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We report on the measurements of tH€ NMR line shape in the organic ferromagnet tetréakimethy-
laming ethylene-G, between room temperaturecad K as well as on a simlation of the line shape in this
interval. It is shown that the sudden increase in the inhomogern€6usMR linewidth in the middle of the
ferromagnetic phase can be explained by the freezeout of the pseudorotations of the axes of the Jahn-Teller
distortions of the Gy~ ions. The correlation times for the Jahn-Teller dynamics of tgg @ns have been
extracted from a comparison of experimental and simulat€dNMR line shapes. A strong correlation be-
tween spin ordering and orbital ordering has been found.
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I. INTRODUCTION we describe the experimental conditions. In the third section
we describe in detail the theory of th3C NMR line shape in
The charge-transfer compound tetra#limethylaming  Jahn-Teller distorted & salts. In the fourth section we
ethylene (TDAE) -Cq, has the highest transition tempera- compare the experimental spectra with the theoretical spectra
ture T,=16K of all purely organic nonpolymeric and extract the correlations times for the various motions

ferromagnets.The origin of the ferromagnetic state seems toinvolved. In the fifth section we discuss the results and

be strongly related to the orientational ordefing the G,~  Present the conclusions.
ions. This relation is hard to understand if thg,C ions
would be spherical and the unpaired spin density uniformly Il. EXPERIMENTAL DETAILS

distributed over the & sphere. A theoretical stutlyndeed
yielded for undistorted 5~ ions aT. which is three orders

of magnitude lower than the one observed. Re¢8DINMR characterized by ESR. After the preparation, 30—40 single

datd"® provided qg.antitative evidenge for the occurrence of acrystals(with a total mass of about 30 mgvere sealed into

Jahn-Teller transition in TDAE-Cqo . a pyrex tube under dynamic vacuum for the NMR measure-
The room-temperaturC NMR spectra of TDAE-Cso  ments. The sample was additionally annealed at 50 °C for 5

are characteristic for fast and nearly freg Crotations’ The  h. The 13C NMR spectra of the well-annealed TDAEgC

molecular motion in fact consists of uniaxial rotations andpowder sample have been studied in a superconducting mag-

flipping of the rotational axes of thegg ions. Around 160 net with a fieldB,=9 T corresponding to a Larmor fre-

K a 3C NMR linewidth transition takes place reflecting an quencyvy(13C)=95.6 MHz. The'*C spectra are below 150

orientational ordering transition of the;& ions. However, K broader than the measurement window determined with

the molecules still do not seem to be completely static belovthe 90° rf pulse width 1lus and were obtained as a sum of

this transition. spectra where the resonance frequency was swept in steps of
A sudden increase in the inhomogened?@ NMR line- 20 kHz. To search for any additional strongly shift&C

width of TDAE-Cq, in the middle of the ferromagnetic phase NMR resonance we also used a frequency-sweep technique

below 10 K has been recently observedt has been with automatic tuning of the resonance circuit in the fre-

interpreted® as indicating a freezeout of the pseudorotationsquency range between 63 and 73 MHz and a frequency step

of the axes of the Jahn-Teller distortions of thg,Cions.  of 10 kHz. The magnetic field weBy=6.34 T andvy(*3C)

These distortions seem to be on tR€ NMR time scale =67.9 MHz. An Oxford Instruments continuous flow cry-

dynamic above 10 K and static below this temperature.  ostat with a temperature stability of 0.1 K has been used in
A quantification of the freezing dynamics of the Jahn-the temperature range between 300 and 4 K.

Teller pseudorotations still needs to be done. It is the purpose

of this Eéaper to do' this. We report here on the measurements ;| THEORY OF THE ANISOTROPIC  13C NMR LINE

of the **C NMR line shape in TDAE-Q) b_etween room SHAPE IN Cgg~ SALTS

temperature ah4 K aswell as on a simulation of the line

shape in this interval. For the entire temperature range we Two types of motions will be considered to affect thHe

used the same approach by assuming both rotations and fliptMR line shape in TDAE-g,. The first type of the motion

ping of the G, ions and pseudorotations of the axes ofis physical rotations of the &~ ion. This type of motion has

Jahn-Teller distortions. Correlation times for these types obeen studied in detail in pureg&’~® It involves both

motions are extracted from the comparison between experitniaxial rotationscharacterized by a characteristic timg)

mental and computed line shapes. around the molecular threefold axes accompanied by a flip-
The paper is organized as follows: In the second sectioping of these axe&haracterized by a characteristic time

TDAE-Cq, single crystals were grown by a standard dif-
fusion methofifrom 40% enriched g and were additionally
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S(w)=J G(t)e'“dt. 2

In TDAE-Cy, (and other fullerides in genepathe *C
NMR Hamiltonian can be decomposed into two contribu-
tions. The isotropic Zeeman interactidi,= ycl - B, does
not contribute to thé3C NMR linewidth. It definesn, in Eq.

(1). Here yc is the ®C giromagnetic ratio| is the nuclear
spin, andB, is the external magnetic field. Anisotropic con-
tributions, which can be written in compact form &g,

= ycl - K- B, determine the actudfC NMR line shape. Here
Kis the 13C anisotropic shift tensor. Inggbased compounds

K can be to a very good approximation taken as an axially
symmetric tensor characterized by two eigenvaluées

FIG. 1. A schematic picture showing Jahn-Teller pseudorota= 3 (K,,+ Kyy) andK; =K.
tions between three mutually perpendicular distortion directions in  There are three contributions to th€ shift tensoiK: the
TDAE-Cqp. 13C chemical shift tensog, the *C-electron dipolar interac-

tion tensork %9, and the isotropic part of the electron-nuclear
between the symmetry allowed orientations. Below 90 K thehyperfine coupling tensor representing the Fermi contact in-
Cso molecules freeze into two nearly degenerate orientationSeraction}gs. The components of chemical shift tengocan
Although the orientational potential in TDAEggwill be  be in the first approximation taken from the measurements
rather different from the one in pure;©Qwe assume that the on pure G,. The components of the dipolar hyperfine cou-
same types of motions are taking place here here too. Weling K%“ can be calculated for an electron in the carbg 2
assume that the physical motion of the;yC ions in  orbital to be
TDAE-Cq, is a combination of the uniaxial rotations and
flipping of the axes of the rotations. ad 2 po,, 1\ (S

The second type of motion is the pseudorotation of the Ki=- 545" Ye¥c\ (3 B_o’ (3a)
axes of the Jahn-Teller distortion of thgqC ion. It is well
known that adding electrons to the lowest unoccupied three- 4 1\ (s)
fold degenerate,,, Cgo molecular orbital(LUMO) should Kddz__oﬁZYeyC<_3>_, (3b)
lead to a Jahn-Teller distortion of the molectfiéhree dit- S 4m [ Bo
ferent nearly degenerate structures of Jahn-Teller distort
Ceo ions have been identified havirigsy, D3y, and D,y
symmetry* In TDAE-Cg, we shall assume the existence of
the Dy, structure as it is compatible with the crystal symme-
try. It results in a splitting of the threefold degeraig levels
into three nondegenerate staté®©ne of them, assigned as ) s
LUMO, corresponds to the beltlike charge-density distribu- KS=Z @yeyC|¢(o)|2<B_o>, (4)

e\Sé/here ve is the electron giromagnetic ratio{r %)
~1.7ag>, and(S) is the expectation value for the electron
spin S The Fermi contact interactiok® is, on the other
hand, determined by

tion around the elongateriaxis of the Gy~ ion and has a 374

lower energy than the other two orthogonal states assigned asn 0)12 is the elect in densitv at th |
LUMO, and LUMQ, . It is therefore the ground state. Fur- where |¢(0)|* is the electron spin density at the nucleus

ther we shall assume that the molecutaaxes can be in produced by the Qadmixture into the @, orbjtals. hf we
general aligned along the three crystal directiank, andc assume that the eigenvectors for all three anisotropic tensors

The molecularz axes can jump between these three direc.c0incide the components ¢ are simply the sum of indi-

. . . . o dd S _
tions with a characteristic timeyr (Fig. 1). It is this type of V'duﬁl cogtrlbu.uons., i.e.Ky=oy+Ki"+K> and K, =0,
motion, which can dramatically affect théC NMR line  +Ki +K® While g is assumed to be more or less tempera-

shape in view of the electron-nuclear hyperfine coupling agure independent<®® and K* are expected to be strongly

discussed below. temperature dependent through the temperature dependence
The 13C NMR signal is quite generally given by the re- of (S). Itis well known that forT>T¢ (S)= xsBo whereas
laxation functionG(t) as for T<T¢ (S)=M. Herexs is the electronic susceptibility
andM, the spontaneous magnetization.
; The 3C NMR frequencyw’ (t) can then be calculatedas
G(t)=exr{iwot]<exr{ij o' (t")dt’ > (1)
0 o' (9.0, 9,0,0) =0 [K, +(K—K,)cof O(1)],

where w, is the unperturbedtime independent*C NMR ®)
frequency and»’(t’) is the fluctuating part of th&C NMR  where®(t) is the angle between the largest principal axis of
frequency. The'3C NMR spectra are then obtained by the the shift tensor and the direction of the external magnetic
Fourier transform of the relaxation functi@s(t), field. ®(t) can be expressed as
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FIG. 3. Unpaired spin-density distributions on the Jahn-Teller
distorted G, ions and correspondinfC NMR line shapesta) A
higher spin density on the equator corresponding {09); (b) A
higher spin density on poles corresponding$¢9). (c) Simulated
13C NMR spectra for the cas@), i.e., thep;(®) unpaired spin

FIG. 2. Definitions of the anglesg, g, Which describe the —density. (d) Simulated™*C NMR spectra for the casé), i.e., the
orientation of the magnetic field with respect to the crystal latticep2(¥) unpaired spin density.
and the angles, ¢ describing the position of a given C atom on the
Cso  iON. Let us now discuss a few limiting cases that emerge from the
calculation of the'3C NMR line shape using Eq$l), (2),

cosO (t)=sin9g sinI(t)cog ¢(t) — pg) + cosdg cosd(t).  and(9).

(6)
. . . L. A. Very low temperatures
Here 93, ¢g describe the orientation of the magnetic field ) o
with respect to the crystal lattice wheredt), ¢(t) describe At very low temperatures the Jahn-Teller distortion is
the position of a given carbon atom on thg,Cion at time static on the NMR time scale. and we can ignore the time
t (Fig. 2. dependence of the charge distribution functipfd, ¢,t).

Next we discuss the effect of the deviation of the chargeThe “C NMR spectrum is then calculated by performing
distribution p(9,,t) from the spherical one. In case of Powder averaging thus taking into account all possibie
spherical symmetry of the unpaired electron spin-density disSites on the & sphere,
tribution, all *C nuclei are equivalent and will experience
the same Fermi contact shift. A Jahn-Teller distortion will f(w):f f f Sw—w' (9 9,0)]
make the charge distribution beltlike resulting in the fact that B:¥8, V¥
different carbon atoms on thez& ion will experience dif- . .
ferent Fermi contact shifts and thus become nonequivalent. Xsindg ddg degsind dd de, (10
Carbon atoms on poles feel the lowest spin density Wh"‘?/vhere "9 9. o) is defined by Eq(9
carbons on equator feel the higher spin density in accordance ©'(Vs,¢8,3,¢) y Eq(9).

Various different spin-density distribution functions were
to the theoretical predictioré.If the axis of Jahn-Teller dis- P Y

tested to fit the measuretfC NMR spectrum aff=5 K.

. X X X ICl‘hey can be divided into two classes: In the first the excess
bon site fluctuates and the hyperfine fields become time d%—f the unpaired spin density is on the equator of thg C

pendent._ We further assume that bc_>th the_ Pafﬁ”e' and thg,gjecule. In the second the maximum unpaired spin density
perpendicular components of the anisotropic shift te§or ;g o the poles of the & ion. Typical representatives of
of the carbon atom ati(t),¢(t) are modified by the same these two classes am(9) =% —co2 9 and p,(9)=cog 9

amount, — 3, respectively[Figs. 3a) and (b)]. Please note that the
charge distribution functions were chosen in such a way that

oK, (9, ¢,0)=Bp(J,¢,1) (7)  on the averagép(®))=0, i.e.,p(?) describes only the de-
and viation of the unpaired spin density from the spherical spin-

density distribution.
0 The spectra calculated for these two extreme cases differ
K i(9,@,t)=KT 4+ 6K, (9, 0,1). (8)  qualitatively. While the spectrum for a beltlike charge-
density distribution is nearly triangular and very symmetric
If Eq. (8) is inserted into Eq(5) one obtains thé°C NMR  [Fig. 3(c)]. This is not the case for the charge density having

frequency for a Jahn-Teller distortegC ion as a maximum on polefFig. 3(d)]. Here the spectrum is asym-
metric and nearly powderlike. The low-temperaturéC
o' (9g,¢5,%,0,1)= wL[KE +Bp(9,0,t) NMR spectra should thus enable one to discriminate between

0 Lo the two above extreme cases. We note that the acfiaal
+(K; —K2)cog O(1)]. 9 NMR line shape does depend on the details of the charge-
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density distribution, i.e., on the functional form p{,¢) r
although the general conclusions remain valid. We also
tested the dependence of th&C NMR line shape on the
parameterB. We note here that the parametrmeasures o@,)
how large the difference is between the spin density on the
poles and the equator. For a very small deviat®n; 0, the

13C NMR spectrum approaches a powderlike form with two
singularities ak® andK’. On the other hand, increasiy ~ ®,)
just broadens and emphasizes the characteristics of the tw
spectra presented in Figs(cBand (d).

op,)

B. Intermediate temperatures

At intermediate temperatures the characteristic time for
the Jahn-Teller pseudorotatiorr;~ 1/Av,,~3 nsec—or

what is the same, the distortion of thg,C sphere—is com- o 1 2 3 4 5 6 7 8 9 10
parable to the characteristic time of otiC NMR experi- i
ment given by the rigid lattice linewidth. In this case the JT

Jahn-Teller dynamics affects thH€C NMR line shape in
TDAE-Cgo. We notg that the £ |on_ itself is |n. th's, tem- the flipping of the Jahn-Teller distortion axes. The correlation time
perature range static on tHé&C NMR time scale, i.e., it does 5, the flipping is 7.

not perform any sort of physical reorientation. That means

that co$ O(t) given by Eq.(6) is essentially time indepen- _5g09 ppm and varied; to follow the evolution of the-*C
dent. The only time dependence comes through the changg§r spectra(Fig. 5. For very shortry; values the calcu-

in the charge-density distribution functi@{¥,¢,t). As dis-  |ateq 13c NMR spectra approach the powderlike line-shape

cussed in Ref. 12 the axes of the Jahn-Teller distortion can bg, 5 acteristic for uniaxial anisotropy of the shift tensor as
oriented either parallel to the crystalaxis or perpendicular (p(9,¢,t)),=0. However, when the reorientation of the axis

to the crystalc axis. At low temperatures the Jahn-Teller of Jahn-Teller distortion freezes out, i.e., whep- Av>1,

distortions of the & ions are frozen and one finds the . 13c NMR Tine shape approaches the static shape dis-

spectral form discussed in previous section. However, as thg sseq in the previous section. Between these two limits we
temperature raises one orientation of the axis of the Jahf, e 4 dramatic linewidth and line-shape transition.
Teller distortion may transform into the second one, which is

perpendicular to the first one and vice versa. This results in a
partial motional averaging of the otherwise “stati¢®C
NMR spectra and allows us to extract the characteristic cor- In the “high”-temperature regime we assume that the
relation timesr;; from the spectra. Though the position of Jahn-Teller pseudorotations are already fast onr#8eNMR

the 13C nuclei does not change significantlgs Jahn-Teller time scale. In this case the effective spin density is spherical
distortions are small and of the order of 0.01tAe unpaired
spin-density distribution on §~ ions—and as discussed in
the previous section also thC NMR frequency—may
change dramatically. Effectively we thus have a problem of a 7,=102.4 s
two- or three-site exchange where the resonant frequency @
the 13C nuclei jumps between three different values corre-
sponding to the three different orientations of the axis of the
Jahn-Teller distortior{Fig. 1). In this case each C atom on 7y =16ps
the G ion has three different possible resonant frequencies
connected with three different charge densities,

FIG. 4. Schematic dependence of tH€ NMR frequency on

C. High temperatures

pi(D,¢)=5—Ccos I, (119 7, =0.1ps

_1 ; ; 2 ————  E————" .
pu(d,@)=3—(sindsing)*, (11b 950 952 954 956 958 960 962 950 952 954 966 958 960 962

and v [MHZ] v [MHz]

L _ 5 FIG. 5. Variation of the'®C NMR line shape due to the reori-
P (9, ¢)=3—(sind cose)~. (119 entations of the Jahn-Teller distortion axes. Spectra on the left side
13 . . were calculated by considering the reorientation of the Jahn-Teller
To calculate the™C NMR spectra in this temperature gjstorted G, ions between two perpendicular orientatidtets say
range we use Eqgl), (2), and (9) by assuming that at  petweenp, and p,). Spectra on the right side were calculated by
=Ny pi(¥,¢) changes randomly tp;(,¢) or py (9, ¢) considering the reorientation of the Jahn-Teller distortgg Qons
and vice versdFig. 4). We fixed KE =—1100 ppm and<|? between all three perpendicular orientations.
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FIG. 7. The temperature dependence of seletidedNMR spec-

FIG. 6. Dependence of the simulaté&C NMR spectra on the tra of powdered TDAE-G,.

frequency of the uniaxial rotation and flipping of the rotational axes
of the G~ ion.

cantly and at 55 K thé>C spectrum extends over more than
as(p(¥,¢,t));=0 and one can use E) to calculate the 300 kHz. Broadening of the spectra continues down to the
13C NMR spectra. The motional averaging of thi€ NMR  ferromagnetic transition temperature and at 17 K, i.e., just
line shape is now solely due to the physical rotation of theabove the transition to ferromagnetic phase, @ NMR
Ceo ion. The problem is now analogous to the line-shapesignal is distributed over more than 500 kHz. The line shape,
analysis in solid G,.” If the C4,~ ion performs only uniaxial however, still looks powderlike. Below6lK a surprising
reorientations, then only the azimuthal angl¢t) changes transformation of thé3C NMR line shape takes place. First
with time in Eq.(6). However if the molecules perform fast the line becomes progressively more and more symmetric.
isotropic reorientations, which may be a result of combina-Bejow 10 K a dramatic broadening of th®C NMR line
tion of uniaxial reorientations and flipping of the axis of {5kes place. It seems that & K the broadening of thé3C
reorientations between several different orientations, theR\r line is still not saturated and that on further cooling we
also the polar angle becomes time depend{f). In the 5y get even broader lines. THEC NMR signal at this
fast motion limit we need in both cases to aVeragetemperature extends over more than 1.4 MHz. This is more

(cosO(t)) g,y - For the isotropic type of motion we predict y..,'14 9o ppm and we are not aware of any other measured
only a very narrow Lorentzian line while for the uniaxial 13

reorientation the anisotropy is not completely averaged out, C NMR spectrum that would be so wide. The spectrum is
A transition from the static to dynamic limit takes place also rather symmetric and has an approximately triangular

) ~ line shape with a slightly more pronounced center of the line.
when the spectra have to be evaluated numerically usin P gty P

. S 9 All the changes of the'*C NMR spectrum described
Egs.(1), (2), and(5). Typical spectra are shown in Fig. 6. above are even more clearly seen in the temperature depen-

dence of the first and second moméhig. 8). In Fig. §a)
IV. EXPERIMENTAL RESULTS

T T 300 —————7—

(®) ]

A selection of'3C NMR spectra measured between room w0,
temperature and 5 K in polycrystalliné*C enriched i

TDAE-Cq, is shown in Fig. 7. We mention here th&iC 4°°'§L& ]
[0

250

o}
———

enrichment(about 40% is on the G sites only and that the 200 -

TDAE carbons occur in natural abundan@108%. This
ensures that the measuréC NMR spectra are due to the
Ceo i0Nns only.

Above 160 K the measuretPC NMR spectra are very |
narrow with a typical linewidth of a few kHz. The dramatic = 1| so \ ]
changes of thé*C NMR line shape occur below 160 K. The _eoo_§ ] ]
3C NMR line suddenly becomes highly asymmetric. A S — o \-.._
shoulder first starts to grow up on the low-frequency side of 0 %0 M0 150 200 250 0 S0 100 150 200 250
the spectrum but on further cooling we find also a shoulder T T

on the high-frequency side. At 100 K the spectrum is already [ . 8. (a) Temperature dependence of the two edgesles of

very broad—it extends over 200 kHz—with a line shapethe3c NMR powder spectrum of TDAE-§. The solid line shows
reminiscent of a powderlike spectrum. On further cooling thethe temperature dependence of the mean frequency, which re-
line shape does not change appreciably except for the fagembles the first moment of tH8C NMR line. (b) The temperature
that the structure of the main peak becomes slightly morelependence of the square root of the second moment of’@e
pronounced. The linewidth, however, does change signifiNMR line in powdered TDAE-G,.

150+ 4

— 7
- 2001 ] 100 4 v\"

Left, Right, Mean {kHz]
2
IWZ‘/Z [kHZ]
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spectra and the mean frequency, which resembles the first EXP. 250K
moment of the*3C NMR line. Two linewidth transitions can @ ,
be deduced from the temperature dependence of the spectral

edges: The first one takes place at 160 K, while the second L
which is even more dramatic is at 10 K. Contrary to this T T
behavior the first moment is much less temperature depen- J 145 H J
dent. While the total NMR linewidth changes by more than 1 i L
MHz between room temperature and 5 K, the first moment T '(vl o — T
changes by only 10—20 kHz. We note that when the spectra | 20 J[
are so broad the changes of the first moment could be also
artificial to some extent. The same observations come from
the analysis of the second moment of i€ NMR line [Fig.

we show the temperature dependence of the two edges of the T T J T
FIT

%0 955 960 950 5 960
14

8(b)]. The second moment dramatically increases at 160 K, M f\
but never really gets saturated. In the temperature interval (b) s ‘:EK - ) s 9
between 130 and 30 K the second moment follows a Curie- T T i T
Weiss law with a negative Curie temperatur&3 K. Be- Hk_ 11K /N
tween 20 and 10 K the second moment even seems to be- IV N S A .
come smaller for about 15%. This is a consequence of a /’\
gradual change of th&C NMR line shape, which becomes gt gK - \\¥
more and more symmetric. At 10 K, however, the second - T [ —]
moment “explodes” once again and & K it reachesyM, Y S f\\\
>270 kHz. B i
950 955 960 950 955 960
v (MHz) v(MHz)

V. DISCUSSION

First. let us make some general comments about the me FIG. 9. A comparison between the experimental and theoretical
y 9 Qsc NMR spectra in TDAE-G,. (a) The evolution of the spectra at

sured’*C NMR spelcs:tra of TDAE-Go. Thg fact that the shift higher temperatures is due to the physical rotations of fe ©ns
(~188 ppm of the =C NMR spectrum with respect to tetra- (sae text for details (b) The evolution of the spectra at low tem-
methylsilane (TMS) at room temperature is rather small peratyres is the result of the Jahn-Teller pseudorotations ofgie C
proves that the unpaired electron wave function in 8¢ C jons. In both case) and(b) the left column shows the experimen-
ion is principally made of B, orbitals and that the admixture tally measured spectra and the right column the simulated spectra.
of the 2s orbitals is small. ) ) ]

Let us now describe the results of the fitting of tHe ~ be explained by internal field effects. It can be, however,
NMR spectra in the high-temperature range between roor{erY well understood by the electron nuclear hyperfine inter-

temperature and 25 K. When fitting the spectra with the foractions. In our line-shape calculations we therefore concen-
malism developed in Sec. Ill, we had to take into accountrated on the hyperfine electron-nuclear interactions and the

also temperature dependence of the components of the ani _otiqnal narrpwing introdﬁu.ced by three diﬁgrent processes:
tropic shift tensolK. One can deduce the temperature depenp _ysmal rotation of_the fo ion around the given rotatlon_al
= is, flipping of this axis and Jahn-Teller pseudorotations

dence ofK from the temperature dependence of the seconé”v(

= hich dominate at low temperatures and which can explain
moment or ffof"' th_e temperature depenQence of the spectrme observed linewidth and line-shape changes around 10 K.
edges shown in Fig. 8. If this is taken into account then a

. ; ‘ Independent support for our interpretation comes from
very good fit can be obtained over the entire temperaturg,agnetization measurements as well as susceptibility mea-

range(Fig. 9). It should be noted that the temperature depens rements both of which show no anomalous increase
dence of the shift tensdf shows a peak round 25 K, i.e., at around 10 K capable of explaining the observed effects.
the temperature of the ferromagnetic transition in the field of |n Fig. 10 we show the temperature dependence of the
9 T. It also indicates the presence of a transition around 10 Knverse spin susceptibility as measured by the X-band ESR.
in the middle of the ferromagnetic phase. This transitionin the paramagnetic range the spin susceptibility follows a
could be associated with a cooperative Jahn-Teller effect anGurie-Weiss lawy= C/(T— 6) with negatived as reported
“orbital” ordering of the Jahn-Teller distorted g ions. earlier. We note that the second moment of tf@ NMR line

We would like to point out that the internal field distribu- in the paramagnetic range between 150 and 35 K simply
tion in TDAE-Cg, has been accurately measured by muorfollows the measured spin susceptibility as suggested by Egs.
spin relaxationt® At 4 K the mean value of the internal field (3) and(4) but this is not the case at lower temperatures.
is 68 G corresponding to 71 kHz féfC and the width of the The fact that thé*C NMR linewidth first decreases below
internal field distribution at this temperature is 48 G corre-T [see Fig. &)] and that the line-shape changes from pow-
sponding to 51 kHz. This is an order of magnitude less thanlerlike to more symmetric excludes the possibility that the
what we have in fact observed at 5 K. We find that tA& ~ observed changes in th€C NMR line shape come from
frequency distribution in TDAE-g, extends over 720 kHz evolution of inhomogeneties, the internal field or the spin
corresponding to 680 G in magnetic field units, which cannosusceptibility. We also note that @t=10 K, where the'*C
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T[K] obtained from the fits of the low-temperatdf€ NMR spectra. The

solid line is a guide for the eye.

FIG. 10. The temperature dependence of the inverse spin sus-

ceptibility as measured b}-band EPR.

NMR linewidth increases by nearly an order of magnitude,
the temperature dependence of the magnetic moment
TDAE-Cg, shows only a change in the slope. This observa
tion also excludes any explanation of th&C NMR line-
shape development in terms of the temperature dependen

of any static quantity.

The correlation timesg and 7 (Fig. 11) as well astyy
(Fig. 12 can be as well extracted. Although thg and 7¢
values at high temperatures are associated with large err
bars (the values 10% and 107 s represent just the upper
limit for the correlation times we expect that below 150 K
the extracted values should be at least of the right order o
magnitude. At 18 K a rather sharp orientational ordering
transition of the G,~ ions occurs and bothg and 7¢ in-
crease by more than an order of magnitude. For instapce
increases from 810 % s at 150 K to & 10 ' s at 135 K.
The change inrg is even more dramatic as it increases from
2.5x10 " s at 155 K to 3<10 4 s at 135 K. It seems that
the change of is of the first order—i.e., nearly discontinu-
ous. On the other handy; increases gradually on cooling
and it seems that even at 50 K the molecules are not co
pletely static on thé3C NMR time scale. This suggests that

the rotational dynamics of {5 ions in the high-temperature
phase is effectively nearly isotropic as it is in the fcc phase of
éplid Gso. It should be mentioned that none of the x-ray
studies found any structural phase transition at this tempera-
ture. A possible reason for this is that this is a dynamic tran-
ggion and that there must be a lot of disorder of the orienta-
tion of the axes of uniaxial reorientation.

As described in detail in the previous section we found
large changes in th€C NMR line shape and linewidth deep
in the ferromagnetic phase below 10 K. We show that these
changes are connected with the slowing down of the Jahn-
Teller pseudorotations. The Jahn-Teller correlation timgs
xtracted from the fits of the spectra are shown in Fig. 12.
hey vary between-10" ' s at 20 K to 10° s below 10 K.

The form of the temperature dependence is similar to that
expected for a freezeout transition ag is not simply ther-
mally activated. It does not, however, suggest the occurrence
of a sudden phase transition.

An attempt to fit the experimental spectra is shown on
Fig. 9b). Here we used unpaired spin density distributions
given by Eqs.(11). We stress that the chos@{J,¢,t) are
only a model functions and not at all unique. Regardless of
Mhat we can make some definite conclusions even from the
present analysis. We noticed that at low temperatures below
10 K the calculated spectra for the Jahn-Teller distortgd C

@90000000:
O 0~0—0000
00

[e]e]
‘.0........‘. A

ion reorientations do not require jumping between three but
only between two orthogonal orientations. This suggests that
at low temperatures in the ferromagnetic phase the Jahn-
Teller distorted @~ ions indeed reorient only between two
states with a perpendicular orientations of the distortion
axes* whereas they reorient between three such states at
E higher temperature&ig. 1). In this connection one should
mention that theoretical calculations have shown that perpen-
] dicular orientations of the Jahn-Teller distortion axes of two
neighboring G, ions lead to ferromagnetic coupling

100
T[K]

0 50

whereas a parallel orientation of the two distortion axes lead
to antiferromagnetic coupling.
Other theoretical investigatiotfsof the dependence of the

250

FIG. 11. Temperature dependence of the two correlation time§xChange coupling constant on the relative orientation of the
7 (solid circleg and 7 (open circley obtained from the fits of the Neighboring G, ions also showed that the exchange cou-

13C NMR spectra.

pling constant is very anisotropic and can change from fer-
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romagnetic even to antiferromagnetic one. We can concludikely J, is of ferromagnetic character arg of antiferro-
that orbital ordering and spin ordering ofsdC ions in  magnetic charactep(T) is the probability of finding the two
TDAE-Cg, are highly correlated. From the NMR results we distorted molecules in the mutual orthogonal orientations.
can deduce that the Jahn-Teller determined orbital distortioihis Hamiltonian is reminiscent of the random-exchange
axes remain dynamically disordered on the NMR time scalddamiltonian first introduced by Soat al®
on cooling throughT .= 16 K at least down to 10 K forming Still another model has been proposed by Narymbetov
a sort of an “orbital liquid” state. However, beloWl et al® The magnetic behavior of the TDAEsLCis here
=10 K a dramatic slowing down of the Jahn-Teller pseu-modeled in terms of a Hamiltonian for a noninteracting two-
dorotational dynamics takes place leading to orbital orderinglevel system, where the coupling between configurational
One should mention that on the ESR time-scale this freezand magnetic degrees of freedom is introduced by the depen-
eout takes place arouri. . dence of the exchange interactidron the relative concen-
Whether the orbital ordering is a cooperative phenomenérationx of configurations favoring a ferromagnetic exchange
in TDAE-Cgq or not still remains an open question. If it is a interaction. This Hamiltonian can be written as
cooperative phenomena, one can indeed apply the approach

. 14 . . .
of Asai et al.** with a Hamiltonian H= _izj Jij(X)SSﬁAZ (02+1). (14)

H=-2> J;S-S+> 9S50,0;+ > 1;,0,0;. Here A is the energy difference between the two configura-
tions. S is the spin operator, and? is the orbital operator
describing the two g configurations. Here a spontaneous
magnetization appears when the concentratiso?+ 3 ) is
. larger than a critical value. This can be understood in terms
exchange constang represents th? coupling s_trength be- of a percolation threshold for the existence of an infinite
tween the two degrees of freedom, i8andO. .Th's Ham|_|- magnetic cluster. When the magnetic energy exceeds the
tonian can describe many of the magnetic properties 0Eonfigurational energy difference, a ferromagnetic phase is
TDAE-Ceo. . . . . stable belowT ... If on additional lowering of the temperature
l.f there_ IS no cooperative orbngl ordering, the Hamil- falls below the critical value, a nonmagnetic phase could
tonian which describes the system is appear at low temperatures.
At this stage we cannot definitely decide which of the
H=J,p(T)> S~SJ-+J”[1—p(T)]E S-S. above Hamiltonians corresponds to the physical reality in
TDAE-Cqy. Nevertheless, it is clear that Jahn-Teller distor-
HereJ, andJ, stand for the exchange interactions corre-tions of the G, ions and the interplay between orbital and
sponding to the orthogonal or perpendicular orientations ofpin ordering are essential for the occurrence of organic fer-

(12

Here O; is the isospin describing thegg> orbital, I;; is the
orbital exchange constant, adgl is the Heisenberg spin-

13

the two Jahn-Teller distortedgg ions, respectively. Most
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