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Antiferromagnetic Correlations and Weak Ferromagnetism in aTDAE*-C¢, Single Crystal
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The ESR spectra of ZDAE*-C4, single crystal show the existence of antiferromagnetic (AFM)
correlations between the unpaired spins on neighbotlgg ions along thec axis and spin canting
which leads, belowr'., to weak ferromagnetism along a direction perpendicular toctlagis. This
suggests that a Dzyaloshinsky-Moriya type mechanism is responsible for ferromagnetic ordering rather
than itinerant ferromagnetism. The incomplete orientational ordering ofCifge ions leads to a
distribution of exchange coupling constants resulting in spin-glass type behavior which coexists with
long range ferromagnetic ordering beloly. The observation of AFM correlations may help to
understand why the same basic moleculg €&n support such different phenomena as ferromagnetism
(in TDAE-Cg4,) and superconductivity (in, e.g.,¥¢).

PACS numbers: 75.50.Dd

According to Heisenberg [1] ferromagnetism is notRecent muon spin rotation data [9], on the other hand,
expected to be found in compounds consisting only ofound an internal field of 68 G at the interstitial muon
first row elements like carbon, hydrogen, oxygen, andsite. This value is larger than the width of the internal
nitrogen. In fact, only a few purely organic ferromagnetsfield distribution =48 G and indicates the presence of
have been discovered so far, and the correspondingng range ferromagnetic order [9]. A small hysteresis
transition temperatureg, are very low. In view of that, loop and a small value of the saturation magnetization
it is rather remarkable that theggbased purely organic (0.84 emu Gg) have been recently reported below 10 K
1:1 charge transfer compourDAE*-C4, (TDAE = [10] as well. Whereas it has been generally assumed
tetrakis dimethyl amino ethylene) exhibits a magneticthat the origin of the magnetic transition in TDAEg{s
transition at7. = 16 K [2]. The transition temperature itinerant ferromagnetism, conductivity studies [11] failed
is the highest of all known nonpolymeric purely organicto show the expected metallic behavior. Single crystal
ferromagnets. 13C NMR measurements [3], and the ESR studies are thus badly needed to clear up the microscopic
g values seem to show that the unpaired electron is mainlgature of the magnetic transition in TDAEz§
localized at th&C¢, ion [4]. The absence of an analogous Here we report on the first study of the magnetic
transition in TDAE-G,, supports this observation [4]. resonance properties of ADAE*-C4, single crystal.

Up until now all experiments on TDAE-§ have The ESR results beloW,. clearly show the presence of
been performed on powder samples, and the microscopa large anisotropic internal field which is proportional
nature of the transition is still rather controversial. Earlyto the spontaneous magnetization. The presence of long
investigations [2,5] showed a nonlinear magnetizatiorrange spontaneous magnetic ordering in TDAE€ thus
versus magnetic field curve belo#., but no divergent validated.
static susceptibility, no hysteresis, and no “remanent” Another important observation is that the electronic
magnetization. The linear susceptibility [4] was foundsusceptibilities determined from the intensities of e
to follow a Curie-Weiss lawy = C/(T — #) with a  band ESR lines are strongly anisotropic and exhibit a
negative Curie temperatue The average internal field ferromagneticlike behavior along the crystaandb axes
determined by powder ESR beloly has been found to and an antiferromagneticlike behavior along the crystal
be surprisingly small, i.e., of the order of a few gaussaxis. A weak antiferromagneticlike hysteresis loop in the
only [6]. This is significantly smaller than the width of c direction was also observed by SQUID measurements at
the ESR lines below .. The third-, fifth-, and seventh- 4 K. These results show that the microscopic mechanism
harmonic ac susceptibilities show a divergent behavior aeading to magnetic ordering in TDAEg is quite
10 K which seems to indicate a spin-glass type phasdifferent from the one assumed so far. They indicate
transition [7]. The broad heat capacity peak at 12.5 Kthe existence of antiferromagnetic correlations along the
[8] could also be associated with spin-glass freezing oc axis where the G-Cgq distance (9.99 A) is the
the coexistence of ferromagnetic and spin-glass ordeshortest and spin canting [12] in a plane perpendicular
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to the ¢ axis that leads to weak ferromagnetism. The d|H, allH,
spin-glass features which coexist with the ferromagnetic T - 290K T2290K
ordering seem to be related to the incomplete orientational JL B
ordering of the Jahn-Teller distorteds, ions—which

rotate rapidly at room temperature and freeze out below T=160K T

150 K—Ileading to a distribution of exchange coupling

constants.

dimensional organic conductors [13]. The crystals were
oriented and characterized by x-ray diffraction, and spe-

The TDAE-Cq, single crystals were grown in our lab- _
oratory by the diffusion method designed earlier for low T=60K T=80K

S s

T=40K T=40K
cial care was taken to eliminate twins. The crystals

were found at room temperature to be monoclinic with

unit cell dimensions: = 15.858(2) A, b = 12.998(1) A, I T=25K T=25K
c =19.987(2) A, and B8 = 93.37(1) A, and four chemi-

cally equivalent formula units per unit cell. The unit cell

size in thec direction is twice as large as reported previ- J\@K T
ously [14], and the space group @2/c¢ and notC2/m

as deduced from previous powder diffraction data [14]. MK T

In fact, the unit cell consists of the two subcells that

were deduced from powder diffraction data [14]. They

are stacked along the direction. In one of them the T=4K T=4‘K_'Jk
TDAE ions are shifted along thie axis for about 0.02 A — T ) iy
and in the other for the same distance in the opposite 3300 3400 3500 3300 3400 3500
direction. The TDAE coordinates af®.5,0.502,0.75), B ( Gauss ) B ( Gauss )

(0.5,0.498,0.25), (0,0.002,0.75), and (0, —0.002,0.25)

with C=C double bond parallel to the axis, whereas FIG. 1. X-band ESR spectra FDAE"-Cq; for ¢ ||H, and

the G, coordinates ar€0,0.5,0), (0,0.5,0.5), (0.5,0,0), 2 lIHo at various temperatures.

and (0.5,0,0.5). The G, center to center distance along

the c axis decreases at 80 K to 9.87 A. the ESR line becomes Lorentzian and strongly exchange
A single ESR line is observed in the TDAEg£single  narrowed [16]. It should be noted that the exact value of

crystal at room temperature (Fig. 1). Téactors forthe T, as well as the amount of the ESR line broadening below

X-band ESR lines at room temperature gre= 2.0001, 7. depend [17] on the rate of cooling through t6g,

g» = 1.9999, and g. = 2.0005. They do not change ion orientational ordering transition around 150 K. This

on cooling down to 50 K. The line shape at roomdemonstrates that the electronic overlap andfe-Cgy

temperature is not a simple Lorentzian suggesting that thexchange interaction depend on the degree of orientational

dipole-dipole interactions are not completely averaged oubrdering of the Jahn-Teller distortéty, ions.

by theCg, rotations. The linewidths are 20.8, 23.1, and Below 45 K a line splitting occurs (Fig. 1) whei is

19.7 G fora || Hy, b || Hy, andc || Hy, respectively. On not parallel to thea axis. A strongly anisotropic “fer-

cooling an ESR linewidth transition occurs below 150 Kromagneticlike” line appears in addition to the nearly

[Fig. 2(a)]. The abrupt narrowing of the ESR line is isotropic “paramagnetic” line. At 25 K we have two well

shown in Fig. 2(a). At 50 K the linewidths do not exceedseparatedX-band ESR lines fok || Hy and b || Hy and

2 G for all three orientations. It is interesting to note thatonly one line fora||Hy. Below 7. = 16 K the “para-

in the same temperature range an orientational orderingnagneticlike” ESR line disappears, and the “ferromag-

transition of theC¢, ions takes place [Fig. 2(b)]. Below neticlike” ESR line becomes strongly inhomogeneously

this transition the second moment [15] of tlig, ¥C  broadened. The center of this line strongly shifts with de-

NMR line (which is shifted by 188 ppm with respect to creasing temperature (Fig. 3). Fbii| Hy the center of

TMS) changes from its room temperature vadae kHz?,  the line shifts to lower fields. The shifts saturate below

characteristic of fast and nearly isotropic rotation of thel0 K and amount to 43 G at 5 K while the linewidth is

Ceo ions, to the static value=250 kHz2. This value is about 10 G at this temperature. Folfl H, the shift is in

characteristic for frozen outy, icosahedra where the the opposite direction, i.e., to higher fields and amounts to

13C NMR line is broadened due to dipolar interactions61 G at 4 K. The shift is again significantly larger than

with the unpaired electron in thgp, state smeared out the linewidth which here is of the order of 14 G.

over all carbon sites in th€y, ion. The question whether the shifts are due to internal fields
When theCg¢, ions freeze out and the lattice contracts,or due to a temperature dependent change irgtfaetor

the overlap of the electronic wave functions increases andan be answered by comparing the shifts in @éand
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Z 200 } 3C NMR, o /2n=67.925 MHz FIG. 3. Temperature dependence of the position of the center
= ] of the X-band ESR line fora|H, and b||H,. The inset
© 150 shows the temperature dependence of the ESR line shifts for
g 1 the Q band (35 GHz), theX band (9 GHz), and at 100 MHz
£ 100 on cooling throughT. taken at slightly different crystal
'E 1 } orientations.
S 50+
8 o
@ — an antiferromagnetic nature along tleeaxis, whereas
0 50 100 150 200 250 300 they are of a ferromagnetic nature along theand b
Temperature (K ) axes. The fact that tha and c axes are magnetically

inequivalent belowT7, is also shown by the different
>F<I(t?é r12d Egl)? Eﬁ?gﬁg&’éﬁ dgp,e']}greg‘l"leHOf t?g) '}Z’S;ngrtgtuorgtheangular dependences of the ESR lines. At 7 K the position
dependence of the second nﬁ%ment of %g@ NMR spFe)ctra of of the center of the E.SR line Shows_a strong angular
TDAE-Cq. dependence upon rotation around thaxis, whereas the
angular dependence is for an order of magnitude smaller
for the rotation around tha axis.
(35 GHz), X band (9 GHz), and in the radiofrequency The magnetic inequivalence of tleeand ¢ directions
region (100 MHz). We found that the magnitude of thewas also confirmed by SQUID magnetization measure-

shifts belowT, is the same in all three bands (inset toments. They showed a weak antiferromagnetic loop along
Fig. 3). This demonstrates that we deal beldw with

internal fields which are due to long range magnetic

ordering. If the ESR line shifts were due to changes in 8000
the g factor they would be 350 times larger in tigband 7000 L . 4004 T=4K oD
than at 100 MHz. This is obviously not the case. - b”H‘; 200 ClliHy f'
It should be noted (inset to Fig. 3) that the transition— 6000 - R ~
as shown by the line shift versus temperature plots—is ;L g 9]
rather sharp at 100 MHz, whereas it is smeared out in the ~ - C " = 00 -MJ
X andQ bands where the applied magnetic fields are much & 4% e W " 1.
larger. This is indeed expected if the order parameter of -, 554 |- . Uy 1 I R
the transition couples bilinearly to the external magnetic _ » : -150 100 -50 0 50 100 150
field. Such a behavior is characteristic for a ferromagnetic [ . B (Gauss)
transition where the order parameter is the spontaneous o0} o * ‘ cllHA -
magnetization and not for a pure spin-glass transition. " LT 3 S
At T, there is also a huge anisotropic increase in the ot , ,
integrated intensity of the ESR lines. The integrated 0 5 10 15 20 25 3 35 40
intensity of the X-band ESR line times temperature— Temperature (K)

which is proportional to the electronic susceptibility timesFIG. 4. Temperature dependence of the integrated intensity of
temperature—is temperature independent between 300eX-band ESR lines times temperature ot Hy, b || Hy, and
and 25 K and exhibits a sharp peak &t for allH, a||Hy. The inset shows the antiferromagneticlike magnetiza-

. tion versus magnetic field curve feorl| Hy obtained by SQUID
and b||Hy, whereas it shows only a rounded cusp formeasurements at 4 K. The data designed by full circles are

c|[Hy (Fig. 4). This shows that the electronic correlationstaken with increasingl, and the empty circles with decreasing
between the unpaired spins on tli&, ions are of H,.
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