 F0 K B o
AfF T2 WA ASE FH B Al ) O AR PR A5 A RRAE (FRAATE . FLTSRARE) VISRIS 2R Jap Y FHNIME 5 2 ARAE 11
MZEECR (R? < 0.6), AR S MRHE (iR SHEE IR R rE R . JEH R R /1 55) wT BLRIE S T
BRINE Jap BITRIERE (R2=0.9). {EEICHIH —Lobr #EER 7 M B I 48 7R 7 AN 45 F Rk 1) (R AH S
RIS LAL B 5 AB B dap WAMRHIES Jap BIAHRVERR, $5H ] DLEE B SOX IS5 S H0k
BB BE S 7 R T Mn* (M3 )5 B4 T REE

B8 RAAFEIATE 22 m Ut f =S (1) MR EE (F) BN Cu LAY TS5
5 DFT SR EAL, 51 ESCER [157]), 23R

Fig. 8. Predicted exchange coupling parameters in a set of dinuclear Cu(II) complexes obtained from
Gaussian process regression (upper panels) and linear ridge regression (lower panel) compared to the DFT

results. (From Ref. [157], reproduced with permission).
Bahlke %5 2020 F4RIE T — 613 T 2R 04 [0V A =y i F2 A1 )3 (Gaussian process regression, GPR)
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WAL CU>T BB W PGS 3 5 B L 88 22 ) iR 7. VEE MR TR [Cua(pe-X)oX4)?~ Al
[Cug(u2-Y)2X4]?~ Wk, HIEHE X=F, Br, Cl KIFTA A E4HAEFM Y=AcO , oxo ~ MeO . OH , 3t
AT 257 MU AMEEN, fH DFT(BPS6) ST MMm Ik, 0 R ARk Eor vk 198 78 21kiz
B B3LYP /K- Bt 513 7 ZHSH J, JIFFRENBHEEILH [Cul. EFHFEE [ IUKMRFT, 7>
& SOAP. ZAiKE R R (many-body tensor representation, MBTR). Z /&M BAEHFIARTT (Fog M
Fop + Fsp) AURAL SRR TF Ang+Dist, J53& M Cu-Cu KM Cu-Cu #5540 5 U5 BN BC A7 R ¥
Frok F B TR . EE B T AR R L, SR mIME (BFRE R K 3L, radial basis function,
RBF). Matern(1/2) #% (WHAREHZ). Matern(3/2) #. ¥ [Cuy] FHEEIL 4:1 5Nk 43 ik
- EAT AN SR, Frigas KI8T R. iTLLE H, Fr T Ang+Dist fliik 7, RAAFZEEH GPR
S AR A R R I, #Ress H B B IIAS BE; A Ang+Dist fIARFINF, Zethig [=])5
PLJ A RBF 1) GPR RILEZE, ff FH B R AT GPR A4S A YA IS 3. v TR IR (L Re
71 AEZH— DA T AR 5 NG [Cuy] A BEZEFHAZ Cu BEEWMTINGEE T, KA
[FF IR ST I L VRIS R A B R I R IR A AR, HA BL Ang+Dist AFEIARF. fH Matern(1/2) %1 GPR
25 Hh LRI AT SE R TR0

K9 MHARFERASHTTE AE, 5 DFT tHEAERRZED . SCh IR 7w iS4EPR. SOAP
ML AAARFAE DL AT AL S S A IR T, BN ZRR Z AR B ARE HEAT LBt SOk [144], CIR1GRL
Fig. 9. Scatter plots and error distributions of the predicted values AFE; obtained using different de-
scriptors and the DFT calculated 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].

Ren %5 ' fd RS EE$E Tt (gradient boosting, GB) FIFEHLARM (random forest, RF) Hl#%2% > Hik:
B T X% Co 70 7B m e MR SHAZ HAF B AE, ZIAHIK R 1FE NSER-A A% Cu(Il)
Iy T HEAR Coa (C5NHy )4 (u-PO2(CH2 CoHi )2 )y A, IS BCAAE H AR T 1081 AN BAG AN [ 3 dii 51 145 T
HHER) Co®t MR EWIE MBS . MEE 2 7 =M s (1) Ron A RIEARAE & B ECAR SR bR A
(one-hot) Zifth; (2) RALECARES &0 5 5 A5 1T B 5 T3 e 2 (SOAP): (3) BIEE/EA HOMO.
LUMO fe&, Boihss & SRR, PARECALAL R AL N AL A5 B 7. Bt
bb, AEBEHIE TS BHIATT S one-hot BAA SOAP MG, —3Lk 5 HERRT. RH T X
AERAEA BRI RE, S5 RAEOFR, W LLE A FRRERRT 4 H KB BEIa g &, HhE T
FAE BRIRFF N &7 SR S A ML RIS AL T HAd B
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3.4 HMWHMBERFUESHHNBFEIRE

SRS 45 ) 5 R A B0 T A P R AR AIE . A 345 ST o 0 I 9 52 71 L9
BHE, SO TRV R A R A A 5 T S . PR, A T 1 S B A A
BE. X THET 3d 4RI THEA, FRES PR R T R D RAT, TR 5T
PRI & 1 AL AR A B8 BE . 4% 10 53 M 2 e 0 T3 TS 46 T B T B P P 2 5%
BFAT v, AR TR T, B, RIBREIET 4 T 0 LTS5 s (L R A A EL T
PR S SRS S Pk AR N, 37T, MRS R B R ML 2 ST R
FERL (ECAn A RE L) A SRR SR (12150101,

2020 4F, Lunghi &#&{E# 121 5T SNAP %R T HUNE A FRKRIS RIS % D 1obhaehl s
S, B0 D SRRIF ARSI T AL E, AR LSRR S B LR TF LT Feih 2
A0 R e AL

Tz ML BER G e AR ok &, AFE R RIT R EL o M 1 F 25K

o' (i) = Y Wil Lol (io) (13)

RH 1y RN AR TIHE R — NS HE RN R TS, | ERH KR T, /] Eckart
A, ARRMA S SR R LA AT LM 7 1 IR e 5 731 N IG5 R BT, TXRh 70 fif mT
DI SMESE RS ERB d(1,10) = 3207 [B;(1) — B;(lo)|? KB RN AOE 2 TIE H# N HE T 40T
PRI GE R IEEAR T 231 MR e i 70 MU A 3K (21) K3&os, PSS I IAME SR D gk &E AT H .
BEJEVEEET X [FeCls]?~ A1 [FeClg]®~ A RMNK 1 W08 5 ARV FRA NS 2 IR AN ZRBOR, IZR%E
AT P A ARG y J7 FIAE X TR A BEAT T BENLIERS o« 45 RAR IR HLAS 5 I B 1) 2 5] 5 N g
TR T ARG A I 2P E AR [Co(pdms)o]®~ 1 D {8, INZRA LTS5 Kl
A 1000 SR TR E MRS, Fi5h 131 2K T 0T J152REE, A 45k %43ET T CASSCF
T ZRR D EMIEREERZICN 2.2 cm™t, FBZ PRS2 SIS A ] DR G o B85~ R Ak 1)
B A% T e VEREAT 22 20 S 1
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K10 (a) BTN CASSCF 8IS T2 R R, ARBUEK AR T2 EHRAFR m
rE; (b) BB AR R IOAE, W EERBENUIEE: 0 ML, T LRI N RS Ja ) S AL T B L Y
T2 A8 584 R e PR 0 R R R ot SCHR [160], CARTFHR AL

Fig. 10. (a) The correlation between the predicted value of this model and the T 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 6 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].

2022 4F, Lunghi KA1E# 1O R JESERI PR HL & 27 SRR RERE Bk AT 1R, /95 T R e 54
PERIBLES 2 S . JLRAC SR B B R /KA B N KBTI DLS BRI K T, ARG, MERIETKER
Jie et o mT LA A YR BR Ok R Ay

T, = YT =YY @BV (o). (14)

K Y (a) 5 o METHEMERERE, & A YVh(a) = 3" Y (), Ny REBEER o, WHET
o BT eR kB R ARIE, AR R IR A R AR R, ANFE R B R AL ¢ SRR AL AT
FRE ¢ W s MEARRT T BAZHE T T, (F) SRR T IRRZRE . v 1 IRIEZER 1T 52
P, MEEHAHEE T (Ho0): A RIIEMIERE MR ETKE, o) MARYIHLAB/NFR - I8E. F
B DHEE T HE SR E TR [Co(pdms),]*~ #) D 5K&, 25 7 #l T, 55 CASSCF it5{E
RIRRSRNE . N T IS IE A Y R e S e e, AR XTI RS BN 1 — S BENLIESS . e B R 2R T I
TR 7B AR 22 4T SR T B 3fe L REATL e XS LR Wigner D FEFETClE, 45 R W IZ SR A SIERE 2
EIRELR (E10). EEEDII T BEAARBAKD TH Co(H.0), AN D fEH, BARIFMETR S Mk
AR IVHONER W 2R GE RIS 5 CASSCF A5 A B E . 2 PR BLAACR Co & THH
R BAT AR, BALTE AR S CASSCF THE AR —8. AR, (E& RIRAR
12 Co B TR THE — KT, A A DLES MR 12K 70 T3 D AL B O e RS, 5
AT RN ER B T BC ALK 4 KR 2% 18] 7 1 R DOk 22 7
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K11 (a) 700 D EHSMEKIHE D EHRMEEEILLE, SRR AR i Bc i %, 45t 1 D A
AR VY 53 L e IR K- /NG s (b) T D (x %) 5MKIFE D (y #l) B0EGRE, ARETE R SR
RAFMRCA L . 1 E SR [162], ©RFRL

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 axis), with dots of different

colors representing different coordination number structures. Reproduced with permission from Ref. [162].

WIFTSCATAR, X T5ET 3d i VE &8 oy FRAR, S 18T 51 [ e i 5 S 2 S A A8t Tl v T % 1)
BHESH D, Silva Jr. 55 192 S50 8 7 F Co? BB MBS M S D FIIREAHE MK P2
SRR A S i BE SE HECAT BN 2-6 19 Co-NHs Al Co-OHy RETRYAL A 438 o8 ]I 41 3 e 4 A s £
BTk 33000 ANEEEET DFT 1 CASSCF 53k . ANE T HAWHT 72 & K 0 T 45 R 751
NEIANSH, W ERE T EACEN DET tH SRR M E A . SOMO-LUMO #Eki. SOMO-1-LUMO
RERR. SOMO-2-LUMO feBi. DFT H e 2 S E N IIRRHE (A8 5F), BL CASSCF KR D {E/EN
kB bR, NHMWET BA 8-552-424-552-424-72-1(I N2 +5 ERGEZ + frth2) 20 AT BHR 4
M 2% (DNN), 7EMliREE - CASSCF 15 D {65 DNN Tl D {EEf R? 4 0.9062, “FHiZ4a%tiR %
MAE A 18.1 cm™ ' (K11). WLt — ik 7 AELER G a. HEWH S NIZR8EZ MR KH 5 4>
Co FAES T-RIARIAFEMR I AMERE 77, AP DNN St 4 MARGH T IEHR D 75 Mg, H
B TONRE FE AR R B AR . NPT LA, R38BT R A BB A RIEC AL 2L Co FE AR RTINS B2
FAAEREZR, JUHRRNEAL R R IR R 2 T HAE R . IXIR 0] REJE B T %0 70 A 3 BT R )
TERS R R T, FoRBEIAE.

3.5 #l3RF I BN A Res FRI

2020 4, Lunghi K&EE U HFA T =7 LA R VO(acac)s. 18T 1800 /4~ DFT ¥ Rz 451
W SEHAE, (EF ISR T — U HLE 5 IR AT E sk & A FIZE2 A AR E g ML Tl
H5 DFT 545 RIAE ERGF M, A Fl g, 1) R? 455124 0.85 F1 0.98, HUf5 T EUFHIKEE. B
VBB BE 7 T RORAAAR G — 5, TUASRAE A R g, X507 LAAT AL bR A Mt AR ~FA 1T %o 12288 F T
KM BUE TG s LIRS B B e TR A R TEEIEI 3 x 3 x 3 MIHMEHT T A F &% E M
B, 5 Redfield HRESS &, RIATSRAGH IR 0] S FRids B MIRE T AL R. EEKiZdkit
B 7 5 SRIAE A K TS BT T B, YONTE SR s R T DR R — S0, W T
TEARRE 37 B SRR 5 2 50 A 3R TR 22 5K FE %o AR AT R Hp Lo B2 T (1) 2265 o 1T 2838 B & i s i3 T 1 e a2
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Raman R3], XXHZKE TR ESRE 7R .

[F4E, Lunghi MAES 122 KR T HTHLEEY: ) J135 TN REH L 8] AR SR L. VE& IR T —Fh
BB KEE -PuE & A NLE B2 [1)Benzoseleno[3,2-b]benzoselenophene (BSBS), i 7t HAE &
FRGEIE T IS TEAT 9 o BT 58 — M B BRABEHOLE W TEIE KA TUAN AP I I [), PR R B2 T SNAP
HIRTFIN THEM L (ANN) &S T 13, FRVEHPERIEFBN . &Rtk g KEEL 5%
REM AL, FFEA 9 NMantl A =N ANN il )2 . & 0] IR iZMLEs Z ] B ae i LRSS T k= g 1B
PRI TE] SRR BRI (6922 (0)8g..(2)), I T 3R B HEsth IR 18] Ty

2 0o
1 = Bl S [ a0 (15)
h l=x,y 0
VEFRT TAEL 50 ns 0 T8 124 (69..(0)0g.. (1)) FERTTEIIAR LG R . 45 & LB shaiiksh
Ik bR B R FL A B e, w] DU I AP R EPIRES . — P2 1E 1 ps B 1A & D N AR PUs ) E %, XM Se-C
PSR EN . IXPPIRB BT 2 R DI R B O R e, (HRRBIER (200-1700 em ™) G TR SR
B wr (~0.3 e~ 1), RIS TEykIm G B R I R SR i RN E- SRS RE A He s  — bR AT DAL B4R Hith
RIS IR (2908 10 ps), FHEE LS E A 0145 BHIE 80 5] D i % 1 AH S 18] (1) SE A6 Ak TF 3B 5 Wy
Ho XFMES D FRARGIE R R R S wr, X Ty STEREOR, 8 NS B igsh 580 3 SALH . ZAL
et S HEZE DLV AR S I T %4 1 E et Bt AR s aSHIR . AR kA S se il e 24 H e ith 5 10 2 B0
ik
2022 4, Zaverkin 2 A\ 193] FIF S i AE M4 4% (GM-MM) A RBISZEL T 14 4% ) sk s D sk
T 5 Bl J7 28880 . 1Z VR S HAL TR SRS, ¥ D 2N TR &R saEkinfl, #FHEE
W gm A SR I JE R ) SR A b 2238, JF il sk B 4a A T e AR &
D—zi:mi.(fimi—;l). (16)
TE = A SR SR AR (B, Bk, B EY)) FikE] 0.3-0.4 em ™! WIS TR 2 . (EE R %A
RS &R 13 E, SEI T K bR T3 212 (2.5 ns), ERES T D KRR E A BAR
Hf PP MEEAFRE TRAfae, HoE0AmbERE A e B R, FRWEHGE I A6 & sk
SHWEE m S VEBER RS . B D sk E R T8 3 ) B AH 2% R A

1 (D;;(0)D;;(t))
Coo(t) =522 15, 0)D, 0))
B "
B 1 at <’Uw(0)v1](t)>
Coo®) = 53 22 G O, O

HARMR T ThAE B, RIEMAIX (<100 cm ™) D sk EIhHil A B0, S5 EENSR0HSE 7 s 8 —3
IEWMRSS TIR30 (WECR ) 19 7 Bt Bid R, X5 FRK [Fe(tpa)™] " AR ISERAER— 2.
ZOTFEE R ACT ) D skEW DEEM TR B e TG /8L vt B st BaR o TR

2025 4F, Lunghi K& E# U0 58 HLgs 2 IR 5 1807 3] . SNAP #AL. 7373 ) RkE5E 5
FEGER, TR T — B THA A MRt ROl 8 2 IHESE, B35 B8 T g%z ik (DFT)
H5Z2SHEBUEI R S EA . ZHEST R 2 A S0 7 1 450 LU L BE A 552 71, FIH
B RSB S A O 2R, LD N DT 0 T e s il 5. 385, @il rali
KAEPAF NGRS, IS4 SNAP BTN B ie-7 7R & R4 £ =R E Co*t 5 Dy*t BATER
B RISIER M, W7 EAMUSEIL 7 T IR ARSI (BTHRRZE < 25 em ™), HLTINA E i
St TR 18] 55 4 8 45 RAE A5 R 22 VU B N B AR — B ——1Z0R 22 15 2 AT SE IR AN ERR O iR I AN E 1RV

18



A . B m] UKL T2 Jy 340, B ie- 75 1 A & RN 8] SRR R 8, AR DRI A 5 7T DO AR P i A5 44
AT H e BAT N RS .

3.6 ETEREMEMIR[FEINES FHEMALT

RUTH PRI I TAE £ B2 A AR AR R (Lhngs e 7 B 20), 2T ES T SO 1R /N SR A i i A 25
PR 8 R G R IMHL AR 2 SR, JE T A BT ik RIS K. Ikt B T 78 3 Kk 25 (A AT
MR, LB R AR

Mariano 2§ 145 #F 2024 FERE T N ETHIEEE FETFIHE SR Co(1T) HE T HiAR ) =
BITAE. ZMARNITR T —EEE52SHBENKITHE TN EHSMGES, X2 15000 ML EPI#HT T
T, JEESL T 408 COMPASS [WFF R P @i KBTS0, BFes R T 196 ANVURLAfb &
YA A7 A R A R A RS RS R (S R ES 8 D < —100 em™Y), HERETT S HETC
E R B EA . SMMs ML, Horb 22 ANIUREALAN 27 AN —EAALEH) D HHEZELT-200 cm—t, ik
FNZHER S ATIC SRR . FEARZ mECAI L (DAL Y 2 NEehr) MECE Y, [FIREIER 3] T a4l %M D
B XL AP 2P R, BRIRASUE B 2 AT SRR AR, $TRE T KA
S TAREC AL S (W2t sl il DU TR Y BC &7 RS . MR, s mRits
FA Kramers WESFHRFEKMPIEMASIE » B WEME (L) ZNAGFERMME, RS mREET d
BUEMEE Aufbau BFHEA, MIMSEIL 7L EIR i RME (L.)=3. BETIXERI, HFRFERE T A8
(0 SE3E FH BT SR U s SR R A 2l ARl 1 95 1 S 2 ) S B AE T A i O R M O A 3 —— R A
Moo /m HHTICAR (RERESE 7 Ak, 0 EERER) Wik HES ], R 7R AR IE A 5945 TR . 5E
B ARFARTE R BT PETE dpys dye PUERIRER, XTSCIEE Aufbau SRS ZEXREE, K 1 KEX— 5 N1
B, WPREBRE T A O SERRMER = AL &) [CoFo(NCH),], HERSTHEN D {He
ik =253 cm ™!, AU T HATRIEHS TG 2 5. B2, S RAMUGE S s R AR R R B R
REVE IR AY), BABNXIE, BE T — RS TR A B s a s, E B B K%
IFa) S P R v b 2 B MR N — AR T RE MR TR B T S B & R AT R T 1A

Frangoulis %% '0°] & P04 8 BESVL (GA) SHLE =R, PLAZ Co(I1) A1 Dy(II1) At
BVRFIEE S, FFRT —EBRITRIH B T RAA N =3 A i TAER . AR B, fH BEEE
BERTHEREE - M TEEYLRRE, GA A b BB K ke ah R B E e R 0 7. ST Co(II)
R, GATEE K — M FEEERITTRIL D /N T-200 em ! IITRARWAEY), HRBERET sl
20 5. VEE SR T PR AC AR Ko SRS IS R LA WL 25 18], o 5IF B AR s mis. fEr#
H, —ANEERPRDG BT TR VAR AR PR AR B — AN TR A HLBC A, AFRIBCAR R H SR s — N R . J5 35 F
FE TN T8 (self-referencing embedded strings, SELFIES) $iA, A FFsh&4: sk, Mima]
TER TR Ak 22 23 [ P AR A EC AR S5 4 . MBS — 20 R M8 ) T e A SR IR AR = R FHBE LR AR 2
J (RFC) X GA A s o T 3T WidmiE, O T oA 8 19 7l AT B R B T At . 1%
FMEAEAR R R BRI, iR T4 3 5. ZIT/E RIS AT Dy(II) 74 R I8 i
HIEN - KshAgmis GA BT T A Dy (1) A%, SERAMEESSE —BKS Kramers
W2 TN IRERR (AEg). BIEMINRIL T OIALFK AEy {8 (Fiik 615 cm™1). Z0#raR M, ARtk T
i O BUAALLK Y equatorial Fefk (/K4rF) 2B & B T3HE (=4, S. Cl) PAEMFMHEEH,
XFE AR THEARR Dy, SARMESE . 2SO T — MR T St S TR B S AHE B RE S Ak
FREHAR R R =, AR T MERE SR E B T REAR, IGHER T AR IR RO R 51k
THERIN, AR BERCA A & M BT St T3 K T A

19



4 ZwhERYE

BT R — FPATRR T E F A S R RV E AT R, AT B O BT R S IR SG H HT . ot
T 18] A 5 B 28 U BE R R (A PP 5 BT B TR S 0 B (0 dE A, (HIBR A2 H AT 0 5 HE R ot
TR 18] AR S BV BIF TEAE AN, SEIRTT AR AAE AW BT OB B . L858 VORISR B it B3 /g 2 A4t
TIE R A HEsh A B> TR R EIAR AT AT, H A0S e e 2R AR X 7 B P B - B AA AR R DS B
FERE O] LU SEI IR G . MR THE M R BHE T Hat B REEOR, XAORIRGI 7 M AGE /1. fE 57071
PR FE R S AL T2 2 F AR — D5, ARSI IR AT DOMHLES 27 S SRS i Hd 485 5
—J7 M, HLES S ST KR 2 0 5E 0 i& & AL B> T A B2 “HEME - SRR, I HIXRER) SR
BN, WRASKKREEC. HATPLE S SRR TRAA TN ISR ATE 77, EEBESE “H o
THAARNVE R T 5 A Bh RS FRAATE R PIAS R FEITIE T BUAF I Z R AN (1) BTy
TR SERBAE SRAEA—, B T REARSURBCAE — DG B OB 2 SR BE T S N R8s, 53
— 7T, BT AR AR U T v SR KR N, R R U AR R, BEERME U, X
SE PR F ORI BR ) 1 HLES 2 IR AR (2) H AR 2 B A T B 20 AR L8 27 2] AR FUIR FEAF
FEARE, Hlds ST TR Ve 5 ) ARV BRAR 22 o I 5 AT 038 W HIL &% 27 SIS0 ZR A4 R B8 1 Had AR 3
WHSEAT IR ZI B A . 6 TR AR, KR 0 IR ATt I e A S AR PR R s 20 AR, RAR T AL XS R
P 7 B 22 X 2% th i W B R R T T ik 2 — O LT AT B RN D [ e 2 P 28 570 EL7E Fre(IT) ALY
R MG B RS R RE 2R 7y IS TR A5 MRICR 1001, T T 07 1) i S5 A 2 1 Pl e 22 X 2% UL 22 PRI 5K
o O PR TR0 P T R e PR BEANZ A e 7 OLIOT 1081 o TR R (R P AREAE,  5 BEAS R R R I S 2
LU 2170 5 I EW A B PR o IXAEBATA DU B LES 27 ST R RE T Hh PR R AR TS (1 o TR A, T
F AR 7 T TR A BRI WIPESE R R SR 2 IR R . e, AT H RIS & 28 S8
FEXS B0 T AR RES BB B T 7T, AL 22 1A BB I P ACK R 7y, HIRHI R An 285 H 1
MRS EREFEAE S, R B T 1a]), gy st RS 18], BHEEREE S A MG AR RS 5
WIIAEERILEZE T, LSRR 5 7 BEAIE T AU A % H SR AR
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Abstract

Single-molecule magnets (SMMs), as a class of advanced molecular materials with immense appli-
cation 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 (Ues) and blocking temper-
ature (Tp)—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 no-
tably 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 corre-
lation and relativistic effects 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
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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 measure-
ments 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 rep-
resentations 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 de-
scriptors and, in particular, covariant ML architectures that respect the tensorial transformation proper-
ties 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
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