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Pressure effect in TDAE-G, ferromagnet: Mechanism and polymerization
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Effects of hydrostatic pressure on TDAE&re investigated by electron spin resonance to reveal a mecha-
nism of the ferromagnetism, where TDAE is tetrakis-dimethylamino-ethyl€pedecreases with increasing
pressure, reaching zero around 9 kbar, following a relation ©§(0) (1—aP?). The orbital-ordering model of
Jahn-Teller distorted §g molecules reproduces such a dependence successfully. Furthermorexalibkbar
at 300 K,a-TDAE-Cq, transforms to thgs phase with 42+ 2] cycloadditive one-dimensional polymer, stable
even after pressure release. Remarkably, a missing spin in TDAEves in the polymer witly=2.0028.
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Since a discovery of ferromagnetic behavior in TDAE- metrical ESR line withg=2.0005 close to 1.9998 for §,
Ceo, Where TDAE is tetrakis-dimethylamino-ethylene, with p « far from 2.0036 for TDAE.
a high-transition temperature of 16 K as a pure organic

system' a great number of investigations have been reporte hysical properties of TDAE-G studied by ESR. The tran-

to unveil the nature of the ground state. However, two things .. . "

. T ; . Zrsition temperaturd ¢ is found to be less sensitive than the
are required to extract the intrinsic nature of this material. tlier reporf attributable to the quality of the samples. In-
One is to anneal as-grown crystals around 35®Kf. 2 and earlier report, attributa heq Y pies. 1n-
the other is availability of a single crystal. The annealingStead’ it was suppressed entirely around 9 kbar with a fashion

promotes a merohedral ordering of the Jahn-Teller distortefEProducible by the theoretical model taking into account the

Cy, balls, which makes the coupling between the balls ferroeffective interball exchange interaction in terms of the inter-

magnetic, as discussed experimentiilgnd theoretically® ball transfer _ene_rgies. Aboveflo kbar, one—dimensipnal
A lack of the ordering results in antiferromagnetic coupling, (1D)-polymerization of G-chain occurs along the axis,
as demonstrated by the susceptibility data showing a neg&lable even after pressure release.
tive Weiss temperature above 150 K, where the balls are Single crystals of TDAE-g, were prepared by a diffusion
freely rotating, and changing to a positive ferromagnetictechniquet’ The crystals were successively annealed at
value below 50 K, where the merohedral order develop$0°C for 30 min., followed by SQUID measurements after
enough in the annealed sampié$ Since the powder sample each annealing, till magnetization beldW. saturates. ESR
has a higher number of molecules in its surface, the meroheneasurements of a single crystal were performed with home-
dral disorder could be an origin of a variety of findings ob- built spectrometers for both low frequency and #dand.
served in powder samplé$, such as itinerant ferro- For the pressure experiment, a clamp-type cell made of a
magnetisn, superparamagnetist spin glass weak ferro-  CuBe alloy is used with Daphne 7373 oil as a pressurizing
magnetism, and so on. A recent series of electron spin reseredium. Pressur®sy is a value valid below 50 K esti-
nance(ESR) studies on single crystals in the wide frequencymated byP,, < 1.096—2.215, obtained from a reported tem-
range have revealed a nature of ferromagnetic ground statgserature variatiof!
a nearly isotropic Heisenberg ferromagnet with the exchange ESR linewidth measured at 100 MHz and tkeband is
field of Hz~450 kG and the exceptionally small anisotropy shown in Fig. 1, together with the reported single sym-
field of several tens of Gauss caused mainly by the electronimetrical ESR spectrum is obtained aboVg, consistent
dipolar field!* consistent with the magnetization curve of with the other single crystal ESR stude¥.Furthermore, no
single crystaf:® frequency dependence was observed even in powder
The number ofS=3 unpaired spins per TDAE«g unit  samples, suggesting an absence of sizgkshift anisotropy
was determined to be approximately unity, not only from theassumed by GotscHy. The observed linewidth would be
Curie constant in the paramagnetic region by both the supedominated by the dipolar field of electron spins 0g'§
conducting quantum interference devi¢®'® (SQUID) and  amounting to 100 G or more, narrowed by an exchange in-
the ESR intensity;*® but also from the saturation magneti- teraction. A difference of temperature dependence between
zation in the ferromagnetic state of the single crystal bybefore (paramagnetica’-phas¢ and after (ferromagnetic
SQUID;** namely, the number of unpaired spins is constante-phasg¢ annealing is remarkable as reporfed@he steep
through the phase transition. This fact suggests that a locaharrowing below 170 K in the unannealed phase was
ized moment picture holds, consistent with a semiconductingttributed to the exchange narrowing resulted from the over-
electrical property. 2% Furthermore, the above fact demon- lapping between wave functions on the neighboring balls
strates that the ESR signal catches all the unpaired spins ieveloped by quenching of rotational motitiiThe slower
TDAE-Cgo. The location of the unpaired spins was deter-decrease in the ferromagneticphase tharmx’ might be re-
mined to be mainly on the & anions from the single sym- lated to the reduced overlapping of the wave functions than

In this paper we demonstrate the effect of pressure on the
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FIG. 1. Temperature dependence of ESR peak-to-peak linewidth FIG. 3. T versusPgy in TDAE-Cqg,. The solid curve indicates
in TDAE-Cgo. The open and closed circles were taken at 24 GHzthe theoretical prediction with the data up to 7.4 kbar.
and 100 MHz, respectively. The dashed curve shows the reported
data measured at the band for unannealed TDAEggby Mrzel  shown in Fig. 2. This is due to the frequency-dependent shift
et al. (Ref. 2. The closed diamonds were measured at the 9.2 kbaghat follows a magnetization curve; the shift taken~at00
and the open diamonds at ambient pressure in the same sam@@4, and 1.6 kbar should be nearly twice that=a50 MHz
restored from the 9.2 kbar measurement. and higher pressure than 5 kbar. Only at 7.4 kbar, a para-

magnetic signal was observed together with the ferromag-

the random orientation in the unanneatedphase. A model netic one even at 2 K, probably due to a coexistence ofthe
for the ferromagnetism in TDAE-§& will be proposed later phase that will be discussed later. To deterniige the data
to interpret the present experimental data, based on thgith definite shift were analyzed with a relatiohH(T)
antiferro-orbital ordering of Jahn-Teller distorted bdlls, «M(0)(1—aT¥? that approximately holds beloWc in
where the Jahn-Teller orbitals on the neighboring balls arghe present systeff;?® although it is expected for the
geometrically perpendicular to each other, which diminishes{eisenberg ferromagnet with magnon excitations at tempera-
the transfer energy between the neighboring balls, consisteqires enough beloW,. Using this relation, we obtaifi; as
with the above requirement. It is worthy to note that thea function of pressure in Fig. 3, which is less affected by the
recent x-ray study reported a superlattice scattering, suggeséxternal magnetic field by virtue of the low enough reso-
ing an antiferro-orbital-ordered phase below 180 K in thenance field around 2030 G atT¢. This result remarkably
a-TDAE-Cgp.* differs from the earlier report studied by induction method

The hydrostatic pressure was applied up to 12.2 kbar tguith powder sampl@.Their conclusion of preferable itiner-
investigate the interaction between electron spins, as showsnt ferromagnetism deduced from the rapid suppression of
in Fig. 2. BelowT the resonance field moves rapidly by the T around 1 kbar has already been excluded by semiconduct-
demagnetization field that is proportional to the spontaneoughg behavior of TDAE-G,.*"?°This issue might be resulted
magnetizationM ¢ of the sample. Note that the magnitude from the lower sample quality of powder than the single
and sign of the shifAH depend on the parameters; samplecrystals.
morphology and orientation of the external magnetic field. We can simulate the observed pressure dependeriEg of
At higher pressure than 5 kbar, the shifts extrapolated tin the framework of orbital ordering modéf It was sug-
absolute zero are nearly half of that at lower than 5 kbar, agested that the interball coupling should be ferromagnetic
between neighboring s if the elongated axes of s
distorted into B}, symmetry are perpendicular to each other,
] and perpendicular or parallel to tlweaxis. Recently, an ob-
TDAE-C¢, ] servation of such a distortion ofgs was reported in the
50~100 MHz ]

35

30
25¢

2
5 x y x y
g 20 1
g 15 ] .
b=
% 10 1.6 kbar ;

5 ) 0 kbar E

O 10 15\‘['"2%‘

FIG. 4. Schematic view of the pair of distorted;gCanions
T K) whose elongated axes are perpendicular to each other. In this align-

FIG. 2. Resonance shift versus temperature under several ament, the interball coupling is ferromagnetic. The belt around the
plied pressure®sy . The solid curves represent Blochrs’? law. balls represents the density of the unpaired electron.
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model monoanion-fullerene compound by EZ®urther, an TABLE I. The distances betweerggs or neighboring chains at
x-ray analysis on a similar compound suggested that the orB9 K for the 1D polymer of TDAE-G,, together with these at 300
entational ordering transition around 120 K, which lowersK for the ferromagnetic phase-Rb,Cq, (Ref. 28 and dimer-
the crystal symmetry, might relate to the stabilization of theRbiCeo (Ref. 29 for Comparison{n represents theith shortest
static Jahn-Teller effeéP Such a symmetry lowering only in  distance.Ns, the number ofS=3 unpaired spins per (cation
the ferromagnetiar-TDAE-Cgp, but not in the unannealed * Ced unit andg values are aiso listed.

aramagnetier’ phase, was reported below 50 K by a pre-
Eise x-rgy strucfural determinafljtidr’ff5 Figure 4 shove//s tr?e nAd) A rsA N g
example of the pair of two distortedgs which favors to be  TDAE-Cq,
triplet. Existence of the nearly orthogonal configurations of. 1D polymer 917 .07 13.69 15.70 2 2.0028
the twofold axes in the neighboringg{> along thec axis - Ferromagnet 9.99 13.00 15.86 1 2.0005
was confirmed with the refined structiffeThe interball
magnetic coupling; is approximately calculated with a sec- [2+2] polymer

ond order perturbation for the interball transfer, 0-Rb,Cgp 9.138 10.107 14173 1  2.0012
4 4t|sz Single bgnd
Jyj=— 24— (1)  RbCg dimer 9.34 992 1415 0
U9 (u+a)?

wheret, ty, U, Jy, and A represent the interball trans-

fer energy petween lowest unoccupigd molecular orbital expanded by 0.6 A, which is reasonable to account for the
(LUMO's) with same symmetry, that with different symme- TDAE molecules sandwiched by the balls along this direc-

try, the onball Coulomb interaction, the onball exchange iN<ion. The ¢ axis distance is comparable to 9.138 A in

tera}ction, and the energy splitting due tp the Jahn_—TeIIer dis()—Rme,zg as listed in Table I, together with magnetic prop-
tortion between LUMO s on G, respectlvely. The INCrease grties. In case of a single-bonded dimer the shortest distance
of ty due to the adding pressure mainly makes a contributions 9 34 A2° rather longer than the present case. Therefore we
to the parabolic dependence B¢. The parametety should  conclude thata-TDAE-Cg, transforms to a 1D-polymeB

be zero in the case of crystal field agyds perfectly ortho-  phase with{ 2+2] cyclo-addition under the pressure of more
rhombic. The crystal structure of TDAEggIs different from  than 10 kbar at room temperature, which is stable even after
orthorhombic one a little bit althoughggmolecule has com- pressure release.

plete orthorhombic symmetry. Therefore, the enhancement Magnetic properties of the polymer phase are interesting
of crystal field at Gy's site due to applying pressure makgs  in the meaning that the missing spin of TDAE a-TDAE-
larger. To simulate Fig. 3J=0.55 eV,J,=0.09 eV, and Ceo revives. That is, twds=; spins, twice of the ferromag-
A=0.15 eV are used, which are almost the same as th&€tic case, contributed to the paramagnetic susceptibility
estimated by Suzuket al?’ The transfer energies are as- With the negative Weiss temperatufeof 4 K. Accompany-
sumed to depend linearly on the pressBrasta:tg+ Pt/ ing this change, thg factor moved from 2.0005 to 2.0028 in
(a=1,g). t’=65 meV andt/ =1.0 meV/kbar are used. The between 2.0012 for the polymer phase @RbCs, and

: . N 2.0036 for TDAE cation radicaf? Recently, in thea
above parameters dominate the maximtg Sincety (4.3 phase, the spin density oN in TDAE™ has been con-

meV) andtg (2.2 meV/kbay predominate the pressure de- fimed to be extremely small even in the ferromagnetic state
pendence, these parameters, along with a reduction factor py the electron spin echo envelope modulation technifue.
(0.79 for the mean-field approximation, are used as fittingrurthermore, it was unambiguously revealed by a detailed
parameters. The parentheses show the values for the solighalysis of the infrared spectra on TDAE neutral, monoca-
curve in Fig. 3, where the 2nd nearest coupling along theion, and dication molecules that TDAE in TDAE;LCis
chain, J, was taken into account. More theoretical detailsmonocatiort! consistent with the recent structural analysis
will appear elsewhere. of both a’- and a-TDAE-Cg.2%%? Therefore, the spins on

As shown in Fig. 1, the ESR linewidth at 9.2 kbar4®2 ~ TDAE™’s are likely to form dimers with spin singlet ground
G in the whole temperature range. This figure also shows atates in thex phase** which is unstable in the polymerized
curious irreversible feature of the ESR linewidth in the 8 phase.
sample restored to ambient from 9.2 kbar. Namely, it does The paramagnetic ground state of the polymer phase with
not come back to 20 G after pressure release, but it is stithe small® ~ —4 K would provide us with some insights on
narrow, less tha 3 G in thewhole temperature range. The the interaction between the spins; it is very small compared
sample treated under 9.2 kbar shows a weak trace of ferrawith larger ® than —200 K in 0-A;Cgy, WhereA is Rb or
magnetism below 10 K at ambient pressure, but that treate@s. Differences between these systems are in chain separa-
at 12.2 kbar shows Curie-like susceptibility down to 2 K.  tion of 10.4 A for theg phase and 10.1 A foA;Cqsy, and

In such a pressure released samfilamed as the3  spin-spin interactions via cations; radical TDARNd spin-
phase, x-ray diffraction data at 89 K yielded us=15.70, silent A*. Since the interchain exchange in tBephase is
b=13.69, andc=9.17+0.07 A with P symmetry, suggest- weak, ® would be dominated by the intrachain exchange,
ing a disappearance of the dimerizing shift of TDAE mol- which could still be the order of magnitude larger than 2°K.
ecules along thd axis in the ferromagnetic TDAE«g.**  Therefore, such a smab in 8-TDAE-Cg, implies a revival
The shortest distance between balls dramatically reduced hyf possible magnetic interaction ipositive exchange cou-

0.7 from 9.87 A at 80 K im-TDAE-Cg,. 1! While theb axis
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pling via radical TDAE",® which fortuitously compensates in Cg, compounds doped by spin-silent alkali ions. Since the
the remained intrachainegativeexchange. Then, further in- orbital-ordering mechanism requires Jahn-Teller stabilized
vestigations not only experimental but also theoretical aserbitals, Gy monoanion compounds could be a candidate for
pects on the polymer phase could promote further underthe ferromagnetism. Unfortunately, even if one can avoid
standing of the electronic state in the monoaniog, C PolymerizationA;Cgo composes a face-centered cubic struc-

compounds. ture, equivalent to a triangle network. Since the antiferro-

The present model to elucidate Fig. 3 suggests sever&rbital ordering will be easily destroyed by a frustrating na-
interesting features. First is that a role of spin-silent TDAE {uUre of the triangle network, the possibility of ferro-

is a simple electron donor in this model. Then, a simpl
volume tuning to enhancé&. is not fruitful, becausd& - of
a-TDAE-Cq, locates approximately peak position of the

e

magnetism with the present model is pretty low in the alkali-
doped fullerides, consistent with the experimental findings.
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