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Temperature dependence of the intrastack exchange interaction
for a quasi-one-dimensional organic conductor
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The electron spin resonan¢ESR of (pyrene),(SbF;); is measured as function of crystal orientation for
temperatures above and below the Peierls transition temperapire16 K. The principal values of the
pyreneg tensor(2.00274, 2.00235, 2.002pare determined. In spite of a defect concentration amounting to
2-3x10"2 per formula unit, the ESR linewidth is below 60 mG in the metallic phase. The temperature
dependence of the intrastack exchange interaction between localized defects and conduction electrons is de-
rived. The exchange integral decreases by a factor of 8 betWeeamd room temperature.
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[. INTRODUCTION change integral’s temperature dependence. In addition, we
proved the absence of solvent molecules and neutral arenes
The temperature dependence of the molecular packingp this 12:7 salt by means of high-resolution solid-state

and wave function’s overlap of aromatic molecules is cur-nuclear magnetic resonantéast but not least, we demon-
rently a topic of reactivated research and fascinating experistrated the freezing-in of the SpFotational motion on ap-
mental resultd.We have used quasi-one-dimensiofglasi- ~ Proach to the Peierls transitiah . Our report is organized
1D) organic conductors, built up from radical cations of s follows: After presenting the experimental techniques and
simple aromatic hydrocarbortarenes like perylene and in- results in Sec. Il and the model assumptions and adopted
organic counterions like RFor SbR, as model systems. We quantitative rt_alatlons in Secs. Ill Aand III.B,' we .analyze the
showed that the exchange interaction between the mobilgSR results in Sec. Il C. We have to distinguish the low-

mr-orbital conduction electrons and the localized intrastr:lcl{emperature range with predominating localized defects, the

radical defects of typical radical cation salts can be charac—ranSItIon region with increasing exchange and motional nar-

terized by electron spin resonan¢ESR via a detailed rowing of the hyperfine and defect-spin conduction-electron

analysis of the orientation and temperature dependence of

the ESR linewidth and relaxation rate$0n the other hand, 102 L B B BN B B '('a')i
we could show that the octahedral complex anions are en 441 o -]
abled to display fast reorientationétotationa) jumps at 0 ...0' e
room temperature, but that the freezing-in of this motion and 10 & 1
the subsequent interstack coupling of arene radical cation:'g' 10" .,o"
via the squeezed-in counterions seem to be a prerequisite fc, ok '.-" 3
the occurrence of the three-dimensionally ordered static g 10 |p % o o}

Peierls-distorted phase in quasi-1D conducting radical catior ©
salts?®

Therefore, for the present ESR analysis, we use the highly
1D organic conductor (pyrengSbF); [abbreviated
(PY)15(SbR;); with PY=C;gH;0], in order to derive the

temperature dependence of the intrastack exchange intera 12.0
tion, which reflects the variation of the-molecular-orbital ]
wave function’s overlap along the stacking direction caused 5 3, w" S
by thermal lattice expansion and, most of all, increasing li- 2 . R 1o 2
brational amplitude. Pyrene radical cation salts are uniquely © . o I A
qualified for this analysis, because different packing rules are'e "40F - ,”’ . e =
realized in their 1D-pyrene stacks: 0° as well as 60° stacking E S j‘ ..“wp-i-ﬂ.‘*""""""‘" _‘4 0 ':'9
and even 60° reorientational jumps for varied temperature. 48 ™ o I

We proved already that the 12:7 stoichiometric salt is es- 4—"""-.“-3-\* >
pecially appropriate for such kind of analysis, because it is s
an especially anisotropic one-dimensional condudia., '5'60' B .5I0.M. .1(;(; N 1éo N .26(; N 2&0 N ;30%

a'”/(rl~104:1, close toTp), with a Peierls transition tem-

perature of onlyTp,=116 K, but considerably larger respec-
tive molecular field temperaturgy =290 K (Ref. 7) (Fig. FIG. 1. Microwave conductivity parallel and perpendicular to
1). Thus a comparably large temperature range betWigen the stacking directior (a) and total and conduction-electron part of
and room temperature is left for the derivation of the ex-magnetic susceptibilityh) of (PY),(SbFR)-.

temperature [K]
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a b c a TABLE I. Principal values of the tensor of (PY),(SbFs),and
2.0028 ——T T T other pyrene radical cation salts with stoichiometry,PY,X,
-4CH,Cl,. The z direction corresponds to the normal direction of
2.0027, - - . N
the molecular plane as well as the stacking direction of the pyrene
» 2.0026 - . molecules; thex andy directions are perpendicular to the stacking
g direction.
S 2.0025 - -
> 50024 X ; (PY),ASbFy), X=AsF, X=PF,
2.0023F 1t oo ] Oy 2.00274 2.00259 2.00253
2,002 . L L gy 2.00235 2.00242 2.00252
0° 30° 60° 90°0° 30° 60° 90°0° 30° 60° 90° g, 2.00225 2.00224 2.00226
9ab ebc ot
FIG. 2. g-factor of (PY),5(SbF)-in three perpendicular planes A
at room temperature. The solid lines are fits of EQ.
spin dipolar interactionggiving rise to anisotropic ESR-line- 2
broadening contributionsand the “metallic” range, giving
access to the temperature dependence of the exchange inter-
action. Our main conclusions are summarized in Sec. IV.
Il. EXPERIMENTAL DETAILS AND RESULTS shows the smallesy value, it corresponds to the stacking

direction of the pyrene molecules as known from other arene
radical cation salts.

(PY)12(SbF); crystals were grown by anodic oxidation  To our knowledge, the tensor of pyrene radical cations
in a three-compartment cell at=0°C using platinum elec- \yas hitherto not known. Thg tensor of (PY),(SbR)-has
trodes. Therefore 600 mg of zone-refined pyrene and 140fhe |argest anisotropy compared to other pyrene radical cat-
mg of BuyNSbFR; were dissolved in 60 ml dichloromethane jon salts® (Table ). Enkelmann determined the symmetry of
(CH,Cly). With a constant voltage of 2.6 V applied for the unit cell of (PY),SbR);to A2/m(a=40.344), b
24-72 h, leading to a current of approximately ZB, black  =14.33), c=13.7q3), 8=103.0(3) (Refs. 11 and 14,

A. Crystal growth

platelike crystals were obtained. but could not determine the detailed molecular arrangement
due to structural defects. Thus neighboring pyrene molecules
B. Electron spin resonance in the stack can only have the same orientation or must be

rotated against each other by an angle of 90° around the
stacking direction. Because of the largeanisotropy com-

All ESR measurements were performed on a BRUKERpared to other pyrene radical cation sdffable |), the 90°
ESP 300E spectrometer at 9.45 GH¢ Band. The field- orientation can be excluded. Thus all pyrene molecules in the
frequency lock technique of the spectrometer allows meaundisturbed stack have equal orientations, which means that
surements of theg value with a relative accuracy of5  the g tensor of the (PY),(SbR),salt is equivalent to the
X 1075, Absolute values of the factor were obtained by tensor of the individual pyrene molecule. The temperature
calibration with a (fluoranthenglpF; crystal. To determine dependence of thg tensor was analyzed as wél.
the principal values of thg tensor we measured the angular
dependence of thg factor in three perpendicular planes at  angular dependence of the electron-spin-resonance linewidth
room temperaturéFig. 2). The angular dependence of the
factor for magnetic fields in theab plane follows the

1. g tensor

Measurements of the static magnetic susceptibilfig.

formuld® 1) have shown that there exist typically 2%30 2 Curie
paramagnetic defects per formula unit in our (RX$bF;)-
g2(62°) = (g,,c0S02°+ g,pSin 62P) 2+ (g ,,COSH2° crystalsi®’ Nevertheless, in contrast to the low-temperature
behavior of perylene-Rfsalts® (PY);,(SbFR;); shows only
+0ppSin 67°) + (gacCOSOP+ gpcsin 67°)2. one Lorentzian-shaped ESR signal over the whole tempera-

(1) ture range between 4.2 K and 290 K, with a linewidth of
only about 50 mG at room temperature. Thus there must

g;; are the matrix elements of thetensor in the laboratory exist a strong exchange coupling between the defect spins
system and®” is the angle between the laboratory axis andmutually and with the conduction electrons.
the static magnetic fiel(Fig. 2). The formula for theac and The angular dependence of the ESR linewidtalf width
bc planes is similar. The principal values of thegensor for  on half height of the ESR absorption linet different
(PY)15(SbRs)7and their relation to the molecular geometry temperatures is shown in Fig. 3. The angular dependence at
are listed in Table I. The direction is equivalent to the = room temperature shows the typical behavior of a dipole-
direction of the measurement in Fig. 2. Since this directiordipole interaction between conduction electrons and intra-
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a ¢ a c a can be explained by the temperature dependence of the ex-
change integral as we will show in Sec. Ill C 1. In order to
distinguish the different contributions to line broadening and
exchange or motional narrowirfd, the frequency depen-
dence of the anisotropy of the linewidth had to be analyzed
(Fig. 4.
The height of the maximum in tha direction relative to
the offsetAB, on the other hand, shows no significant tem-
perature dependend€ig. 4), though one would expect the
same decrease of the height if the angular dependence of the
linewidth is only caused by intrastack dipole-dipole interac-
tions. Therefore there must be an additional contribution to
the linewidth in thea direction, which probably has its origin
in the spatial distribution and anisotropy gftensors and
hyperfine interaction of the paramagnetic defects. At 4.2 K,
FIG. 3. Angular dependence of the ESR linewidtfang in ~ Where the defects dominate the ESR signal because of their
the ac plane of (PY),(SbF), at different temperatures. The  Curie-law-like susceptibility, the maximum of the linewidth

direction corresponds to the stacking direction. The solid lines ar@Ppears in the direction. We suppose that this is caused by
guides to the eyes. a distribution ofg values of the defects, which results in an

“inhomogeneous” broadening of the linewidth and has also
stack paramagnetic defects: the maximum of the linewidth isin influence on the linewidth at higher temperatures, espe-
observed in the direction, i.e., in the stacking direction, and cially in the a direction. The explanation by variations is
the first minimum at the magic angle of 54.7° between theurther supported by comparison with the angular variation
static magnetic field and direction. of 1/T, recorded at 420 MHZFig. 4), i.e., at 22 times a

In the temperature range above the Peierls transftien ~ smaller Zeeman interaction. No secondary maximum irathe
T>116 K, left part of Fig. 3 the absolute value of the line- direction is observed at the lower frequency.
width decreases with decreasing temperature, as well as the
height of the maximum in the direction. Both phenomena Il THEORETICAL ANALYSIS

0° 90° 180° 270° 360°
]

a C a C a A. Dipole-dipole interaction

2 — . .
o The angular dependence of the ESR linewidth due to

dipole-dipole interactions between localized spins and con-
duction electrons in the one-dimensional stack can be de-
scribed by the expression

3
AB,=ABy+d §(1—3c0§®)2J(0)

15 3
+ﬂsin2® 0052®J(w)+§sin4®J(2w) . (2

ABy is an offset caused by trhgetensor distribution, hyper-
[ — fine interaction, and relaxation by the Elliot mechanism, and
0.54 @ 420 MHz, T=250K (b) - is, at least in the simplest case, angular independkde-

0 0.52 A X ] scribes the strength of the dipolar coupling and depends pri-
= 0.50F ] marily on the average distance between the defect spins and
I the conduction electrons

= 0.48_- i

0.46p 4

0.44 .  , . egf & d= ySﬁZS(S-i—l)

o 90° 180°  270°  360° r6 '
eac

J(w) is the spectral density. The assumption of an exponen-
FIG. 4. (a) Frequency-dependent part of the ESR linewidtixat tial decay of the correlation between the spins with a corre-

band aboveT,. The height of the maximum in the direction lation time 7 leads to

decreases with decreasing temperature, whereas the relative height

of the a maximum is not affected by the temperatu(e). Anisot- 2
ropy of 1/T, at 250 K and 420 MHZRef. 13. The solid line shows o)== ——.
the fit with formula(2). 1+ w?r?
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FIG. 5. Temperature dependence df for three different FIG. 6. Temperature dependence of the angular-independent
samples(A199, A253, A340 derived by the fit of Eq(3) to the contribution to the ESR linewidth. The inset shows the high-
measured angular dependences of the ESR linewidths. temperature range on an extended s¢aféh suppressed zejo

Parameters of the fit of Eq2) areAB,, d and 7. However, AByg (Fig. 6). For temperatures below the Peierls transition
in the X band it is not possible to determimeand = sepa- the linewidth shows a steep rise on account of the gradual
rately, but only the productiz, since there isw1 and l0ss of conduction electrons which leads to a decrease of

thereforel(2w),J(w)<J(0). Hence, the relevant expression motional and exchange narrowing. Instead the ESR signal is

for the X band linewidth is at lower temperatures more and more dominated by the lo-
calized defects and their hyperfine interaction @n@nsor
3 ) distribution.
ABy,=ABg+ Zdr(1—3co§®) . (3)

To estimate the magnitude dfand r the angular dependence B. Bottleneck model

of the transversal relaxation timél,=1/(yAB;;) of To receive a correlation between the paramedteand the
(PY)1(SbR;),was measured with pulsed ESR at 420 MHzexchange integral we revert to a bottleneck model, which
(Ref. 13 (Fig. 4). At T=250 K d(250 K)=8.28<10° G/s was already successfully introduced for fluoranthene and
and (250 K)=2.61x10 1°s were obtained. Hence the perylene radical cation saft$:*®
mean value for the distance between the interacting spins can As mentioned above the conduction-electron spins and
be calculated t¢1/r6)~¥6=28.6 A, about 8.5 times the typi- the defect spins must be coupled by a strong exchange inter-
cal intrastack separation of pyrene radicals and consistection because they contribute both to the same Lorentzian-
with a statistical distribution of the Curie paramagnetic de-shaped ESR line. That means that the relaxation between
fects. conduction electrons and defects is fast enough to give rise
The temperature dependencedaf for different samples to a detailed balance between the two spin systems before the
derived from the fit of Eq(3) to the angular dependences of Spins relax to the lattice. The weak coupling to the lattice
the ESR linewidth is shown in Fig. 5. Whereas the absolutéepresents a bottleneck in the relaxation paths of conduction
values vary slightly from sample to sample, which is obviouselectrons and defects and the mutual relaxation rates obey
due to the different concentrations of defects in the sampleghe familiar detailed-balance relation
the trend of the curves is always the samhedecreases from
290 K to about 125 K and shows then a relative sharp in- (i _ i
crease down to 90 K. For temperatures below 90 K the T, X\ T,
dipole-dipole interaction between the conduction electrons
and the paramagnetic defects is no longer the dominatin@C andCD label relaxation from defect spins to conduction
reason for the anisotropy of the ESR linewidth because o&lectrons and vice versa. The correlation timased in Eq.

Xc- (4)
cD

DC

+
DC

the dying out of the conduction electrons due to the Peierl¢3) is the time during which the dipole-dipole interaction
transition. Therefore Eq3) no longer gives a reasonable fit between both spin systems is active and is therefore affected
for the angular dependence of the linewidth. From theby the relaxation rates as follows:

angular-dependent measurementsAd;,, we derived also

the temperature dependenceAdd,. The result is plotted in 1 /1 1 .

Fig. 6. As mentioned abovAB, decreases slightly from r T T, . ®)
room temperature down tdp, as one would expect for re-

laxation due to the Elliot mechanigfhor, as we will see in  In the relevant temperature range above 90 K the suscepti-
Sec. lll C 1, is here due to a temperature dependence of thality of the conduction electrons is much larger than the
exchange coupling of conduction electrons and paramagnetitefect-spin susceptibilityyc> xp).” Referring to Eq(4) the
defects. The proof of the latter mechanism is based on thsecond term of Eq(5) can be neglected. The relaxation of
experimental observation that the anisotropy of the ESR linethe localized defects to the conduction electrons can be de-
width (Fig. 5 decreases more strongly than the linewidthscribed in analogy to the Korringa relaxation of nuclei in
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FIG. 8. Temperature dependence of the exchange condtant

FIG. 7. 18 as a function ofy2T for sample A340. The linear
correlation forT<125 K proves that the assumption of temperature
independence af®J? is obeyed in this temperature range.

referring to one pyrene molecule. The solid line is explained in the
text (see Sec. [IIC 2

metals if one replaces the hyperfine constarty the ex-
change constant in the Korringa law®:

caused by a temperature dependencel.obince all other
parameters in formul&6) are known, this temperature de-
pendence of the exchange constant referring to one pyrene

1

T

3
(Tl DC ﬁﬂé

molecule can be calculated from the measured datdrof
The result is depicted in Fig. 8. (PYJSbK);has an ex-
change constant between conduction electron and defect spin

Investigations of perylene radical cation salts have show®f about 2 meV at room temperature that gets stronger on
that for a correct description ofdr a temperature- cooling and reaches finally an approxmgtely 8 times larger
independent constant term has to be adtllesdding finally ~ constant value of 16.2 meV at 125 K. Since a stronger ex-

to the following relation betweedr andJ: change coupling is synonymous with a smaller ESR line-
width and linewidth anisotropy, the calculated temperature

1 kgl ) dependence of is the origin of the linewidth decrease al-
d_q-:?>34—J2XCT+ (d_r) : (6)  ready mentioned in Sec. I B 2.
hoy ugS(S+1) 0 Compared to the results of the low-temperature analysis

performed on fluoranthene radical cation salts, which yields
an exchange constant oﬂ,:A2=42—56 meV in the

temperature-independent regimB<Tp,? (PY)5(SbR)-

_ _ _ 5 . has a smaller exchange constant. This is in accordance to the
In Fig. 7, 16 is plotted as a function ofcT. Herexc is  |arger linewidth found in the pyrene salt.

known from measurements of the static magnetic

susceptibility (Fig. 1). Assuming a nearly-temperature-
independent) and r, as was found in fluoranthene and
perylene radical cation saft$'® in the temperature range  An explanation for the strong increaseJodn approach to
below and around the Peierls transition, there should be the Peierls transition can be based on available information
linear relationship betweend# and y2T. This condition is ~about the freezing-in of molecular motidnsn approach to

as well fulfilled in (PY),,(SbR);between 90 K and 125 K. the Peierls transition temperatufg of (PY);(SbF)-.

The linear regression fit in this temperature range yields a Generally, a harmonic and an anharmonic contribution of
value for the temperature independent offset dfr)g®  the temperature dependence &T) have to be distin-
=129.8 G L. For temperatures above 125 K the assumptiorgU'Shed- The anharmor_nc pa_rt reduces the _Wave-functlon
of the temperature independence of the exchange constafYérlap between the neighboring molecules via the thermal
and of the distance between the interacting spins is evidenti§XPansion. Sincer-molecular orbitals, built up from carbon

not valid. For the temperature dependence ofe made the P €lectrons, are responsible for the exchange integral, the
approach related distance dependence is much weaker than, e.gd, in 3

transition-metal compounds. On the other hand, the har-

monic contribution, especially the increase wittof the li-

) o ] _brational amplitudes of the stacked arene molecules, reduces
To estimate a value for the relative linear expansion coeffithe +-molecular wave functions’ overlap severely.

cienta along the stacking directiory we took the measured  The solid line in Fig. 8 represents an exponential decrease

value for perylene radical cation salts @f=1x10"* 1/K°  of the exchange constant with increasing temperature:
This leads to an only 10% change in the value bbetween

125 K and 295 K. Therefore the deviation from a linear
variation forT>125 K of the data points in Fig. 7 is mainly

C. Temperature dependence of the exchange constant

1. Experimental results

2. Discussion

r(T)=ro(1+aT).

J(T) — Joe—constXT'
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which fits the experimental data well. This behavior ispyrene radical molecular orientation in any radical cation
known from coherent x-ray scattering in the case of atomicsalt. The “localized” radical defects of the 12:7 stoichio-
vibrational motion, which leads to a reduction of the diffrac- metric pyrene hexafluoroantimonate salt could thus be char-
tion peak intensity by the Debye-Waller factor in an analo-acterized. The narrowing of the ESR linewidth and anisot-
gous manner. Since the exchange conslasta measure for ropy in the temperature range below and approaching the
the effectivity of intrastack orbital overlap, we assume thatPeierls transition temperature could be measured and quan-
primarily librational motion of the pyrene molecules aroundtitatively described within the familiar bottleneck model es-
their rest position weakens the wave-function overlap fortablished earlier for the radical cation salts. Most impor-
temperature increasing frofp to room temperature. On the tantly, the broadening of the ESR linewidth and the
other hand, for the locking of a three-dimensional Peierlsincreasing influence of the anisotropic contributions is ana-
distorted phase interstack coupling mechanisms are necelyzed for (PY),5(SbR),for temperatures increasing from
sary. We suggested from NMR investigations that such affp=116 K up to room temperature. We conclude that the
interstack coupling proceeds via bonding contribution betelevant exchange integral decreases in this temperature
tween the H atoms of the pyrene molecules and the F atomsnge by more than a factor of 8. This reflects the reduction
of the hexafluoride aniorfs!’ As long as pyrene molecules of intrastack wave-function overlap, primarily caused by in-
or anions are in motion this coupling cannot be establishedreasing librational amplitudes. The defect-spin conduction-
This is the scenario fof >T, in the fluctuating regime. On electron spin exchange interaction gives thus an enlarged
cooling down the amplitude of the librations of the pyrenepicture of what is going on in the intact molecular stacks. A
molecules are reducdds well as the anion rotationgiving  decreasing wave-function overlap for increasing temperature
rise to the stronger intrastack exchange coupling constant assulting in contraction of the conduction-electron bandwidth
well as increased interstack coupling. At 125 K the motion ofand corresponding increase of the conduction-electron mag-
the pyrene molecules is essentially frozen in, which is renetic susceptibility has been suggested, based on experimen-
flected by a constani. Since 'F relaxation-rate measure- tal evidence, for perylene radical cation salts in the past.
ments prove that the anion rotation slows down on approachihis variation has now been unraveled quantitatively.

to the Peierls transition as wéliwe conclude that the ab-

sence of motion of both the pyrene molecules and the anions

is a necessary precondition for the development of an inter- ACKNOWLEDGMENTS
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