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§1. % o
1-1 Buckminsterfullerene C60
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Fig.1.2. Electronic energy levels of the C_ cluster (left panel)
and the band structure of the fcc C, crystal (right panel).
[S.Saito and A.Ohiyama, Phys. Rev. Lett. 66 (1991) 2637.]
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2o X, BREOFEBRBEIZOWTEER, EROMED LHEIThh Ty
%o
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MICRRAERD ZEITE o T, A VRSFRICh - TEHIT ST LA R
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STUANTHY, ST TERRENLITLEAEOFEBHEESIIZET R
b BEDHBEISHBEERZEZFABLLIOTH Y, AV OMEEHERIET
EE D ILBREESEITRFING, L, IR0 L ) LEBEREM Y E- 7
BAREEREEIE SN TWRV,, FEERIITHER S - BB A% Fig1.3.12
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BASEREMER L LT THRR AN EEAB I U Mgk LT{p= b
Tz bz baFx Y FENPNN)DSH 5 [25], pNPNNIZIE oy B,
v+ & (Bh) DEUODEELSHLENT WD, HIBHERD BHIZRE L
THY ., DC/ACEALE, 85 5. BERALEE [26,27]). 4« SR [28] FDOH|E
(2 & D ERH06KIZ TR 5 2 & %0 h o T b, BITETid pNPNN
ALFEBEN % i L 72 B SR OREMEDBI S S [29]. K OIFEERICL o TED
BEEEIEH I NO2H 5,

Rassatbld= b a4 F94 FES I AND—FETH D N, N-dioxy-1, 3, 3, 7-
tetramethyl-2, 6-diazaadamantane (TMAO) T &8 L. € OHMEHIE) HLERB S
14K DA #ER S T b D & R L7230l CHISHAREET VA NDHFT
REDEBEY*ETLHLDOTH L, TMAOITGFOMEIZT V4 VERSGTNO HF
HY, ACVIERELLTWE, HBEEELTNODR Y M7 — 7 2=kt
BRI N T WA, L L6, M ER T RTICO PO T AT
)Y ATIEF NS, FOBAUEIB IS o Tz

KT, B ESWEEET VI NTHATEMPOLY ET AEELTEHR L. O
RSIED & 58 S0.4K [31], 0.8K [32] DMRIMEAEY Bod e Chb DY
OFIUIRG ORI & 1 ROSHEE D ORI R 4 5 X ¥ B %
HEBNERTIDLH Y. FOHMTHEEOHEEIF - Twb,

T2V INVRTTVNIVREELRTIVANE LTRHLR, FORGEHMH
BIZOoWTEREISHEMTHON TS [34), TEE, MFLI> 78D
VRFER (7007 2 V=D RAFN—=FFAF VT NVEIIN) Hiamts
BRI 2 L E L7 [35] EHFIIRGER LR R ILELD P E D & Curiern
0.68KDIE—FILFEMMMERTH L &R LT,

CDIHAETTERNIHERINLODIIEAEDNLET VNV xFIH
L7-AHaHMATH ), BEREEIIVTIRD 2KUTORERTH o7, &
AW, SETOREET VA VREHEARE B L TR L DICEVER ST R
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C, BT B Bl $5 14 O Sa B 14 B o 4
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EZEE AT EAWULED TN —TIZX > TEREN[36], T OEBREIL
ASFTOEREBHRBEEL LB L TRENIIE LD TH o, BEIREL-
REHIEORER* Fig 1 4108 T IR ¢ LIRBETOR y TT, BRI —
THA p DHFCHEITHETH )., I 5 & MEEEEER. 875
& ORI EER 2 =T, y TOEIZRIES S40KHT $ TR ITHE L
TEA L TWEDT, MBI L WEAER ¢ OFEEZRLTWA, 30K
D HERIZD > Ty TIXBBUICKE <2 D, 16KIHE CHfErEH 2R L
7zo LL. ZOL) ICHEBHEVEE CEBEEEEZRTICbrrbbT £
DEBRALIARIE A ORI E L B2 ), BRLBHETT, FglsSIKT
DERRALIBE L RS, TOMBIISTEHMBEL T4, EREEHFEORRT
b5 ERBULREREBR (L AT VA RIRE %V, S5, TORALIZER
HEMATHEMLEV, COHBEPOBMRE— AV POKREEIT 0114,/
C,(TDAE)& BRSO N7z, BRIFEEIX~1000cm(BiR., BREMAEHETRL
720 F 72, ESROBIRILREDET & & D ICBBICEHAS L T, IhbHLDHE
ErOEFILEEMEEET* b DM W 5 EEIEREE AT e
L Twb,

F72, OEBIIEEI RS T R T, . P. W. Stephens 5 {385 R XHR BT
RietveldE) D> 5 C (TDAE)D#E & E © & L T 5 [37] Fig.1.6.12C(TDAE)
DRERHEELRT . FORRRITa=15874A,b=12986 A,c=9.981 A, p=93.31° ,
C-centered EEHL R & %2 0, CHICHY - 725 FRIMESE096 A . a-bTHIRTEERE 1024
A%RRUTz. & OBMRISBIEE L RTKC, O &S (0T H IE4E10.07 A-
10.15 A& B L TClllox L CRAWAEEEL R L. Z OFMICGRVERER 2
HEEBSEH N TWE D EEZ NS, |

F 7z, B HICL D EEBREL L (BHMEAR) O LR OEE) b —fk DIRRL
TR L B O IEFICRR L EE 27T [38,39,40], Fig 1.7 1 REEROYE 41D
BERAEETRT, RiR) OEEOKMET Th T2 LIl ERT,
Z DFBRH LI L7z WeissiBEIE 0 =58K TdH o7z, HFIT T DFFRUTOWT
T 2T o7z & A, ERIREL EOBMRIGRE T LRVES ¢ L BD
Weissiimf¥ % #f o 7z Curie-WeissRBIZHE ) LT O "R [y = y ,+ C/(T-0). Cid
Curie B, 0 1ZWeissiBE] I L o TEDHLEN, CurieBE NS A VBEL
Nc=4.6x10Zspinsmol' T % & & iR L7z, Tz, RS AHIONSE & [FfkIC
RALBE D RIE L TV b, FO/BIIRE D e A7) AR RET, BLd
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Fig.1.4. Product of the molar susceptibility with temperature
versus for H=10kOe. The inset shows the field dependence of Tc.
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Fig.1.5. Magnetization as a function of field at 5K. The inset sﬁows
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of temperature. |

[P.-M.Allemand, K.C.Khemani, A.Koch, F.Wudl, K.Holczer, S.Donovan,
G.Gruner and J.D.Thompson, Science 253 (1991) 301.]

12



Fig.1.6. a) Structurc of TDAE-C,, determined in the present work.

View is along the monoclinic b-axis. b) View along monoclinic c-axis.

[P.W .Stephens, D.Cox, J.W.Lauther, L.Mihaly, J.B.Wiley, P.-M.Allemand,
A.Hirsch, K.Holczer, Q.L1, J.D.Thompson and F.Wudl, Nature 355 (1992) 331.]
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[K.Tanaka, A.A.Zakhidov, K.Yoshizawa, K.Okahara, T.Yamabe, K.Yakushi,
K.Kikuchi, S.Suzuki, I.Tkemoto and Y.Achiba, Phys. Letters A 164 (1992) 221.]



FRLEV, TOBMRE-AY POKEINL A Y ViBEIL 49x 102 spins mol
1TERED bz, & LICEBEELT TOESRDBIER g ENDEEH 5 ik
MHTIRAE YR CATIREL TR I LERLE, TALDILALH
O IIBERMSEEROTREEEERBL T,

LA L. G.Spaim® 2 & % & BHLIEOMB 1 D%EyE RS O%BHE RE
h . WeissifE 6 =22.5 K @ Curie-Weiss BliZfE > TV 2 L HEL TS, #0
BALRIIENZMR B2 Z LIZE > TEA L, D2WIZEN 1.6KbarBL B2 5 &
BREMEBII L B 5 41, S DEED SEEIBERRIEEO T i % 548
LTWwb, —hH, ChoDRMBEIIEL EL D, Bline 5 3 HERZRIHE D ESR,
NMRDOENEOZEE 5. A Y DEFIIBFIN DS v FATHY, AT
7 ADTRERE D FEFE L T\ 5 [42],

IDEHTNLDODPDOBRY V— T & o THEHIE AT b, BALEED
FFIMIZONTHEA RTIREEPHR ENTWEY, FOEFLL 5% 5 OTIE
2. FORMDOREIZOWTIIRETH B [43], BIAE TS ILE LR
B2 TR L, FCHERHELNDFEEANWTEDO A S = A A ZHHL
I ETHERAPTONT WA,

DB RS & C (TDAE) 1B BENE A DTSR S N TV E5, &
M ERZEMIZET AMERITORTB S, BERFEHC X 2RI TH
HBEDHRTHL, FlziX, HADEFRD DTV — FI3EHNRE L 72k A
BHE Tim T, Wn TRz AV TERERGEREOHIE 21T o 72 4], BRIK
b S IE AL A V45 025 eV, RSB B A 6.0x 10!Qem D
BLRIAG 2 Y AAF R TR L2 S ORIIOMEIZWud] 512 Lo THE SN
BEIFIT—HLTwb, 72, Schilder Hlid~ A 70 X AERTEEDOH
EXIT o7 [45]c TOPED L FHH LT AN F~#55meV, FiRDHIEHT10°
Qem%/RL, TDZEHE CTDABSER 3B LIS BB TR (EKTH
5 EIRTVB, PLED L) ITHEREHT & 2 BREEE ORIE T 888
ThY., BEBRMOTRRIEIGEEER TS, L, I VEFBICIIEES
AW EREEEOWENVNEL ESNLD, BESIBLNTELY, 20
HEECOVTRISERIE TS LIV R R,

Tty HF b C(TDAE) S8R DERAFTEDHEHREL T2
[46], Fig. 1.8.1Z5K~100KDIRFELFHDOHMBE DGR 2R T, MEAEEIZL D
EREF AT SK~30KICHIBFIC R OB, REATRERIER 27 50T, & -
WREENOY -7 IZR 5BV, BEFIORERET L ) b 2B LTy
HIEPbIDBRFEY 3y b -HTRIBRAHRIZLBIDOTHE L
B otz, T2, HEBEREIZRSKEFRL, BAE*HS L TAKDL o7
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Fig.1.8. Magnetic heat capacity of TDAE-C,,. The solid line is drawn as a guide
for the eye. [K.Tanaka, T.Tanaka, T.Atake, K.Yoshizawa, K.Okahara, T.Sato
and T.Yamabe, Chem. Phys. Lett. 230 (1994) 271.]



BRIV NE— EBI Y PO Y —i3FNFN043K mol!, 34 TK ' mol' T& -
oo BT Y MO E—DMEIEC RUTDAEZIRA E Y DSBS OH 5 LIRE
L FEF SN DERN2EISTIK mol) L D QBN KELSBEAY
YETNVTESFATE R, 12720, C ' OB Jahn-Teller $1R % £ X 5 L ¥n
BLY b OVE~DERFELEV, —FH. AV Y75 27H T EF IV DURE
SNTVED, COHETIIAE Y 75 AT BRI I AT,
AN

DL HNE L DRIFEEN T ORI DONTIIE 1T T A, EoikER
bEDOREZMPT L L) GRERITEON TR, FICERGICREgE RS
LTEOPERZERHTHROTAEETH Y, BRML GO FORAHME *
o0& N EBHLENTHIITETVLREVEN) T L TH S,



1-3 ARfZED B L B

Wudl 5 13C & 58V E L5448 T & % Tetrakis (dimethylamino) ethylene (TDAE)
EDBMBEGERPIRELIKLUT CHEEENEE 2 R T I L2 WO THSL
72 LU, COSEEIIBRMAREENRETH L A7) Y ARARLY
RERWEERGEMEESONTE S, CORRLEH2HATA/-DICLED
PO TN — T H R, BEEEER, A I bBeiET
WERELTWED, COHKIIBD TREE TRV LWE L —F
El o THFOBZAMEE I & N & LeWnENE

—AZIT, AEEERE (R AT — SRR AR YT e R sE R AR OB L DB BN F 1 B (T

I FEHE LIS COHEN—EE L HFETH 5, i OFERITERERAL
DHEEDOFECEBIREE Y FMICRD LI ENTEL, LIADPSTTIDHE
BTOBIERE o7 {ITbR TV dol, FITAIETIIE DZROFMED
FEEBOPICT A0, FTTIEFICIHORIE R UEREIE TOR L OEE %
P ST CHELERHEEDNTELZOREMHEIZDOWTOHE L VRS
AT o770 BARENTIZIER TR RS T OSIERY LR & DC/ACRM =D
EPDLEAT ) VADFFEIIDWT, TIBEIIRTE SN - BRI TORALD
BT & BEFAEOTFIEII DV THRET 21T o 72,
- ZOERIZS T TRENLEES L R TIEEM A bW BRI R OT]
HEMPIER SN T &/, EZAD T ORTOEEMEICHT 2 A BB 2 HZEI1d 7%
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Fig.3.7. The morphogy of C, (TDAE) conglomeration
of crystals observed under an optical microscope.

scale bar=0.3 mm

Fig.3.8. X-ray diffraction pattern of a C, (TDAE) crystal
of 0.2 mm length by an oscillation-camera method

at the vibration angle of 107 with respect to the long axis.
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Magnetization -

Material Form Magnetism Conductivity mechanism
Powder Ferromagnetism Semiconductor
Te=13K (Suematu et. al.)
C,(TDAE) ?
Crystal Paramagnetism Semiconductor
(not the same stricture and composition)
C,(TMBID Powder Paramagnetism ? ?

Table.1. The relationship between magnetic and electric properties of the C,, complexes
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Abstract

Precise measurements on the magnetism of the Cgo-tetrakis(dimethylamino)ethylene (TDAE) complex provide the first di-
rect observation of spontaneous magnetization and hysteresis curves (remanent magnetization per sarmple and coercive field are
0.3226% 10~ *emu and 1.6 G at 5 K, respectively) with the use of a SQUID magnetomeler at zero ot low field {resolution 0.4
G). Observed results on the thermo-remanent magnetization (TRM), zero-field magnetization and the real and imaginary parts
{m’, m") of the ac magnetic moment all support the existence of spontaneous magnetization and hysteresis below 13 K.

1. Introduction

The ferromagnetic properties of Cg(TDAE),
where TDAE 1is tetrakis(dimethylamino)ethylene,
C,N,(CH,);, have received much attention. It has
been reported that Ceo{ TDAE) has a Curie temper-
ature, Tc=16.1 K, which is higher than any other
non-polymeric organic ferromagnet reported so far
[1]. Unusual ferromagneitc ordering behavior was
characterized below Tc=16.1 K, the suggestion being
that C4( TDAE) may have no spontaneous magnct-
ization below T, the saturated moment, M, at 5 K
amounting to about 0.1 ug/Ceo [2]. Although var-
ious measurements, such as high-ficld magnctization
[3-5], ESR [3-7]), NMR [8] and the pressure de-
pendence of magnetization [9], have been carricd out
to investigate the system, thc mechanism of ferro-
magnetism in Cgo(TDAE) still remains unclear. To
our knowledge, the existence of spontaneous magnet-
ization and hysteresis in this material has not yet been
confirmed in magnetization measurcments at over 10
G magnetic field. In this Letter, we report the results

of low-field and zero-field magnetization measure-
ments thus focusing on the ferromagnetic ordering in
Cs(TDAE) with the first observations of sponta-
neous magnetization and hysteresis curves. Our re-
sults suggest the exisience of spontaneous magnetic
order in Cgo{ TDAE) below 15 K.

2. Experiment

The fullerene Cq was prepared by the method re-
ported in Ref. [10]. Ceo{ TDAE) was prepared by di-
rect reaction of the two components without any sol-
vent. About 15 mg of Cgo powder was added to a large
cxcess of distilled TDAE (Tokyo Kasei Co. Ltd.) un-
der argon atmosphere and left to react, with stirring
overnight. The product, a black precipitate, was fil-
tered and washed with hexane to remove unreacted
TDAE. The solvent used was first degassed by sev-
eral freeze—thaw cycles. The precipitate was trans-
ferred under argon to the middle portion of a quariz
tube vessel (12 cm long and 4 mm in diameter),
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which was then evacuated under 1 X 10~° Torr over
40 h and sealed off for measurement.

Magnetic measurements were carried out with the
use of 2 SQUID magnetometer (Quantum Design Co.
Ltd. MPMS-2) under zero- and low-field conditions
within a resolution of 0.4 G. The same instrument
was used to perform low-frequency ac magnetization
measurements. No corrections were made to the data
for the diamagnetic contribution from the quartz tube
although it was screened to ensure the absence of any
ferromagnetic impurity.

In the zero- and low-field magnetization measure-
ments, we must take into account any residual re-
manent field in the superconducting solenoid of the
magnetometer. We checked for such remanence by
applying similar measurements to a paramagnetic
sample, namely (CuSQO,-5H,0). Despite its rela-
tively large magnetic moment under the same condi-
tions of field and temperature, no hysteresis loop
could be detected. This ensures that the magnet had
no appreciable remanent magnetization at low field.
Before measuring hysteresis curves and the zero-field
magnetization, the sample space was raised in tem-
perature to 30 K and the de-energized superconduct-
ing magnet solenoid was also raised above its critical
temperature for a short period 1o eliminate any trap-
ped flux. This procedure is referred to as ‘resetting
the magnet’.

3. Results and discussion

Figs. 1a and 1b show the hysteresis curves at 5 K
for field ranges of 500 G and 20 G. Over the extended
field range the hysteresis was not readily apparent
(previous literature reports indicated the system to
show no hysteresis curves or spontaneous magneti-
zation [2-5]). However, the result at higher ficld
resolution (Fig. 1b) indicated that there is hysteresis
with a remanent magnetization per sample, M,, of
0.3226 % 10~3 emu and coercive ficld, A, of 1.6 Gat
5 K. The hysteresis in the magnetization versus mag-
netic field was evident over a range of about 10 G.
The effective magnetic moment in this sample could
not be determined because it was difficult to know
the exact weight and composition of the sample.

The isothermal remanent magnetization, M{H),
was measured at temperatures of 5, 10 and 15 K as
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Fig. 1. Isothermal remanent magnetization Af(#) for field ranges
of (a} 500 G and (b) 20 G at T=3 K. There is hysteresis with a
remanent magnetization per sample, M, of 0.3226 X 10-%* emu
and coercive field, H,_, of 1.6 G.
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Fig. 2. Isothermal remanent magnetization Af(#) at wempera-
tures of 5, 10 and 15 K. The magnetization gradually decreased
in magnitudc with increasing temperature, At 15 K, there is no
hysteresis and hence no coercivity or remanence: the system is in
the paramagnetic phase.

shown in Fig. 2. As expected, the magnetization grad-
ually decreased in magnitude with increasing tem-
perature. At 15 K, there was no hysteresis and hence
no coercivity or remanence;, the system is in a para-
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magnetic phase. The appearance of hysteresis below
15 K exhibits the onset of spontaneous magnetic
ordering.

The slope of the M(H) curve at zero field in the
hysteresis loops should correspond to the real part,
m’, of the ac magnetization. At low temperatures, ac
magnetization, M., was measured at zero applied dc
field (f=17.0Hz, H,.=1G). Thereal and imaginary
parts of the ac magnetization are shown in Fig. 3. Be-
low 15 K, m' increased rapidly until it became a max-
imum at !0 K and then decreased slowly with de-
creasing temperature. This behavior in the real part,
m’, is consistent with the formation of spontaneous
magnetization below the critical temperature. The
imaginary part, m”, of the ac magnetization at 17.0
Hz indicates the existence of magnetic losses with a
magnetic viscosity, m”/m’, below the critical tem-
perature of about 0.1. This corresponds with the dc
hysteresis in the magnetization measured at low fields
below the critical temperature.

The temperature dependence of the magnetiza-
tion, M(T), for C4o{ TDAE) was investigated under
conditions of zero and low field to observe the ferro-
magnetic transition Figs. 4a and 4b. When the sam-
ple was cooled under a field of 2 G, the field cooling
magnetization (FC) showed an abrupt upturn at
T=16 K. In this measurement the magnetic field was
reduced to zero after cooling the sample to 5 K, and
then the remanent magnetization (REM) was ob-
served with increasing the temperature at zero ap-
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Fig. 3. ac magnctization, M, {m’ is the real part and m” is the
imaginary part) at zero applied de ficld (f=17.0 Hz and /{,.=1
G). The behavior in the real part, nr’, is consisient with the for-
mation of spontaneous magnetization below 15 K. The imagi-
nary part, m”, indicates the existence of magnetic losses with a
magnelic viscositly, m”/m’, below |5 K of about 0. 1.
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Fig. 4. Temperature dependence of the magnetization Af{T} un-
der zero and low field. The field cooling magnetization {FC) was
observed at a field of 2 G. The applied magnetic field was re-
duced to zero after cooling the sample to 3 K, and then the re-
manent magnetization {REM) was observed with increasing
temperature at zero fickd. The zero-field magnetization {ZF) was
observed with resetting the superconducting solenoid to com-
pletely zero field by thermal demagnetization. ZF (no-reset)
means without resetting the solenoid.

plied field. The magnetic moment turned from posi-
tive to negative at 11 K and again became zero at 13
K (Fig. 4b). This apparently anomalous behavior
may be due to a small negative remanent magnetic
field (/< —=0.2 G) in the superconducting magnet
combined with a reduction in the magnitude of the
coercive field in the sample with increasing temper-
aturc. In this case, the process of zero field warming
above the critical temperature and then recooling gave
risc 1o a negative magnetization response throughout
the subsequent cooling cycle (Figs. 4a and 4b). In
order to realize the completely zero-field {(ZF) con-
dition the thermal demagnetization of the magnet and
the confirmation of ZF by a standard sample (Cu-
S0,5H,0) are required. These processes correspond
to resetting,

Resetting the superconducting solenoid resulted in
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a positive magnetization with abrupt upturn at 13 K
as expected (ZF in Figs. 4a and 4b). Thus, real (ZF)
spontaneous magnetization takes place at 13 K. The
critical temperature is seen to become more strongly
field dependent as the applied field approaches zero
[2]. In fact, measurement of the magnetic suscepti-
bility, x, at 5000 Gauss indicated a similar behavior
to that reported [3] with an obvious magnetic tran-
sition at 17.3 K as Cune temperature. This curve de-
viated significantly from the Curie-Weiss law, and it
showed a negative Weiss constant if estimated from
the curve at high temperatures. However, it was dif-
ficult to decide a unique Weiss constant because a plot
of 1/x against T never obeyed a simple linear rela-
tion with 7 at high temperatures unlike the behavior
reported in Ref. [9]. In order to analyze these behav-
iors consistently in the full temperature range, we may
probably include such a temperature-independent
contribution to x as Pauli paramagnetism. If this is
true, itinerant spins may be different from the ferro-
magnetic spins which are localized. We should re-
serve any further discussion on this point until the
completion of more detailed expeniments on x-7 and
xT-t in the full temperature range. More elaborate
experiments for single crystals of C¢o(TDAE) are re-
quired before making more conclusive remarks on the
nature of the magnetism of this substance.

4. Conclusion

Experimental evidence of spontaneous magneti-
zation in C4( TDAE) has been obtained. Hysteresis
loops in the magnetization response in the low mag-
netic field sweeps gave a remanent magnetization per
sample, M,, of 0.3226 X 103 emu at 5 K with a cor-
responding coercive field, H,, of 1.6 G. All observed
results of the ac magnetization, the isothermal rema-
nent magnetization, M (f1), and the temperature de-
pendence of the magnetization under zero and low
field, M(T), were consistent with this conclusion.
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