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Structural differences in two polymorphs of tetra-kis-(dimethylamino)-ethylene-Gy:
An x-ray diffraction study
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A type of low-temperature structure for ferromagnetitetrakis (dimethylaming-ethylene(TDAE)-Cg is
proposed on the basis of low-temperature x-ray analysis. We observed that intense superlattice reflections with
odd indices successively appeared belaw 170 K. The space group symmetry of the low-temperature phase
is determined to bé2,/n. Two inequivalent G, sites exist in the low-temperature phase, which are indis-
pensable to the orbital ordering model ofCThe contact configuration for the neighboringe€along the
stackingc direction is uniquely determined. The double bond between the hexagons faces the neighboring
pentagon. We found that the surrounding TDAE molecules shift along tes (~0.07 A) and that these
shifts correlate perfectly to the alignment ofCThis result indicates that the steric effect betwegg &@d
TDAE molecules plays an important role in the orientational ordering gf On the other hand, in the’
phase, no structural phase transition was observed below 30 K. This indicates that gjjsthereCcrystallo-
graphically equivalent. Structural differences separate the magnetic peculiarities of the two polymorphs in

TDAE-Cqgp.
DOI: 10.1103/PhysRevB.71.174424 PACS nunt®er75.50.Xx, 61.48+c, 61.10-i, 71.20.Tx
[. INTRODUCTION this salt. Recently, Kawamotet al. proposed a model with

cooperative ordering of Jahn-Tell¢dT) distorted Gg.° In

Molecular magnetism, that is, the magnetic interaction bethis model, the orientation of the orbitals of neighboring JT-
tween molecules, has recently attracted considerable attedistorted Ggs cooperatively order with the orthogonal con-
tion. Several molecular magnets that can be classified as afiguration of the twofold axes in order to reduce the direct
tiferromagnet, ferromagnet, and ferrimagnet have beewverlapping between the orbitals. The electron correlation in
systematically designeld.Unpaired electrons in the mol- the nearly degenerateg, orbitals would perform well for
ecules give rise to the magnetism. The antiparallel configuthe parallel configuration of the spins of the neighboring
ration of molecular spins is usually favorable because it lead€gcs. Experimentally, the pressure dependence of the ferro-
to an increase in the electron transfer energy. The sign ohagnetic transition temperature, which was investigated by
magnetic interaction between molecules depends on the delire high-pressure electron spin resonafieR technique’;8
cate balance among the kinetic exchange term, Coulomb irftas been well reproduced by the orbital ordering model of
teraction, and spin polarization effect. JT-distorted G, On the contrary, in order to realize antifer-

Tetrakis-(dimethylaming-ethylene (TDAE) Cg, is a  rorotative orbital ordering ime-TDAE-Cgq, the symmetry of
fullerene ferromagnet with the highest transition temperathe crystal structure must be simultaneously lowered by the
ture, T,=16 K, among organic ferromagnétRetailed ferro-  orbital ordering of Gy; this may lead to a space group lower
magnetic resonancéFMR) measurements were conducted than that of the room-temperature struct(@2/c). We have
using a single crystaland the frequency-field diagram was already reported that a structural phase transition occurs at
explained using the usual Kittel's model with an extremelyapproximately 180 K, which is possibly due to the orienta-
weak uniaxial anisotropy. This experiment establishes thational ordering of G,° but we had not succeeded in solving
the ground state of TDAE-£ is the same as that of a bulk the low-temperature structure. On the contrary, Narymbetov
ferromagnet with the highest transition temperature amongt al. proposed a low-temperature structure that included the
purely organic materials. It is also known that its ferromag-orientational disorder of &° The low-temperature struc-
netism strongly depends on the annealing procedure of thieire, which guides the ferromagnetic and/or antiferromag-
samples. Following the experiment, two polymorphs werenetic interactions, is indispensable in resolving the magnetic
discovered in the salt: a ferromagnetiphase and a nonfer- properties of the two polymorphs. In this study, we present
romagnetica’ phase. Thea' phase crystals irreversibly the results of the x-ray analysis using several single crystals
transform intoa-phase crystals by thermal annealihhe  from different preparation batches. For thgohase crystals,
magnetic susceptibility of thae’ phase obeys a simple Curie- we have succeeded in solving the low-temperature structure
Weiss law at a high temperature region with a negative Weiswithout introducing the orientational disorder of,{CThe
constant. No magnetic ordering was observed down to 1.5 Kijnal refined factor(R factor of our analysis has improved
and the nonmagnetic singlet ground state was proposed #nd it is comparable with that of the disorder model. For the
this phasé. Although the mechanism of the ferromagnetic low-temperature structure of the phase, we reveal the
interaction in thea phase has been discussed extensivelystructural phase transition along with the orientational order-
this issue is still debatable. Several theoretical studies wereg of Cg, the existence of two crystallographically in-
conducted to explain the highest transition temperature oéquivalent G, sites, the unique contact configuration be-
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tween the orientationally ordered;{dnolecules, and a slight TABLE I. Experimental conditions for crystal structure determi-
shift of TDAE molecules along the axis. On the contrary, nation and lattice parameters of theand «’ phases of TDAE-G,
the low-temperature structure of tla¢ phase has a different at 25 K.

type of contact between the nearest neighboring C molecules
along thec axis. We compare the low-temperature structureg-ormula F4CroNy

for the two polymorphs and discuss them in relation to the ,
S . Crystal polymorph a a
magnetic interactions. ) )
Crystal dimensiongmm®)  0.45x 0.45x 0.13
Crystal system Primitive Monoclinic
Il. EXPERIMENTAL PROCEDURES Space group P2,/n (#14) C2/c (#15
The single crystals were obtained by the usual diffusiora/A 15.7991) 15.8341)
method? The typical dimensions are 0:50.4X 0.3 mn?¥. b/A 12.79711) 12.79365)
For the preparation runs, we carefully selected several crysyA 19.8001) 19.7251)
tals obtained from different sample batches. As-grownﬁ/o 94.7885) 94.1062)
, . ;
a’-phase single crystals were well annealed at approxmatelQ;/Ag 3989.25) 3985.34)

70 °C in order to transform them to the ferromagnetic

phase. The details of the annealing procedure are also gg-value _ 4 4
scribed in Ref. 9. BotiT, and the saturation of the magnetic Tota! reflections measured 25394 10771
moment of thea phase are consistent with the previous re-Unique reflections 7418 4071
sults. The magnetization of the single crystal was measureBeflections used 5418 >50(1)) 3649(1>50(l))
using a commercial superconducting quantum interferencresidualsk; R, 0.059; 0.060 0.073; 0.086

device (SQUID) magnetometefMPMS, Quantum Design
Co. Ltd). All x-ray diffraction measurements were conducted
using a Rigaku RAXIS-IV imaging p_Iat_e diffractometer with tions of thea’ and « phases later.

graphite monochromateq Mﬁa radlatlon. From 90 K to Next, using the ferromagnetie-phase single crystals, we
room temperature, a liquid nitrogen contllnuous flow cryostaty amined the temperature dependence of the Bragg reflec-
was used. Below 90 K, a He-gas continuous flow cryostaions pecause the structural phase transition temperature has
(Helix, Oxford Cryosystemswas used. The lowest tempera- ot yet been correctly determined. Figure 2 shows the tem-
ture used for analyzing the structure was approximatelyerature dependence of several reflections along with the
25 K. We selected several single crystals without a twiny-ray images at various temperatures. A series of intense re-
boundary to determine the low-temperature structure. One dfections appear beloW =170 K; however, the other Bragg
the experimental conditions is as follows: data were colreflections exhibit no remarkable anomaly in their intensities
lected at each temperature to a maximuénvalue of 54.9°.  nearT,. The intense superlattice reflections have ddck

A total of 90 oscillation images were acquired, each exposethdices. The smooth evolution of these superlattice reflection
for 10 min. The data were corrected for Lorentz and polarintensities with cooling indicates that the phase transition
ization effects. The structure was directly solved using thgs of the second order. The temperature dependence of
SIR-97program and expanded using Fourier techniques. Nonthese superlattice reflections is well described by the usual
hydrogen atoms were refined anisotropically. Hydrogen at¢T_-T)2# formula. The dotted line in the figure represents the
oms were included but not refined. The fifkfactors for the  fitting curve with T;=170+2 K and $=0.43+0.02. These
structural refinements were less than approximately 9%. Ifesults are consistent with the previous artfclexcept for
particular, for thea' phase, theR factor at 25 K improved the accuracy off. The violation of the extinction rules be-

to ~5.9% without intrOdUCing the orientational disorder of low Ts indicates that the |0W_temperature phase has a primi_
Ceo. Moreover, to confirm whether the disorder mod@l tive crystal structure. Some of the intensities of these super-
could be reproduced with our measurement result, we havgtice reflections are comparable with those of the Bragg
performed a structure analysis using their method. The exeflections. Diffuse scattering can also be observed at the
perimental conditions for the structural determination and th&ame reciprocal wave vector abo¥g and belowT, the

shown in Fig. 1a). We will compare the contact configura-

lattice parameters are summarized in Table I. superlattice peaks have well-defined profiles within the ex-
perimental resolution limit. This is in contrast to the previous

0

IIl. EXPERIMENTAL RESULTS AND DISCUSSION structural study!

We succeeded in analyzing the crystal structure bélgw
At first, we explain the structure of the’-phase crystal. At a temperature abov&, the structure could not be ana-
The lattice parameters at 25 K are summarized in Table llyzed; this is probably due to the rotation offThe lattice
The R factor for the structural determination is approxi- constants at room temperatui®T), 90 K, and 25 K are as
mately 7.3%. The low-temperature structure retains its spac®llows: a=15.925 A, b=13.090 A, ¢=20.013 A, andp
group symmetryC2/c). Its atomic coordinates are presented=93.67° at RTa=15.805 A,b=12.822 A,c=19.815 A, and
in Table Il. These data of crystal refinement are consistenB=94.491° at 90 K; anda=15.799 A, b=12.797 A, ¢
with the previous structural analysisSince the orientation =19.800 A, and3=94.788° at 25 K. Figure (8) shows the
of Cgo is completely fixed at this temperature, the contacttemperature dependence of the lattice constants bé&low
configuration along thec axis could be well defined, as The thermal contraction of theaxis is remarkable; this may
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TABLE Il. Atomic coordinates and Bjs/Bey for TABLE Il. (Continued).
the o  phase. Beq:%wz[un(aa*)2+U22(bb*)2+U33(cc*)2
+2U,,aa bb" cosy+2U,5aa cc cosB+2U,5bb cc’ cosal. Atom X y z Bq
Atomn X y . Bq H(10)  0.1453) 0.1624) 0.1822) 1.38)
H(11)  0.1893) 0.0813) 0.2422) 1.48)
N(1)  -0.06572) -0.031G2)  0.17281)  0.595) H12  0.0923) 0.1634) 02503  2.410)
N(2) 0.07322) 0.03492) 0.18581) 0.645)
C(1)  057712)  -0.133%3) -0.14092)  0.646) S _
c@) 0.54342) 0.04973) ~0171G2)  0.666) be because this direction is approximately parallel to the nor-
cB) 0.62202) 0.08193) 0.13452)  0.706) Irnal to the TDAEs mole<_:u|ar plan_e. The space group for the
ow-temperature phase is determined to be a primi#2¢/n
C(4) 0.52122) -0.05593)  -0.17442)  0.636) one. In contrast to the previous structural analy$isge suc-
C(5) 0.51832) 0.209@3)  -0.11682)  0.706) ceeded in solving the low-temperature structure without as-
C(6) 0.606@2) 0.18093) -0.101Q2)  0.646) suming the orientational disorder ofg&molecules. TheR
c(7) 0.65242) -0.10193) -0.10612) 0.676) factor for the structural analysis at 25 K improved to 5.9%. It
C(8) 0.52462)  -0.213@3) -0.112%2)  0.636) should be noted that this value is comparable to that obtained
() 0.47942) 0.12773) ~0.16002)  0.606) by thg model |nclud|_ng the orlentatlonal dlsp_rder. During the
experimentgapproximately 10 j the intensities of the su-
C(10 0.67522) 0.00813) —0.102712)  0.686) perlattice peaks varied slightly at the lowest temperature, and
C(1)  043512)  -0.08793)  -0.16632)  0.666) the obtained results were found to be valid. Moreover, during
C(12 0.47232) 0.25593) -0.06672)  0.656) our analyses, no additional Fourier peaks, which would sug-
C(13 0.436%2) -0.185@3) -0.12822) 0.706) gest the existence of disorder, were observed. Figing 3
C(14) 0.64512) 0.20063) -0.03642)  0.646) shows the temperature dependence of the isotropic equiva-
c(15) 0.39642) 0.09783) ~0.15222)  0.676) lent temperature factoiB,, averaged over the atoms of mol-
c(16) 0.37342) -0.012G3)  -0.15582)  0.646) f—:'cules. The temperature factors rapidly decrease with cool-
' : : : ing, except for the proton atoms. The large temperature
C(ln  051222)  027613)  0.00042)  0.576) factor of the proton atoms suggests the orientational disorder
C(18  0.597@2) 0.24893) 0.01542)  0.596) of the terminal metyl groups of the TDAE molecule. At
C(19 0.38592) 0.22423) -0.05872) 0.706) 25 K, however, no remarkable differences in the temperature
C(20) 0.34832) 0.14593) -0.10072) 0.616) factors for the individual _molecules were obser\_/ed. Therel-
c21) 0.37642) ~0.20273) -0.08072)  0.566) fore, we con_clude that it is unnecessary to _cons@er the ori-
C22 031212 -0031G3) -0.10562)  0.636) entational disorder of g and that the intrinsic low-
temperature structure, which guides the ferromagnetic
C23) 0.45022) 0.25783) 0.04962) 0.636) interactions, can be determined. Tables Ill and IV show the
C24 037142 0.22543) 0.01322)  0.666) atomic coordinates of the & and TDAE molecules. It
C(25) 0.31372) -0.12423) -0.06932) 0.696) should be noted that the low-temperature unit cell includes
C(26)  0.29562) 0.06783)  -0.07222)  0.626) two crystallographically inequivalent g molecules. They
C(27)  0.29942) -0.12333)  0.00342)  0.666) are plac,ed on sitesczand 2. This is in contrast to the case
c29 0.28162) 0.06843) ~0.00272)  0.766) of thec_y phase, Whlc_h has |d_ent|ca!lﬁgZS|te_s. In the present
c29) 0.32172) 0.14893) 0.04082) 0.706) analysis, as g e_xh|b|t§ no orlentathnal d|s_order beloty,
the contact configuration for the neighboringo@long the
C(30  0.28432)  -0.02833)  0.03532)  0.696) stackingc direction is uniquely determined, as shown in Fig.
C(3D 0.00232) 0.00263) 0.21422) 0.666) 2(b). The double bond between the hexagons at which the
C(32 -0.12712) -0.104%3)  0.197G2)  0.746)
C(33) -0.08772) 0.0175%3) 0.10672) 0.857)
C(34) 0.10512) -0.018@3) 0.12682) 0.81(6)
C(35) 0.12822) 0.11533) 0.21742) 0.9017)
H(1) -0.1014) -0.1565) 0.2323) 3(1)
H(2) -0.1713) —-0.0644) 0.2133) 2(1)
H(3) -0.1473) -0.1504) 0.16Q3) 2.510
H(4) -0.1452) 0.0563) 0.1072) 0.27)
H(5) -0.0942) -0.04%3) 0.0662) 0.0(6) (a) (b)
H(®) —0.0383) 0.0684) 0.0912) 179 FIG. 1. Contact configuration for the nearest neighboring C
H(7) 0.0694) -0.0825) 0.1083) 3(1) viewed from thec axis.(a) o’ phase andb) « phase. The contact in
H(8) 0.1124) 0.0385) 0.08713) 4(1) the o' phase corresponds to the PM configuration in Fig. 3 of Ref.
H(9) 0.1663) -0.0494) 0.1392) 2.209) 10 while that in the o phase corresponds to the FM I-lI

configuration.
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FIG. 2. Temperature dependence of the normalized intensity of . ] .
reflections. BelowTs=170 K, several superlattice reflections that | ]
have oddh+k indices appeared. The dotted line is the fitting curve, N
which is described in the text. X-ray images(at T=110<Tg and w 0.002 L ]
(b) T=190> T, are shown in the upper part of the figure. .
twofold axis of the ball exists faces the neighboring pentagon q Tsl ]
at an angle of approximately 15° from tieaxis. All the 0.000 L2514, . .
0 50 100 150 200

samples that were estimated, which show the ferromagnetic
transition, have the same contact configuration alongcthe

axis. This is in contrast to the contact configuration in dt\e FIG. 3. (a) Temperature dependence of the lattice constants be-
phase. At the same lowest temperature of 25 K, we coulghy, T_ The data are normalized by the data collected at 28K.
refine the structure of the’ phase. No structural phase tran- temperature dependence of the isotropic equivalent temperature
sition was present in the’ phase. As shown in Fig.(d), the factorsBe, averaged over the carbon atoms of thg @olecule on
double bond between the hexagons faces the neighboring site (¥), the carbon atoms of theggmolecule on @ site (A),
hexagon. the carbon atoms of the TDAE molecuyl@), the nitrogen atoms of

A remarkable characteristic of the low-temperature structhe TDAE moleculeg(]), and the proton atoms of the terminal me-
ture is that the orientation of g perfectly correlates to the thyl groups of the TDAE moleculgXx). (c) Temperature depen-
shift of the surrounding TDAE molecules along tbalirec-  dence of the shift of the TDAE molecules along thexis. TDAESs
tion. In the RT structure, the TDAE molecules are fixed atare placed ori~0, ~0.003, and 0.25#z).
z=1/4 due to thawofold axis along thd direction, but they
exhibit a slight shift along thd direction. Hence, the ab- parallel to one of the &C double bonds. This result clearly
sence of this symmetry element in the low-temperature strudndicates that these shifts correlate to the alignment of the
ture allows the shift of the TDAE molecules along the Cgps and that the steric effect between thg, @nd TDAE
direction. Figure 4 shows the shift of the TDAE molecules,molecules plays a key role in deciding the orientation gf. C
where eight TDAE molecules surround eack,Ohe thick  As shown in the figure, the TDAE molecules stack alter-
arrows indicate the shift directions of the TDAE molecules.nately along thec axis. In the low-temperature structure of
In the low-temperature phase, TDAEs are placed(e®, the « phase, the G-C distances between the methyl groups
~0.003, and 0.25#2) with 6z=0.004(~0.07 A) in the frac-  in a TDAE pair are 4.520 A and 4.840 A along thelirec-
tional coordinate. The shift along thHe axis is comparable tion. The shift of the TDAE molecules along thexis prob-
with that of the RT structure. Figurd@ shows the tempera- ably makes their dimerization tight. This may affect the spin
ture dependence of the shift of the TDAE molecules alongcancellation of a TDAE pair.
the c axis. It should be noted that the=€C double bond of Next, we comment on the valence states of a TDAE mol-
Ceo is aligned along the axis only when the neighboring ecule in two phases. The centra:=&C double bond and the
TDAE molecules along thk direction(Nos. 2, 4, 6, and 8 in  torsional anglep in the N,C-CN, fragment of a TDAE mol-
Fig. 4) approach each other along thalirection, as shown ecule are sensitive to the charge state of the moléédfe.
in the figure. The molecular twofold axis ofggis aligned  Using structural parameters, the=€C lengths are 1.413 and

Temperature (K)
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TABLE lIl. Atomic coordinates andB;s./ B for the Go mol-
ecules of thew phase.

Atom X y z Byq
C(1) 0.63082) -0.09183) -0.12442) 1.527)
C(2) 0.59252) 0.09283) -0.14592) 1.567)
C() 0.65242) 0.020%3) -0.12162) 1.367)
C(4) 0.55072) -0.12323) -0.15182) 1.427)
C(5) 0.583@2) 0.18992) -0.10712) 1.608)
C(6) 0.66942) -0.14083) -0.06512) 1.597)
C(7) 0.54262) -0.25262) -0.06082) 1.157)
C(8) 0.50492) -0.20562) -0.11912) 1.277)
C(9) 0.50992) 0.06133) -0.17372) 1.547)

C(10 0.62612) -0.21992) -0.03362) 1.197)

C(1y 0.48942) -0.04533) -0.17682) 1.678)

C(12 0.703%2) 0.03693) -0.05922) 1.637)

C(13) 0.49412) 0.21592) -0.11292) 1.487)

C(14) 0.715@2) -0.06093) -0.02322) 1.457)

C(15 0.44792) 0.136583) -0.15382) 1.638)

C(16) 0.49222) -0.276Q2) -0.00442) 1.1%(7)

C(17) 0.41532) -0.18012) -0.12412) 1.247)

C(18) 0.62672) -0.2235%2) 0.04082) 1.397)

C(19 0.40532) -0.07993) -0.16012) 1.6Q08)

C(20) 0.54322) -0.25812) 0.05822) 1.297)

C(21) 0.71482) -0.066@2) 0.04642) 1.467)

C(22) 0.40522) -0.25092) -0.00962) 1.2433

C(23) 0.367%2) 0.10412) -0.137@2) 1.377)

C(24) 0.366%2) -0.20242) -0.07032) 1.367)

C(25) 0.670@2) -0.14742) 0.07982) 1.467)

C(26) 0.34642) -0.00723) -0.14072) 1.628)

C(27) 0.30542) -0.12592) -0.05062) 1.057)

C(28) 0.29612) -0.03063) -0.08522) 1.547)

C(29) 0.36812) -0.20642) 0.04862) 1.507)

C(30) 0.305@2) -0.12793) 0.02212) 1.597)

C(31) 0.56462) -0.03463) 0.67412) 1.477)

C(32 0.61882) -0.102@3) 0.64472) 1.427)

C(33) 0.47462) -0.056713) 0.67182) 1.467)

C(34) 0.58582) -0.1965%2) 0.61222) 1.287)

C(35) 0.4985%2) -0.21882) 0.60992) 1.207)

C(36) 0.442@2) -0.14683) 0.64062) 1.507)

C(37) 0.42782) 0.04123) 0.66272) 1.407)

C(38) 0.68582) -0.061%3) 0.605@2) 1.407)

C(39) 0.63162) -0.21392) 0.553@2) 1.307)

C(40) 0.45512) -0.25872) 0.54932) 1.267)

C(41 0.35142) 0.0435%3) 0.62222) 1.237)

C(42) 0.36192) -0.14382) 0.598@2) 1.377)

C(43) 0.69372) -0.13122) 0.54862) 1.077)

C(44) 0.33352) 0.13112) 0.57582) 1.297)

C(45) 0.37012) -0.21342) 0.54072) 1.177)

C(46) 0.58952) -0.25332) 0.49382) 1.1903

C(47) 0.49912) -0.27592) 0.49172) 1.2025

C(48) 0.318@2) -0.05022) 0.58882) 1.467)
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TABLE Ill.  (Continued).

Atom X y z Byq

C(49  0.28992)  0.09173) 0.51472)  1.377)
C(50) 0.28032) -0.02233)  0.52272)  1.347)
C(51) 0.33382 -0.18582)  0.47712) 1517
C(52 0.60692) -0.211G2)  0.42772)  1.297)
C(53 0.46042) -0.24812)  0.42532)  1.307)
C(54 0.28742) -0.08682)  0.46712)  1.317)
C(55 0.37942) -0.203%2)  0.41792)  1.467)
C(56) 0.52662) -0.20732)  0.38532)  1.337)
C(57 0.30532) -0.04513)  0.40272)  1.537)
C(59 0.36192) -0.11662)  0.371G2)  1.287)
C(59 0.51002) -0.12343)  0.34092)  1.437)
C(60) 0.42562) -0.07813)  0.33362)  1.397)

-

1.419 A in thea and o’ phases, respectively. Further, the
torsional angleg(N,C=CN,) is also 116° in both phases.
Comparing the molecular orbit&dMO) calculationsi?>'3 the
TDAE molecules in thex anda’ phases exist as monovalent
cations, indicating that TDAE has$=1/2 spin. Therefore,
the structural difference between the two phases barely af-
fects the valence state of the TDAE molecules.

The existence of the structural phase transition in ¢he
phase is in good agreement with the other experiments.
Highly asymmetric’*C nuclear magnetic resonan@eMR)
spectra, in which the carbon atoms og,@re enriched, were
observed below 160 K; further, a broadening of the line-
widths was observetf. They discussed the broadening in
relation to the dynamical transition in the rotational motion
of Cgo. However, below 160 K, two correlation times for the
rotational dynamics of g increased by more than 2 orders
of magnitude. It can be assumed that this NMR behavior is
due to the static ordering of the rotational dynamics g C
below the observed structural phase transition. Furthermore,
the temperature dependence of dc conductivity showed a
clear discontinuity of slope at approximately 150-KThese
results indicate that the orientational ordering gf @odu-
lates the intermolecular overlap of electronic wave functions.
The obtained activation energy decreased below this tem-
perature, indicating the enhancement of the intermolecular
contact due to the orientational ordering.

Our findings for the structural phase transition in e
phase seem to be consistent with these physical properties.
However, theR factors in the two structural analysédisor-
der model® and our modélare almost comparable. Which
structural model is suitable to describe the low-temperature
structure of thex phase? In the disorder modé&lthe intense
superlattice reflections, which violate the extinction rules of
the C-centered lattice, are perfectly excluded in the structural
refinement because room-temperature space group symmetry
(C2/c) was assumed. In that case, less than half of the ob-
served reflections were used in the analysis. If we apply this
method to our structural data, tiRefactor improves slightly
to 4.8% when the ratio of the two configurations is approxi-
mately 55% /45%5 This ratio is comparable with the pre-
vious one'® Consequently, this leads to the absence of the
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TABLE IV. Atomic coordinates an@;s,/ Be, for the TDAE mol-
ecules of thew phase.

Atom X y z Bq

N(1)  -0.06112) -0.02892) 0.17311)  1.096)
N(2) 0.07592) 0.04092)  0.194G1)  1.166)
N(3) 0.06132)  -0.03282)  0.33171)  1.106)
N4)  -0.078%2)  0.03032)  0.3152) 1.226)
C(61)  0.00312) 0.00512)  0.21822)  1.047)
C(62  -0.00522)  0.00152)  0.28862)  1.007)
C63 -0.12432) -0.10432) 0.193G2) 1.167)
C64  -0.07892)  0.01973)  0.107G2)  1.307)
C(65  0.11442)  -0.00963) 0.13812) 1.467

FIG. 4. Correlation between the shift of the TDAE molecules
) and the alignment of £ in the low-temperature phase of ferromag-
C(66) 0.127@2) 0.12173) 0.23072)  1.527) netic a-phase crystalga) Shift of the TDAE molecules along the
C(67) 0.12312) -0.10642) 0.30792) 1.137) andc axes, indicated by thick arrowgb) Alignment of G5 mol-
C(69) 0.08242) 0.015@2) 0.39772) 1.247) ecules viewed from the axis. Open(closed rectangles represent
C(69) ~0.11012) ~0.02283) 0.37332) 1.397) the TDAE molecules at=0.25+0.004(z=0.25—-0.004
)

C(70 -0.13452 0.11043 0.28312 1.487 . .. .
(70 42) 43) 12 & hibits no structural phase transition and no ferromagnetic

H(1) ~0.0972) ~0.1492) 0.2342) 0.3(4) behavio® The lower symmetry permits the shift of the
H(2) -0.1783) ~-0.07a3) 0.2072) 2.56) TDAE molecules along the direction and leads to the ex-
H(3) -0.1422) -0.1533) 0.1512) 1.96) istence of two inequivalent 4 sites. Although the reasons
H(4) -0.1383) 0.0623) 0.1082) 2.8(7) for the absence of the phase transition and the restriction of
H(5) -0.0852) -0.0373) 0.0732) 1.8(6) the TDAE molecules in the’ phase are not clear at present,
H(6) -0.0292) 0.0643) 0.0982) 1.6(5) the structural differences distinguish the magnetic peculiari-
H(7) 0.0753) -0.0694) 0.1172) 3.1(7) tlej qf the t\év.ohpolymtcl)rphs |tn ':'D,tAhE-gg. Slml|?r “ortr)lltal"b

ordering, which greatly controls the magnetism, has been
:g 81?2((2; _060513(114;) 8'22;3 ;2((2 observed in the ammoniated alkalig®@alt NH;K 5Cq0. 211t

: ) : : is proposed that the antiferrorotativierrorotative ordering

H(10) 0.1523) 0.1703) 0.1962) 2.4(6) leads to the ferromagnetiantiferromagneticinteraction be-
H(1D) 0.1793) 0.0923) 0.2612) 2.36) tween the spins on & Structurally, at least two inequivalent
H(12) 0.0893) 0.1623) 0.2632) 2.3(6) Cgo Sites should exist in order to introduce the ferromagnetic
H(13) 0.0972) -0.1543) 0.2702) 0.4(4) intermolecular interactions. Two possible orientational order-
H(14) 0.1742) -0.07%3) 0.2872) 1.7(6) ing patterns in the low-temperature phase @fTDAE-
H(15) 0.1472) -0.1523) 0.3502) 1.35) Cso are presented In Fig. 5, in which the JT—d|storte® S .

described by the ellipse. These examples are consistent with
H(16) 0.1423) 0.0553) 0.3992) 2.97) .

the symmetry of the low-temperature structure. In Fi@),5
H(17) 0.0912) ~0.0403) 0.4372) 1.1(5) one of the JT axes of s aligns parallel to the axis and the
H(18) 0.0352) 0.0623) 0.4082)  1.86) other is parallel to thab plane, while in(b), the axes align
H(19  -0.0702) -0.0783) 0.3882) 1.2(5) alternatively within theab plane. In both cases, the orienta-
H(20) -0.1142) 0.0243) 0.4152) 1.1(5)
H(21) -0.1713) -0.0503) 0.3592) 2.4(6)

H(22) -0.1543) 0.1583) 0.3212) 2.56)
H(23) -0.1893) 0.0793) 0.2592) 2.2(6)
H(24) -0.1052) 0.1483) 0.2472) 0.7(5)

shift of TDAE molecules along the axis. The contact con-
figuration of G along thec axis in our analysis is the same
as the FM I-1l configuratiort® Although theR factor may
improved slightly, these superlattice reflections cannot be
strictly ignored(in the disorder model, thR factor for these
superlattice reflections must bg. We emphasize that our  FIG. 5. Possible orientational ordering pattern in the low-
model was directly solved without any special assumptionemperature phase af-TDAE-Cy,. The Jahn-Teller distorted g
and was refined. are depicted by the ellipséa) The elongated axes of & are

The structural phase change possibly guides the ferromagdigned parallel to the axis andab plane alternatively(b) The axes
netic transition of TDAE-G, since thea'-phase crystal ex- are aligned within theb plane.
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tions of Gy are ordered antiferrorotatively along the0l]  Cgo We observed the following structural peculiarities in the
and[110] directions. These directions correspond to the nextwo polymorphs of TDAE-Gg (1) The structural phase tran-
nearest contact between the,&€ Therefore, it is expected sition occurs in thea phase at 170 K while the’ phase
that intermolecular ferromagnetic interaction is inducedholds the same structural symmetry as that of a RT structure
along these directions. Since TDAE molecules exist betweebelow 25 K. (2) Two inequivalent @, sites exist in thex

the G molecules along th€100] and[010] directions, the phase while in they’ phase, all the gs are equivalent(3)
intermolecular interactions along these directions would b& he orientation of & is ordered at a low temperature in both
indirect, which may cause superexchange-type antiferromadghe phases; however, the contact configurations along the
netic correlations to exist. Recently, ESR measurements umirection are different(4) In the « phase, the surrounding
der uniaxial pressure were conducted by Mizoguwttal?°I1t ~ TDAE molecules shift along the direction belowT,. The

is interesting to note that in their study, the ferromagneticorientation of G, perfectly correlates to the shift of TDAE
transition temperature strongly depended on the direction afolecules. This structural difference at a low temperature
the uniaxial pressure against the crystal axes. They proposdds been clearly observed in the two polymorphs. The mag-
the orbital ordering pattern shown in Figabbecause of the netism of TDAE-G, strongly depends on the structural pe-
rapid decline inT; by the uniaxial strain along the axis.  culiarities and the degree of freedom of the orbitals gf, C
This is because the intermolecular transfer alongdlais thus leading to a difference in the mixing of intermolecular
would be effectively modulated by such a strain. Their find-wave functions among g5 and between TDAE andgg

ing strongly supports our low-temperature structure for fer-
romagnetica-TDAE-Cg,. ACKNOWLEDGMENTS
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