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Abstract

Single-molecule magnets (SMMs) possessing magnetic bistable exhibit hysteresis loops below the
blocking temperature (T:) and display slow magnetic relaxation under AC magnetic fields. Due to
the perfect magnetic behavior, SMMs have a wide range of applications including ultra-high den-
sity storage materials, quantum computing, spintronics and other fields. Lanthanide (Ln) ions
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show large axial anisotropy, which have became a hot topic in the field of SMMs. This paper mainly
introduces the recent advances in the structure and properties of Ln-SMMs by combining the cha-
racterization methods of SMMs.
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LT WA (Single-Molecule Magnets, SMMs)& F 42 90 fFAR> FREF I EE R[], B —ME
IERE X EREEYRRS (0 FER 1~2 am) 5 FHkE, AL 77 oot s, PR B 5 — [ e
RN o B9 FREARAEA BT EAN[F) A5 48w St A, T2 J8 T B M Y o B 03 1 WA AT RE R 1)
WARAS, FEPFHZERELLT, RN L, E2hnhRIM BB BRINR . AR A& R,
TAICEHN— = FEE B, X EE BRI PE A TR H 2 3G 0. A& Geid A4 K}l
T MR 23507 14D R 1) e DA P A 4 v () 25 8], 1720 - S R AR )t B IA A e R i — SR, SRy T RER R
BN AR RS RN 2 AT D9, o] DR A7 B o B 88 5 % B2 A AR 2] ok, o+
Tk AR BRS8N A BB N T B U SRR 3R B I L (4155 0 8 . H2,  H AT R R Fad ik
THRAF S B, 2R EZA AT IR SRR s — 2 55 R A AR 1 7 7 IR G ZA 2D
UL A IR 2 R — o DAE [ PORR T 2R T [5 ]

BT MR 2 ) S B 12 R EAT N, 1T DL S 73 1 SRR A K R AR 28 R
FLYE 1996 4 B. Barbara Z[6] [7] [S]HEA 85—/ 40 T-BAA[Mn,;2015(CHsCO5) 1o(Hy0)s]- 2CHsCO,H-4H,0
(B D AT TR I, I T 1% 701 2R I BBkt (R R 1B e, 3R B B bR R iy o] 2 I\ R 7
SEINESARE ST, ARIBUKSKRER R LTI, WK R TR AN . B0 TRAKRBEFLITRE 15
TREGURTEACZ R, WECN 1R T ) ME M 22 .

Figure 1. Molecular structure of {Mn,}
A 1. {Mnlz}E"Jﬁ¥2E7f@
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Figure 2. The low temperature hysteresis loop curve of {Mn;,} was measured
along the easy magnetization axis at different temperatures

B 2. {Mn,} FERELIRE TR S LT B TIRIR RS BN 2 #hsk
BT HIMNERIET 2> 7 A5, D07 T — Ml B SN R e, 501 Wi B AT
Ao AR I AN A S ISR, PR AT R EO 2 24— S oMInEGIanS, XS R ird i, S0 T

TR BA EIRAIRERAE 2 IO R4 AR K5, RRREIRCTHRS, 27 R E R i
EARER, HIREFRER TGN, TR RS, SRR EBAT 0] (14 2).
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Figure 3. The “double-well potential” energy diagram of single-molecule magnets
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B> T REAR R M RE VT DU ZAN T AT RAE . B SR ERE T, BARRERS
T A 2RS4 IR 37 B B8 W 5% 281 i i [ 2 ) B el B, B A S B /IS A BB 22 ) v P v, (H L)
1B 2228 A E3A WA R R R R MR, TR AE S B AN 5] 58 43— R A 1) P 2308 B 2 75 R AN N e o 3 41,
Gatteschi, Villain Z5[ 101144 558 (8] 23E 100 s B BB SONBHZEIR B . SRAE B4 T RERRENEAT
SHOEE )] H, FIRGE R N E A2 U BTF6 L TRER IR FREF BN oy B2, Bl
SRSy F AR ST I 55 22 R A R BB 22 Uee (11 3)5

H 1993 4 Gatteschi KILEE — B0 TREA LR, & = +ZENERE, KERLA 19 TR
(148 RS ok, 4 T RGP K B RO St H B B . B0 FRER I R B KBTI T =AW
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FERTIE T T REAR B SR BE, B ZA TR ) 2 28 T 3d B0y TREREHE T, H550/2 Mn(II)
15 TR . G IR, AT AR B TR A 2R B SRR SR AR S AT . E TR
ABEFE T (Mo} S0 T BEARBEYEAT D9 )E » KB 3d .0 T VR KRS e 22 2 h LS B e S i 7 2
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BHENE S &R R D ZRAFEMIKM, S MMNAEESIER D EEW/N. Ko i1iEm
[Mn""40,(Et-s20)s(0,CPh(Me),),(EtOH);] (sao F/KAZEEAT) (K 4)i F e 0 S = 12, & 1 725 D =
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Figure 4. Molecular structure of {Mng} [13]
4. {Mng} BI5> FEEHE[13]
FEL I TR I FERL RE T, B2 S 1B AR B A% 17 5 MEAE A SR AT BOR B AL RE22 11 0 TR
PRI OB B, JF iy HORE B [ R 2% ) vk SR OB R < . ASSOR S B 41 + B0 TR AR AL —

HER R
2. BT RaSFRERRITSRIE
2.1. BT ESTFHEERT

M L B0 T REAR R — R IR R TRER, SR, BRI BT R RAEK I PUE B
T BAT R MG 10 ek, BEAA S 0 EAE IR oo bR AS s T I8 < 1) 1 — TR 45 11 P X R £ ik
NTEAZVEM . AT nf 9> T HEARA nd 0> THER BA A FFIXUEE, nd B0 TR SRA
TALRER[2S + 1] my, T nf FTREAR R K B THOLREHR (2] + 1] myo BEAL, L& T/ T2
SMZE s, d JZHRT RGN R I B ISHA ELAE A, AR R R s = OO A s ERInAL, (H 3
55 WA TLAT F X st BROLA 7 A= TR 75 R AN BE IR (% 1)
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FAUT nd BorFRIK, WL TR T ERA —/N KM mE CARIE LA BRI . 5 L)
Fi BT, $R502 Tb(Il), Dy(IIl), Ho(II)FN Er(I)Z: B A K FIRLAE ARSIl S P, A5 85 T REAA
HARM A R A T 4f BT T T R T RO IR R IR ) e, 48K 2 B RA B o T AR
HH Tb 8¢ Dy 1Eh B edkfh. R4 To MM R TR EA BRI a2, (H2 Dy-SMMs K% H
W18 2 T Tb-SMMs, IX Fiii 34 ] DL o745 K 77 T 4T il - Dy-SMMs HAT K I B % e 222 KA Dy(110)
HA KRR S MR D MESEE MRS MNEEHRZE m. 1M Dy-SMMs FI#UE i % &Ky Dy £
EEATHA BT, BT T, X ERE L IREC AL EA AR, Dy-SMMs I3 #S
IR TERAFAE . H— 7 H, ToI)EAMHMEA T, NETwhiE 1, BE R AERKY
TEAERH G ARYERS Tb-SMMs IS A SRR, — BN FA S RAESRNE TS . TR
Tb-SMMs B ¥ KK ElFERe %, HEH iz /b T Dy-SMMs [5].

Table 1. Energy level parameters of lanthanide ions

®1. BEIBTRASH

TbS\ Dy3\ HO3> Er3>
4f" 48 4f 4f'° 4f!
LA T "Fe His/, ’Is Lisn

gfé 3/z 4/3 5/4 6/5

N e T DAHE W A SR L B AR ) — N BT AR LB T RHIE R T W A S A
AT /0 A AU AL . Long Z5[ 1414138 7 #5557 M Tob(IDE] Lu(lll), BEE 4f 5T HUGN, H&EH T
& 2 IR BRI BIK BRI A0 (K] 5). 35T M 2% A RBOE M -8 1, BRI m A 8 A2
AT S, HLART 23 AT AR ERTE IO B - W) SR AR 37 78 AR Y- T b 23 A7 58 22 1) S LA
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Figure 5. Approximate diagram of 4f electron cloud density for Ln®" ions

B 5. Lo BFH 4B FEHEEILINE

BEAh, Bt By AR L% R B O A R 1 R MR AR . M A
IO A B % 1) S VR AR S BRP AR MRS B ORAE, PR i DA N AE BB — WO SR AR W R B TR A
PRI 786 L8y TR RE 22 . BETTRY, SR 1 T RN TAE AR S5, (EXMIRIR T A iR
FIHEZANEM . —J71H, AR EAE S BRI B e R ARG, P A R R 7R o B E e R R
B2 R TR % MK (B335 I Y €5 e S0 A M 177 PN Tl == S 2B U i e o

2.2. BB S FREFRFRIE

I3 5 FH ARG R 48 /&2 MPMS (magnet property measurement system), ‘&7 i SQUID (super-

DOI: 10.12677/japc.2021.103008 81 LY PR A= Svi


https://doi.org/10.12677/japc.2021.103008

conducting quantum interference device) TRl R4t WAFHRIER A, BIZERGR. WIERG . FEMBIERSEH
SIERGHR. MPMS Al LAHEAT B BAA 3 . AR A 0 AR R e 1] 2 55K 150

2.2.1. BRI

BLO T HEVR ) B IR REAG RE RAT 3 B FE AR B R BEAL S  T-T Hicdis o 28 AV IR A A B8 M-H %5080 i
2o M T-T R A AR Sy 7 T WRIH AR FZREUR AN SRS B A M-H ihZn]
IR SIS B e S F R B F D ST ¢ MiER.

2.2.2. ZRBHRLHTR
ACTUHEA B TE By TGRS s T80 FE (0 B8 227 B, B R AN A IR 7 A e 1) 52 A bR 85, BHSERR ()
HMUREFBOOV I B o 2 WA 2R (R — M AR5 /N ZS AR eI (1-50e€), 44 b WA E ST I ) (R I 22 |
SR A I, PO SR A IE S, SIS BB s TRAT . B0 TR IZ S IRAT 9 5t
Bt ¢ SIREE THIOG, £F& Arrhenius J7F%:
=1 exp(Ueff/kBT) (1

A FAN TR L E T St BR8] « AT DAREABLHE 2070 5 BEAR B R RE 22 U TAE—EMRZ TN, LAREER()
XFSEER () AT BAR E T Cole-Cole &

2.2.3. {KiRRRE BN

By FHEATESMIE A BIE Y, WEAE T DUS B 5—Hn), fERE AN, AR T 8575 BE A4 1)
FEECHTH A AR 22108, HILMERT IR o BEES B TR I {Mn 2}« [Zny(L),DyCLs]-2H,0 [16]558 R I H “ &
FHLH” MG
3. LB o FHENRHR
3.1. BEHLT BTk

AR L B0 T REAAR (Ln-SMM) F TS5 K AH 0 7 50, B T4 1l Bt ] 5% 1) e A ARG A 37 RO R AR M T e )
AT, b, BRI 2 I 2 DABKE A AT A N AR I B0y TR . 2003 4F, Ishikawa [17]H K&
B [Pe,Ln] -TBA (Ln=Tb, Dy; Pc AELH & T, TBA = N(C4Hy)y), [PeoLn] NRZ 00450, ELH 7
THRALTF ERBEAPE, SR04 NN 548 RERAL(E 6). ASRBIAL R EAT AL B 230 cm ™!
A28 em™, 7E 1.7 K N H IR R£E.

Figure 6. [Pc,Ln] molecular structure diagram, color code: Ln, orange; N, blue; C, grey; for
simplicity, the H is omitted

[ 6. [Pc,Ln] 53 F45HE, EENRE: Lo, #fE; N, Ef; C, &k&; ATHARR,
H 1 &%
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EAESR, FERFEREETECE E R0 FRRIIRT L, BF 503 B BKE 2= 500 T RE AR e 68 5 101 DURRTE
SR (BN AR 18] BEAKA[19]. 4f 111 HR20)IET, BEmH T T, Har, Ak
FR[TbPc,] W] LAE 9 731 i A48 B FH 100 B A% 1) B BRR DL [21]0 T34, BRE AR BA A2 1 R AT A
TR IS 7 SR A AL T DASRAS AR 2 HO R AT AR e A, R4 BRI 2B kA . s, =ifa[22)
EALE R O B S HURBEH F 11— N A a8 6 K75 25 804 T i 74k Dy (Pe)(STBPP) # Dy (Pc)(OTBPP)
(G 7 pioR), BRAGEL 5 HIAE 136 K A1 194 K, JHAE 2.2 K N AEE B B 26(15] 7).

Figure 7. Molecular structure diagram (left) of Dy"(Pc)(XTBPP); front and top views of
Dy"(P¢c)(OTBPP) (a) and Dy™(Pc)(STBPP) (b), color code: Dy, green; N, blue; O, red; S,
yellow; C, gray, H omitted for simplicity

[& 7. Dy"(Pc)(XTBPP)> FLEHIE(); Dy"(Pc)(OTBPP) (a)F1 Dy"(Pc)(STBPP) (b)BYIE
MEFHIRE, BefiS: Dy, &6&; N, &Ef&; 0, 4&; S, ®f; C, k&, AT
BARIE, H A

BEEZFATRR T FUBK #5528 5o TR Ah, 35 Al SR A% 08 1 0 T REAR AT R 7. 2008 4,
Gaita-Arifio [23 iR ZH QPR H 2 45 &8 SR £h(Polyoxometallates, POMSs){E NBCAA A Rl T F -+ 540k
[Ex(WsO15),]" ( 8(a)), 73T Er 5 8 O JRTHIAL, {ErOg} 20 Fas M FAR Y 5 Se bk, B R AL
AT o 44.2°, BRGEL N 38 em™ . 2013 4F, Murugesu [24]URBZARE T HA L DU =A%
DAGERE ) B R K (18-crown-6)(Ln(COT),)], (Ln = Er, Dy). M/PNREPURAE_E R T FATHA, 2Bl
)RR T S50 LB FRCAL, (ERCEYEA JNEXFRME, 2 B AR A B AR 8(D)).

Figure 8. (a) Molecular structure of [Ex(WsOis),]”; (b) Molecular
structure diagram of [K(18-crown-6)(Ln(COT),)], color code: K, yellow;

Er/Dy, pink; O, red; C, grey; for simplicity, the H is omitted

[ 8. (a) [Er(W;015),]” 943> F4544 ; (b) [K(18-crown-6)(Ln(COT),)]
BN FEBE, BIeRE: K, ®&; EvDy, H€; 0, 48;

C, k; ATHEARA, HHEH
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3.2. WKL RS FHiE

KA L B9 F AR (Lnp-SMM) & PN L BS AR N B R8s, LB 1 1A) e ORI . ) 50
WALy FREARRIM 0K B Dy NE, BUAAZ NERE . MEh. K&RET. filEsh. RRETFULS N
EAaR NS

TEB T BUZ G 5 FREPR I R, Long [25](SE38 41 FF QM Hb A N3- B e JEAE MBI, M
s B8 T R B B0 T BEAA [ Ling {[N(SiMes)s ]} 4(THF )y (:i:57>-N5)]™ (Ln = Gd, Tb, Dy, Ho). SCHRIRIEFRIX
TE 5 P PR T A Bt B8 AR BSCA PR IR ] AT SR B A A3 B AR KR, 24 Ln 4 Tb I, BRI RUBE 22 =ik 327 K,
MAEIRE N 7 Ky 3R T 1 Tomin™' 1, ERBLERE N 13.9 K, H A A S h 1 5.5 11
ENERE

Figure 9. [Tb, {[N(SiMes),]}4(THF)y(u:7%:5#>-Ny)]~ chart (left) and alternating magnetic field
when the scan rate of 0.9 mT-s ' M-H graph (right)

9. [Thy, {[N(SiMe3),]} o(THF) (- Ny) | G5 & (Z2 ) AN AT T REIA TR ER 79 0.9 mT-s™
ATEY M-H Bl(H)

[Lny {[N(SiMes )]} s( THF)o(pe:p”s”-No) ] B AT U A 5 (0 R 1R o3 VA 2 F 1 el S R i S (8 7 - B
)22 T BB A SRR AR P o 923645 Ln = Gd FHORE A H J=—27 em ™, @i KT I BRI+ -
HHEERAY, #aiEdt, o™ N BEAMo AN [26]. #ITFEE/ERMTS Ln-NJ -Ln B0 K —
ANKIIN Y, R TF% 27 RN R AE K 5t PR B 1]

JE BARIE RV 2 W L B T REVR ISP T2 I, s - (R SR LA FH T DA i 1B o R, A5
b TR 8] 2E AR AR P T BB R4 & Arrhenius 28155 5 o Long [27]52564H J5 K ARAE [[(Cp*,Ln),(u-bpym) ] (BPhy)
(Ln = Gd, Tb, Dy) BA 58 () SRR HAF L, % T Gd BIBC &Y, [RERHRS S 550 J 75 10 em . 1 Ishikawa
[28] S50 4H FRAE O L A [ Th, {Pe(OBu)g) 5] FF 58 1 IF A B EAE T, S A G2 230 em™', 7
1.5 K LA ] LA 21 g R 26 (1<) 10).
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Figure 10. [(Cp*,Ln)y(u-bpym)](BPhy) (Ln = Gd, Tb, Dy)
(upper) and [Tb, {Pc(OBu)s}3] (below) the molecular structure
B 10. [(Cp*,Ln),(u-bpym)](BPhy) (Ln = Gd, Tb, Dy) (L)Fn
[Tb, {Pc(OBu)g}5] ()RS T LEHAE]

33. =BT RS TR

G R FRER (Lns-SMM) IS E + 0 F6i /b, BT EAREIA) Lns-SMM (VA Dy;-SMM, ‘EA1#)
R AR, #EEHTE 10~70 cm ™ 2 (8], HRHE RS + 3 T M B A] 58 = M T Dys-SMM FIZEJE Dy;-SMM
il

=¥ Dy;-SMM H 5t 44 (152 L AP0 [Dys(u3-OH),(0-vanillin);C1(H,0)5]Cls [29], Z=#E &Y+ =
A DY BB p5-O ERERGT L = AIEHSE . MK R I = Dy’ RS B A R R A
Bk, Sy A 3T I BRI ERE . R S SRR AR PIREES, (BRI T RE
RO B FREARRIME (A 1),

40- .
3o-f
5
@oy 1/ *|:
OCI emu K mol? .
104
oo e
(We :
04 . ; ; ; . ;
0 50 100 150 200 250 300
T/K

Figure 11. Molecular structure of [Dy;(u3-OH),(0-vanillin); C1(H,O)s]Cl; and y7-T curve at Hy. = 1 kOe
[& 11. [Dy;(u3-OH),(0-vanillin);CI(H,0)s]Cl; BI 93 FEEHIBIFI Hy, = 1 kOe BYHY yT-T HHZL

2009 £, Powell [30]5Z564H i 5eikiE T 26 Dy;-SMM: [Dy;(vanox),(Hvanox),(EtOH),][C10,] (1.5
EtOH)-(H,0). ‘B = Dy #8EAT {DyN,Og}ELA7 JUT, AN (2 v 8] ) {DyN,Og } 43231 PR AR [+ — 1

PRFIRY, T P 3 1R {DyN,Og ) B9 LT A9 A -+ TR AR DY 7 e ##E 2 18], Dy...Dy...Dy fi°h 166.29°,
{Dys} Wl EAE R HLAARA . ACRBALZHE 7R {Dys )} L AR BRHEAH EAE ), HAZBC &Y R A 5 2% 15t

BATAE 12).
34. BB R THE
Z KM L B FRER (Ln,-SMM) TR Z 1A 2 &, ERZHEm o Rm P EF . SR
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FERR, T&

Figure 12. Molecular structure of
[Dy;(vanox),(Hvanox),(EtOH),][C1O,]-(1.5EtOH)-(H,0) and
geometric topology of {Dy;}

[ 12. [Dy;(vanox),(Hvanox)4(EtOH),][C1O,]-(1.5EtOH)-(H,0)

53 FEEHIEIR Dy, ) BIEC LTI #h T ME]

Dy W4, TERBIR A L iR T, 4R35 #88H Dy, 1fi H Dy,-SMMs FIAZE] =ik 50,
{E&— MR UL, Bl M AN, S FRARIA e 22 B TR, BT A2 M 1 o T REAR )
W2 TR — M 22 o Bl A TR T REAAR R T AR WR N, BHF A K& S b A st A LR
R 5 1) 22 A% L B 0% TR A

2011 4F, Winpenny [31]IBI4IRIE T — 01 7 FNEEFFZER Dys-SMM: [Dys(us-0)(u3-O'Pr)y(1-O'Pr)y(O'Pr)s] o
Be& 209 (1 Dy #8980, FiAS Dy RS — AN IE PO . SRR AR R, A 7E SOK LR A
A TFHERRIVER, B Re22 A 367 cm ™', BIEE T 240 2 4% S FREVREN: fig 22 Foid s an(1&) 13).

—— 0.5 Hz
——1Hz
—+— 2 Hz
—e—5Hz
—=— 10 Hz
—+—20Hz
—+— 40 Hz
—=+— 70 Hz
= —=— 100 Hz
Hdc 0 —+— 200 Hz
—+— 300 Hz
—*— 500 Hz
—+— 750 Hz
—*— 997 Hz
—— 1201 Hz
—— 1400 Hz

/K —

Figure 13. Molecular structure of [Dys(us-O)(uz-OPr)4(u-O'Pr)4(OPr)s]. (-CHzand H are omitted) and y”-T
plots [31] _ _ _
B 13. [Dys(us-O)(us-O'Pr)4(u-O'Pr)y(O'Pr)s | 73 F 4544 . (-CH; R H # & BE)FN -7 BE[31]

B f5, Winpenny [32]3RAEA Y HRIE T — 451 IU#% #1502 F AR [ Dy K,0(0tBu) ], FFEIRKILT W K
B RS . [Dy KRR T NN, A K B FEIRRALE F, Dy B EAL, 23
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FERR, T&

AT NI ZE R o SRR R E R PR 1850847 N, Be22 405l 692 K A1 316 K, 7E 5K LANHLA
&2 SR 0] 28 . VE 834 Dy:Y = 1:19 $524[Dy,K,0(OtBu),,]#53 #[ Dy, Y3 sK,0(0tBu),], KIB 4% )5
BC &) HA S i & ) i, AeL2ik 3 842 K (14 14).

7 T W FL[DyK,0(0tBu) | It I 72, A BT 17 MK, 45 R 3R B [Dy,K,0(0tBu),,] 1) 57 Al
BWRARA MRS T, JFHES T EES, KA S — B A s gL R,
HEAESE —WOR AR A Orbach fh#(FE 15).

(a)

900 - 3 74;\ e 3+
600 ™ e
%i’ 2- T\\ /:Y \ 2+ el
300 /| e
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