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(naphthalene,AsFg
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We present high-resolutiof’C nuclear magnetic resonance spectra, and frequency-depértiant *°F
nuclear spin relaxation data for the quasi-one-dimensional organic condNétpsAsF, the radical cation salt
of a pure aromatic hydrocarbon with the highest Peierls transition temperature, compared, e.g., with fluoran-
thene (FA), pyrene (PY), and perylene(PE) salts. The spin density distribution on the radical cation is
unravelled, and the decrease of the conduction electron density of state at the Peierls transition is reflected by
the variation of the*C line shift as well as the proton spin-lattice relaxation with decreasing temperature. In
spite of its poor chemical stability, this organic conductor exhibits diffusive decay of long wavelength con-
duction electron spin correlations up t6=0.72 ns at 240 K. The fluorine and proton spin-lattice relaxation
rate reveals the temperature-dependent slowdown of the rotation of the anion octahedra. A correlation between
the occurance of the Peierls transition of the radical cation salts and the slowdown of the anion rotation is
supported by these results @flA),AsFs, compared with(PY)5(SbFR);, (FA),AsF;, and (FA),SbR;. The
correlation time of the anion rotation at the Peierls transition temperat(ifg) barely differs for different
radical cation salts with the same anions in spite of diffeffipgvalue.
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[. INTRODUCTION ment of a remarkable number of techniques for their charac-
_ _ terization, including various types of ESR imag#¥g?’ In

The electrochemical growth of needlelike naphthalenepis regard, it is surprising, that the prototype of all these
(C10Hs, abbreviated as NAradical cation salt crystals of the arene radical cation salts, the naphthalene salt, has not been
composition(NA),X, X=PF;, AsFs;, by anodic oxidation of  studied in any further detail, except for the original chemical
the aromatic hydrocarbon molecule NA in dichloromethanereport and a more detailed ESR analy§i€8 This is possi-
(CH,CI,) solution in the presence of the appropriate complexoly due to the early report of the instability of these single
anion X opened the door to a large family of quasi-one-crystals at temperatures above30 °C, their naphthalene
dimensional organic conductotsn the years that followed, smell in air, and the gradual recrystallization of naphthalene
salts of fluorantheng pyrene® perylene* and many others accompanying sample decomposition already below
were presented, with various stoichiometries and structur&5—70 °C* We showed recently that the static magnetic sus-
arrangements of the aromatic moleculagenes® These oc-  ceptibility of (NA),AsF; can be analyzed quantitatively,
casionally delicate solids allowed the study of charge densityievertheles®® Less than 1073 Curie paramagnetic de-
wave (CDW) transport and the corresponding high temperafects per formula unit were found. The Peierls transition at
ture CDW fluctuation§;8 and the Peierls transition as re- Tp=234+4 K remained well defined, even if the extrapo-
vealed by diffuse x-ray scatterifg® by microwave lated value of the Pauli paramagnetism related to the weight
conductivity*-130or by static magnetic susceptibilty-*>All  corresponding to one mole dNA),AsFs varied by 40%
these radical cation salts show stacks of flat, parallel-packedithin 5 weeks. Therefore, we present here a detailed nuclear
arene molecules, arranged with the general rule of optimizmagnetic resonand®MR) analysis of(NA),AsFs. The un-
ing m-electron molecular-orbitalMO) overlap. The closed paired spin density distribution in the NA radicals is derived
shell diamagnetic counterion§’, such as PE AsF;, ClO;, by **C high-resolution NMR(with proton cross polarization
BF,, or others, determine, via the stoichiometry of the saltand magic angle spinning, abbreviated as CP-M#&Stud-
the band filling of the one-dimensional conduction band, exied in dependence of the temperature. The degree of one
tended in the stacking direction. The negligible spin orbitdimensionality of the conduction electron spin dynamics in
coupling of the electron spin in a-molecular orbital of a the high-temperature metallic phase(bfA),AsF; aboveTp
molecule that is built up only from the light elements carbonis characterized by the investigation of the temperature and
(Z=6) and hydrogen, and the strict one dimensionality of thethe frequency dependence of the modified Korringa
motion of the conduction electron in the conduction bandrelaxatiort®2° of the NA protons. In relation to the typically
built up from such MOs, give rise to an extremely slow rather short intrastack scattering times of the conduction
spin-lattice relaxation of these conduction electrhiln-  electrons of arene radical cation salts of about
usually narrow electron spin resonan(&SR) lines for these  7,=3-17 fs30:3'the time constant’=0.72 ns derived for the
arene radical cation salts have been reported already fromgpical end of the diffusive decay of the long wavelength
early experiment$’° Thus these conductors allowed for spin density wave excitations at=240 K, i.e., 7:7
quite a number of applicatioffs22 as well as the develop- ~10°:1, gives ample evidence for the classification of
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(NA),AsF; as a quasi-one-dimensional conductor. bonding contributions accompanying the thermal lattice con-
A multiple role is played by the complex anions in con- traction. We have suggested as a generalizable rule that
ducting radical cation salts>16-233%First of all, the diamag- hexafluoride anion rotation is slowed down to the NMR ac-
netic, single charged anions such ag,Ri CIO, determine  cessible time scale of some hundred MHz before the three-
the conduction band filling via the stoichiometry of the re- dimensional Peierls transition is really locked®Hlhis sug-
spective salt. Stoichiometries ranging between 6:1 and 4:gested qualitative picture will be tested critically in this
were reported. But the complex anions play also a crucial investigation for the arene radical cation salt with the highest
role for the formation of the various groundstates that can b@eierls transition temperature, i.éNA),AsF, 11519
reached via temperature, magnetic field, and pressure, espe-Thjg paper is organized as follows. The experimental sec-
cially for cations also incorporating Se or S atoms in theiro, 'sec " || summarizes the relevant measuring details
m(_)legular_tlmts, e.g.,dmetzlllc, ph?arg_e ?er('f'tty vtvaa/e ortq:cere({,” A) and presents our main experimental res(lt8). The
Spin density wave ordered, spin-relers cIsiorted, antiernos, Knight shift is derived and analyzed quantitatively in
3
magnetically ordered, or superconductiig> Especially Sec. Il A. It yields the spin density distribution and

noncentrosymmetric anions such as ¢Hde efficient in in- . -
ducing structural phase transitions via the variable degree mperature-dgpend_ent condu_ctlon electrqn susceptib |.I|ty of
,AsF;. Spin-lattice relaxatior(*H, is analyzed in
(NA),AsFs. Spin-latt laxatior(*H, °F) lyzed

their orientational orde¥ But also centrosymmetric, only ) s
slightly distorted octahedral anions such as,P&sF;, and  Sec. Il B. Bgsed on t_hese two sections, our experimental
SbF; play a rather relevant role in the radical cation salts offesults are discussed in Sec. IV. R®A),AsFs, the degree
simple arenes for the appearance of structural phase trangif one dimensionality of the conduction electron spin dy-
tions, and especially the three-dimensiof@DW) Peierls namics is derived from the NMR dat&ec. IV A). The role
transition®3>3% In the high-temperature metallic phase of played by slowing down of the anion rotation for the Peierls
these quasi-one-dimensional organic conductors independeii@nsition is discussed in Sec. IV B. Important results of our
CDW fluctuations on the individual conductive arene stacksvork are summarized in Sec. V.
are observed. Interstack coupling is weak, and according to
the relative phase of the locked-in CDWs in the ordered low-
temperature Peierls distorted phases studied by now, phonon- IIl. EXPERIMENTAL RESULTS
like and Coulomb coupling between neighboring CDWSs A. Measurement details
must be of comparable important&-16-37 Actually, dou- S
bling of the unit cell perpendicular to the stacking direction,  1he (NA),AsFs crystals were grown by anodic oxidation
influencing the CDW fluctuations, was observed by x raysOf a solution of naphthaler)e and the tetrabutylammonium
already at temperatures approaching the Peierls transitiofalt Of hexafluoroarsenate in GEl, at T=-40 °C*° The
temperatur&:1° For the transverse coupling, the hexafluoridegrown samples were stored in an inert atmosphere in a
anions seem especially important, because they rotate at dfeezer at—17 °C until used. High-resolution variable-
evated temperature but are squeezed between the neighblmperature NMR spectra ofC were recorded at 7 T field
ing conducting stacks at lowered temperat(see Fig. 1.  Strength (v=300 MHz, vc=75.4 MH2, using proton en-
Because the radical cations’ charge influences the bon@ancement, proton decouplingpccasionally gated and
lengths of the arene, as was proved for perylene radicals BYAS Up t0 vo=15 kHz (Figs. 2 and ® Liquid impurity
experiment and model calculatio?fstransverse charge den- Phases are separated by centrifugal forces and thus are of no
sity coupling may be mediated by arene-hexafluoride-arentnportance for these spectra. For measurementjs-|oand'
interaction. F spin-lattice relaxation the samples were enclosed in a
In X-ray Crysta| structure ana|ysis primar"y |arge Standaroglass crucible in order to prevent free Vaporization and con-
deviations and pronounced thermal ellipsoids of the F atom#act with air. Fourier transform spectra had to be analyzed
reflect the rotational motions of the hexafluoride anions afluring the course of the proton inversion-recovéymea-
room temperaturg3® NMR relaxation of'%F and*H nuclei ~ surements, because the contribution of solvent inclusions in
is an especially useful probe for monitoring the freezing-inPores and cracks of the crystals gives rise to narrow line
of the anion rotational motion with lowering of the liquid signals at temperatures above the ;CH melting
temperaturé®4941 This is due to several favorable facts; point and Pake doublets at low temperatures that definitely
Both isotopes!H and '°F, have 100% abundance, nuclear have to be separated on account of their differéf, »)
spin 1=1/2, and largegyromagnetic ratios, thus both can dependence&ig. 4. The larger'H and'*F Larmor frequen-
easily and separately be measured by NMR in a fixed exteies, i.e., 300 MHz fofH, 282 MHz for*F, and 53 MHz for
nal magnetic field. The well-known distance and orientationooth were realized with a 7 T superconducting magnet and a
dependence ofH-'H, *°F-1%F, and*H-'°F dipolar magnetic Variable field electromagnét<1.4T). For measurements at
interaction can thus be exploited, and separated, in NMRp=14 MHz, the time dependence of the proton-related
relaxation studie®? The librational motions of the arene Overhauser shift of the conduction electron ESR ling
radicals are reflected by théH-'H contributions, the =9.5 GH2 could be used, allowing the analysis of individual
hexafluoride rotational jumps by theF-1°F contributions, single crystals, a better signal-to-noise ratio, and an unam-
and the combined arene-anion motions by'tHe'%F contri-  biguous separation of those protons that interact with the
butions to the nuclear spin-lattice relaxatiGr?® Thus, NMR  conduction electron&hus not originating from decomposed
relaxation reflects the squeezing of the hexafluoride anionerystals and solvent molecules included in the crystdlee
between the cation stacks and the formation of -CfH inset of Fig. 5 shows that protchg, data are indispensable
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FIG. 1. Crystal structure of
(NA),X. Molecular packing for
X=PF; seen along the stacking
axis c(a) and along the axis (b).

in narrowing down the frequency dependence of prdt”p]n spectra that result from gated decoupling of the protons at

These rotating frame results were recordeaat 300 MHz.  T=240 K, which reveals clearly the distinct behavior of line

The error limit of theTIl data is estimated to be about 10%, A compared tdB and C. Figure 6 summarizes the tempera-

typically. ture dependence of tHéC line shift obtained from two dif-
ferent samples.

B. Results 2. Proton spin relaxation in metallic phase

1. 3C-NMR line shift Figure 5 collects the relevant high temperature results
ogaoncerning temperature and frequency dependencéHof

13C_CP-MAS spectra ofNA),AsF,. The dependence of the spin-lattice relaxation of(NA)zAsFG. Whe_ref;\?z the hi.gh-
spectra on MAS-rotation frequency was analyzed in deta“frfquené:_y date_1 areltldjommaéed by thﬁ t)llpmsfdl behavior

For the high rotation frequency used for recording the spec(—) one- imensiona(1D) con uctprs, the ow-'requenc(y'o—
tra shown in Fig. 2, spinning side bands are only of negli_tatmg frame results reveal the limit of1D) spin dynamics.
gible importance and thus not indicated in the figure. Gated
decoupling was used to discriminate the proton-bound posi-
tions C1-C8 from the inner position C9 and C1Bor num- For the low-temperature range, the temperature depen-

bering see Fig. 6% Figure 3 shows the variation of the dences of the fluorine spin-lattice relaxation rate measured at

Figure 2 shows the temperature dependence

3. °%F and H low-temperature spin-lattice relaxation
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FIG. 2. °C-CP-MAS NMR spectra ofNA),AsF; as function of
temperature, with labeling of the lines used in tékrequency and
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FIG. 4. Variation of the proton NMR spectrum of(NA),AsF;
sample during inversion-recovery sequente>=300 MHz, T
=240 K). The solid line fit shows the separation in a broad Gauss-
ian line of (NA),AsFs protons and a narrow Lorentzian line of
solvent inclusions.

two different Larmor frequencies of 53 and 282 MHz are
shown in Fig. 7. Two maxima of the rate can be seen, which
have a frequency dependence typical for motion-induced re-
laxation of nuclear spins described in the Bloembergen-
Purcell-PoundBPP model#

The results of protoril; measurements at 53 and 300
MHz are collected in Fig. 8. Here the two frequency-
dependent maxima of the rate, explainable by the BPP
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FIG. 5. Temperature dependence of the proton nuclear spin-
lattice relaxation rate for different proton Larmor frequencigs
=wp/(2m) in (NA),AsFs. The inset shows the frequency depen-
dence ofT;(*H) at T=240 K, including low-frequency;, data on
an w, ' scale(we=wyYe/ 7). The solid line fits are explained in
Sec. Il B. The approximate linearity of the fit is misleading; it
results from accidental smoothening of several strongly

T-dependent contributions.
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T(K) The fits shown as solid lines are simultaneous fits of both frequen-

cies using for the fluorine proton interaction the same parameters
FIG. 6. *C-CP-MAS NMR line shifts for two different samples gained by the fit of the fluorine ratéFor details see Sec. Il B B.
(open and filled symbo)srelative to TMS versus temperature for
(NA),AsFg. The inset shows the numbering of the carbon positions
in the NA radical cation used in this papé, B, C: see Figs. 2
and 3. A. Knight shift and temperature dependence of conduction
electron susceptibility

Ill. ANALYSIS

model, are less pronounced. The fluorine and the protonl' Relation between Knight shift and C-site-specific spin density

spin-lattice relaxation rates show frequency-dependent off- The local, temperature-dependent isotropic Knight shift

sets, which are substantially larger for the lower Larmor fre-can be calculated frotf48

quencies. These additional relaxation contributions are the

typical consequence of the spin diffusion to relaxing para- Ki(T) = ajxed M/ (A vaycNa) (1)

magnetic defects and impuritié?® They do not interfere

with the quantitative analysis of the BPP-like relaxationwith the temperature-independent, isotropic, hyperfine cou-

maxima performed below. These impurities are less efficienpling constants; at the molecular carbon site(Fig. 6), ye

in the metallic phase, shown in Fig. 5. and yc the conduction electron andC nuclear spin gyro-
magnetic ratio, andt../ Na the Pauli paramagnetic suscepti-
bility per (NA);" dimer. A first order estimate of the coupling

18 T T T T T constantsy; is obtained from the HOMGhighest occupied
molecular orbital spin densitie® (numbers presented in sec-
ond column of Table)lwith the Karplus-Fraenkel relatiof,

a/2m=Qp; + 2 Qupy, (2)
J

T1'1 (8'1 )

with Q=99.7 MHz for C1-C8,Q=85.4 MHz for C9 and
C10, andQy=-38.9 MHz with p; the spin densities of the
respective nearest C neighbors to sit€hese data, compiled
in Table. |, are used to calculate the theoretical value of the
Knight shift, K;, for x..=100x10® emu/mole, a typical
value for arene radical cation salts. A comparison with the
well-known isotropic ESR proton hyperfine coupling con-
T(K) stants of the naphthalene radical anion, i.e., 4.90 G and 1.83
G (Ref. 5)), yields 20% deviation in the; values, but only
FIG. 7. Temperature dependence of the spin-lattice relaxatio®% deviation in their ratio. The main weakness of the ex-
rate T, of the fluorine nuclei at the Larmor frequencies of 53 and tended Hickel HOMO spin densities is the absence of polar-
282 MHz. The solid lines are the separate fits with the BPP modelization effects that give rise to negative unpaired spin densi-
the broken line shows the fit with the fit parameters of 53 MHzties, but theK;; estimates certainly can help for the site
adopted for 282 MHz(See Sec. Il B 3 and Table JI. assignment.
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TABLE |. Spin densitieg;, hyperfine coupling constangs, and Knight shiftsK; for 18C in (NA),ASF.
t, HOMO values(Ref. 49 andm experimental results.

Position Pit a;(MHz) Ki«(ppm?® a; m(MHz) pim
C1,C5 0.089 +46.3 +61.6

+53.4+15 +0.092+0.001
ca.cs 0.091 +48.5 +64.6
C2,C6 0.038 -6.3 -84

-4.2+0.4 +0.048+0.001
c3.c7 0.034 -10.3 -138
C9,C10 0.0 ~43.8 —58.4 -32.7+1.8 -0.031:+0.001

3Calculated foryly=100x 107 emu/mole.

2. Correlation between temperature dependence of Knight shift (1).] In fitting the intrinsic susceptibility, an exponential
and susceptibility law'# with the effective band gap as parameter was used for

The highly resolved®C-CP-MAS spectra ofNA),AsF; ~ the low-temperature region below the Peierls transition,
are shown for different temperatures in Fig. 2 relative to theVhile the Lee-Rice-Andersofl RA) modef? with the limit-
TMS standard. The three lines in the spectra are labeléd as INg value of the Pauli susceptibility and the mean field tem-
B, andC. The absolute value of the Knight shift, i.e., the line Perature as parameters was used for temperatures around the
shift related to the spectral line position of neutral naphthaP€i€rls transition and above. The result is shown in the right
lene molecules, decreases with decreasing temperature. TR&rt of Fig. 9. In terms of this intrinsic susceptibility of the
center of gravity of lineB is only shifted by—2.7 ppm at 240  conduction electrons the so-called Jaccarino Clogston plot
K relative to neutral naphthalene. The linasandC move ~ Shows the linear correlation between the susceptibility and
with decreasing temperature towards liBeThe gated de- the Knight shift.(See the left part of Fig. 9The extrapola-
coupling measurement indicates that likgesults from the ~ tion of the line positions to zero conduction electron suscep-
non-proton-bound carbon sites C9 and OBke Figs. 3 and tlblllltay confirms that the position of the three lines lies inside
6.) The HOMO spin densities, which are connected via théhe ~C linewidth of neutral naphthalene molecules measured
Karplus-Fraenkel relatiofEq. (2)] with the isotropic hyper- With the same measuring technitfe. _
fine interaction constants, predict five lines in tHe spec- The slope of the lineg\ to C in the Jaccarino-Clogston
tra. The reason why only three lines are observable in th@lot are a measure for the isotropic hyperfine coupling con-
highly resolved™3C spectra is that two times two lines over- Stantsa; , at the different carbon site¢See Table ). The
lap in the spectra and build one single lifable ). This ~ Unambiguous assignment of tHi€-NMR lines to the carbon
explanation is supported by the ratio of the line areas beSites allows us to calculate the spin densities on the naphtha-
tween linesA andC. Thus all carbon sites of the naphthalene |€ne molecule from the measured isotropic hyperfine interac-
molecule could be assigned with a line in the spectra. tion constants using the Karplus-Fraenkel relati¢8ee

The temperature dependence of 1@ line shift relative Table 1) The highest value of the spin density is found at the
to the TMS standard shown in Fig. 6 is not linear. This is notcarbon atoms C1, C4, C5, and GBor the notation, see Fig.
unexpected, because the Knight shift is proportional to the N
magnetic conduction electron susceptibility and the suscep 140 A B ctT -
tibility does not behave as the Pauli susceptibility of a three-
dimensional metal, but shows a rapid decrease with decreas '?[ T
ing temperature. This is a consequence of the appearance (=
the Peierls transition, which was observed for different £
samples in the temperature range between 230 and 240 K. sof 4
The Knight shift in Fig. 6 is not proportional to the average =,
magnetic conduction electron susceptibility measured re-2 ®f T
cently using a SQUID(superconducting quantum interfer- +
ence device magnetometer for polycrystalline samplés.
The samples used for both NMR and SQUID measurement: 2} 1
contain many crystals of the radical cation salt and a part of
these crystals are aged or decomposed. The early report a  © 5" %555 0" 20 40 60 80 90 120 150 180 210 240 270 300
ready mentioned vaporization and recrystalhzatmn of the C CP-MAS NVR line shift (ppm) T®
naphthalene moleculésThese effects in th&*C spectra are
visible as the higher signal intensity of liri¢ that appears FIG. 9. Correlation of the temperature-dependent conduction
close to the spectral position of neutral naphthalene. electron magnetic susceptibilifsight pary and**C-CP-MAS NMR

Fortunately, the Knight shift of th&’C lines is a measure line shift relative to neutral NA fotNA),AsFs with the temperature
of the intrinsic conduction electron susceptibiliffgee Eq. as an implicit parameteieft pard.
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6.) Each second naphthalene molecule in the stack is rotated 2. Modeling of the conduction electron Korringa-like
by 90° (Fig. 1) such that the overlap of the wave functions at contribution for the protons
the four mentioned carbon sites is the largest. Thus it seems AsF is a diamagnetic closed shell complex anion which

reasonable that the highest values of the spin density occu[s ot influenced by the conduction electrons’ density of

at these four carbon sites. states. The conduction electrons interact strongly with the
13C andH nuclei of the naphthalene radical cations, how-
. _ . 19 . ever. The susceptibility of the conduction electrons below
1N.uclear spin-lattice relaxation fotH and *F nuclei (_l and aboveTp is temperature dependent but known from Fig.
=3) in arene radical cation salts such(&A),AsFs is domi- 9 experimentally. The modification of the Korringa relax-
nated by the paramagnetic defects in the lowest temperatuegion known from ordinary three-dimensional metalfor
range, by the thermally activated anion rotations, and thene-dimensional metals was treated theoretically 25 years
possibly accompanying arene librational motions in the in-ago!6232%48For a one-dimensiondllD) metal, onlyg=~0
termediate range, and—only for the protons—by the hyperand q= 2k: conduction electron scattering contributions are
fine interaction with the conduction electrons in the metallicpossible, which have to be treated separately. Due to the
high-temperature phase above the Peierls transition temperstow, diffusive decay of the long wavelength SDW excita-
ture. Sincex(T) of the conduction electrons just has beentions, the q=0 part of the relaxation rate is frequency-
determinedFig. 9), their contribution can as well be calcu- dependently enhanced up to the huge fa¢tofr)*?, where
lated for T>Tp as T<Tp. The appropriate expressions for 7 is the shorter one of , the transversal hopping time of
the theoretical descriptions of these contributions have beetme conduction electron, ang._4, which is the time needed
reported already, so we refer to these sources and presefor the conduction electron to encounter a relaxing defect on
only the definitions of the parameters derived from experiits own stack during the 1D motion. Thus, the conduction
ment. electron contribution for the protons can be writf8r858

B. Nuclear spin-lattice relaxation

1. Modeling of the low-temperature data (T1pT) = Colxed M N7/ 7119(we) + Colxce(M], (8)

The influence of the Asfanion rotation is described in ith
the framework of the Bloembergen-Purcell-Pouf®iPP

model#24* The spectral densities of the relevant dipole- (0)= 1+[1 + (wer)?]H2\ 12 ©
dipole interactions are approximated by Lorentzian functions T 21+ (wer)?]

J(w) = 1/[1 +(07)] (3  and
with the respective correlation times varying with tem- ()= (1) + (7eeq) % (10)

perature according to a simple Arrhenius law ] )
The temperature dependencerof(hopping motion follows

7o = T.eXPp(E/KgT). (4 an activation lav#®

Modulations of**F-'%F orientations in the anion octahedra as 7.(T)=C, e*FlkaD, (11)

well as the modulation of th¥F-'H separations due to AgF )

rotational jumps have to be considered. Regarding the prgand the temperature dependencergfy was explained by
tons the modulation GfF-LF is replaced by a modulation of Pongs and Dormant?.The constants £and Gy in Eq. (8)
H-H orientations in the NA molecules by their librational are functions of the enhancement factiigga) andKy (a)
motion. We use two indices for the adjusted activation enerthat are the result of the quasi-one-dimensional electron
giesE, correlation timesr.., and relaxation strength param- movement,

etersK.36:4041The influence of thé°F-'F interaction on the :
% spin-lattice relaxation rate is thus parametrized as Co= %ﬁ?WkB)z \/ZKO( @)A2xed T)?
Ty ke = Kee[I(7er, o) + 4( 76k, 206) ], 6) e E
whereas the contribution of tHéF-H interaction for'%F is . 1 Lksz Kor ()R T2, (12)
TI,]I-:H = Ken{I 7em, (0 = o) ]+ 33(7r, wp) ) s 2 ﬁ(%B)_ F .
4 63 ey, (wp + )]} ©6) whereA, is the hyperfine field of the protons which can be

estimated from the spin densitigs determined above. We
The total spin-lattice relaxation rate 8fF nuclei is thus refer to Bourbonnaist al. for the corrected expression of the
described by 2ke contribution to Eq(12).5° This contribution is irrelevant

for (NA),AsF;, however.(See Table IlI)

TI,lF = TI}:F + TI,lFH + TI}:D! (7
where the last contribution takes the diffusion to localized 3. Anion rotation in the naphthalene salt
paramagnetic defects and impurities into accdbfi >’ The temperature dependence of the fluorine spin-lattice
(Analogous expressions are used for the proton-pr@tth) relaxation rate shows at both Larmor frequencies two
and proton-fluoringHF) contributions) maxima between 70 and 250(Kig. 7) with a small distance

115108-7



A. KAISER AND E. DORMANN PHYSICAL REVIEW B 71, 115108(2005

TABLE II. Fit parameter of the temperature dependence of the TABLE IIl. Fit parameters for conduction electrotd spin-
spin-lattice relaxation rate of the fluorine nuclei(iMA),AsFg at a lattice relaxation contribution ifiNA),AsFs. For the definition of
Larmor frequency of 53 MHz and 282 MHz. the parameters see Sec. Il B 2.

K/s? 7..lS E/meV o 469
Fit parameter at 53 MHz 7 (240K 0.72ns
FH 3.2x 108 1.0x10% 79 7, (240 K) 0.79 ns
FF 2.0x 10° 1.3x 10713 133 C, 035ns
Fit parameter at 282 MHz AE 16.6 meV
FH 6.7x 108 9.0x10713 96 Teed (240 K)  8.13 ns
FF 4.8x 10° 2.5x10713 105 CoT (240 K) 67.86 st

Cx T (240K  0.66 S

between their centers of gravity. The structured maximum

has been fitted with the above described theoretical BPRy|ative positions and the height correctly, which is a sign of
model independently at both frequencieslid line, Table he consistent description by the BPP model. A frequency-
[1). The motion-induced relaxation of the fluorine nuclei Cangependent offset, as seen before at the temperature depen-
be inferred from the shift of the position of these maxima togence of the fluorine rate is also present and can be explained
higher temperatures at a Larmor frequency of 282 MHz comyg apove. For the protons at temperatures above the BPP
pared to the position at 53 MHz. The low-temperature maxiynaxima the Korringa relaxation via the conduction electrons
mum is caused by the interaction of fluorine nuclei and prot,55 to be considered. In this high-temperature range, the in-

tons, whereas the maximum at higher temperatures resul{f ence of the paramagnetic defecT§1 is reduced.
from the fluorine-fluorine interaction. If the high-frequency HD

data are described by the parameters obtained from fitting the 4. Conduction electron spin dynamics
low-frequency results, the broken line is obtaingdg. 7).
Obviously the measured relaxation rate at the higher Larmor The conduction electron dynamics in this quasi-1D or-
frequency is a factor 2 higher than predicted by the paramganic conductor can now be characterized by the quantitative
eters gained at 53 MHz. In the BPP model the spectral dendescription of protorTIl in the high temperature randEig.
sity Jw) of the rotational movement of the octahedra obeyss). This enables us to determine the time consténiSec.
a Debye form, meaning a statistical distributed movement ofll B 2) in the form of a fit parameter” describes the mean
the anion octahedra. The deviating frequency dependence tifne allowed for the quasi-1D diffusive decay of the long
TIl is a hint of a not pure statistical distribution of the octa- wavelength conduction electron spin correlation.
hedral rotation jumps. A correlated movement of the octahe- The frequency dependence was measured at 240 K so that
dra is a reasonable explanation for the deviation of the spedhe salt is still in the metallic phag€ig. 9. In addition, this
tral density from a Debye form. Nevertheless the position oftemperature is low enough that the salt is stable over a long
the maxima can be correctly described by the BPP model antime period and the contribution of the motion of the anion
this gives credit to the relevant fit parameter, i.e., the correoctahedra to the relaxation rate is negligitid.he tempera-
lation time of the motiony,, and the activation energy of the ture dependence of the longitudinal relaxation rate resembles
rotational jumpsE. accidentally a linear behavior above the Peierls transition
The temperature-independent but frequency-dependetemperature. The slope of the three curieig. 5 measured
contribution to the relaxation rat&; ., results from spin at different Larmor frequencies can be simultaneously fitted
diffusion to paramagnetic defects. The observed frequencysing Eqs.(8) and (9) with only one parameter set. The in-
dependence is between fast diffusidii»?) and slow diffu-  crease of the rate to higher temperatures is Korringa-like and,
sion (1/Vw), limiting behavio3-57 Such a contribution has due to the quasi-1D movement of the conduction electrons,
also been observed ifFA),X salts the slope increases with decreasing Larmor frequency. An
The contribution to the fluorine ratd;L,,, which results ~analysis of thePY);(SbF); radical cation salt showéd®
from the interaction between the fluorine nuclei and the prothat7 results from two time constants; ,which is the trans-
tons, is also seen and should be described by the same Yi¢rsal hopping time, and..4, which is the time needed for
parameters, regarding the temperature dependence, in tHee conduction electron to hit a defect spig. (10)]. The fit
spin-lattice relaxation rate of the protons. The temperatur@arameters for the temperature dependence of the transverse
dependence of; %, (Fig. 8) shows indeed the expected BPP hopping motion(r )™, i.e.,C, andAE [Eq.(11)], are given
maxima. There are again two maxima, one resulting from thén Table 1ll. Whereagr,)™" increases with temperatuf@),
'H-'H interaction and the other resulting from tel-%F (7.9 decreases with increasingdue to the exponential
interaction. The maxima of the temperature dependence afecrease in the defect-conduction electron mutual exchange
the rate at the different Larmor frequencies are fitted simulintegral with increasing temperature and NA-molecular [i-
taneously, using for théH-'°F interaction the parameters brational amplitudé* The different temperature dependences
gained by the fit ofr;lF(T) of the fluorine nuclei at 53 MHz. of 7, and 7.4 and the temperature dependenceygf(T)
The fit shows a 10 K error of the maxima but describes thelerived in Fig. 9 has to be taken into account for a simulta-
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neous fit of the three temperature dependencies and the fre- TABLE [V. Comparison of the activation energies of

quency dependence at 240 K of the proton longitudinal re{PY)12(SbFs); und(NA),AsFs, derived at a Larmor frequency of 53

laxation rateT;* with the formula in Eq.(8). The scattering MHz, and correlation times,(Tp) at the Peierls transition tem-

time 7; is taken approximately as constant in the temperatur@eraturesTp of (FA);AsFs und (FA),SbFs (Ref. 40.

range examined. The fits are shown in Fig. 5 as a solid line:

The parameters of the fif, C, andC,_, are listed in Table (NA),ASFs  (PY)12(SbRy);  (FA),ASFs  (FA),SbRy

. 3 o To/K 234 116 176 166
These emplrlcall parameters actually are in quite reason—EHF ImeV 79 29 172 294

able agreement with their estimate according to B@).

With help of the McConnell relatidi-®3and the spin density Err/mev 133 59

of the conduction electrons at the carbon sifEable ) the ~ 7en(Tp)/s 5.1x107%°  1.7x10°  51x10%° 5.1x107

hyperfine interaction constanfs, of the protons have been 7r(Tp)/s 9.4x107'  1.5x107°

calculated. The LRA fit in Fig. 9 gives the Pauli susceptibil-

ity of XPauéi,exp:16O><43-0_6 emu/mol. ASSUMINGXpayithea B. Slowing down of anion rotation and Peierls transition
=100x10"> emu/mol,” the enhancement factors afg(a) The measurements of the low-temperature spin-lattice re-

=0.78 andKy (a)=4.33 (Ref. 43. Thus it is possible t0 |axation rate of the fluorine nuclei and of the protons in
calculate the “isotropic” part of the paramet@gandCy_.  (NA),AsF; reflect the rotational movement of the anion oc-
Considering dipolar interactions, in addition to Fermi contacttahedra. The frequency dependence of the BPP maximum of
hyperfine interaction&} the measured values agree with thethe spin-lattice relaxation rate deviates from the Debye be-
theoretical values ofZ, and Csz- The experimental ratio havior and indicates a nonstatistical distribution of the rota-
CO/CZKleoo underlines the enhancement of the Korringa_tional jump_s of the anion octahedra, but instead cor_related
rate due to the quasi-1D electron movement and justifiefmMps. To investigate a recently suggested connection be-

again the classification dNA),AsF; as a quasi-1D conduc- Ween the Peierls transition temperatui® and the
tor. freezing-in of the rotation of the anion octahedra, the corre-

lation time of the motion of the fluorine nuclei at the Peierls

transition temperature is compared for different radical cat-
IV. DISCUSSION ion salts with Ask and Sbk octahedra in Table. IV. The
salts with Ask octahedra show, in spite of their very differ-
ent transition temperatures, the same correlation tirg@%)

The radical cation saltNA),AsFs shows the previously for the motion, each at it$p. For the salts with Shfocta-
reported instability and is therefore difficult to handle. Nev-hedra the correlation times,(Tp), even if differing by a
ertheless, sealed samples and the handling at temperaturfestor of 3, are still of the same order of magnitude. Despite
below 250 K allowed us to measure the frequency and temthe few data the tendency of a small range of correlation
perature dependence of the proton longitudinal relaxatiotimes at the Peierls temperature for the salts with the same
rate and highly resolve&®C spectra with nuclear magnetic anion octahedra can be concluded. The Peierls transition oc-
resonance. The temperature dependence of the Knight shiftsirs when the rotational movement of the octahedra reaches
led to an intrinsic conduction electron susceptibility, which isa certain relatively long correlation time which differs very
more reliable than the integral results of SQUID measuretittle for different radical cation salts. This supports the pic-
ments reported earlidFig. 9). ture that the freezing-in of the octahedra and the additional

The assignment of the spectral lines to the carbon sites ghree-dimensiondBD) coupling is responsible for the occur-
the naphthalene molecules could be done with the help dfince of the Peierls transition.
gated decoupling measurements and the comparison with In spite of the broad variation of the activation energies
theoretical values of the line positioriKnight shiftg. The  for the anion rotation and arene libration of the respective
unambiguous assignment enabled us to calculate the spiadical cation salts, the correlation times observed around the
densities of the electron spins at the carbon sites of the naplactual Peierls temperature fall in a narrow range of
thalene molecules in the naphthalene stadleble ). 101%-108s. The example of fluoranthene salts indicates

A simultaneous fit of the temperature and frequency dethat the activation energy is correlated with the size of the
pendence of the proton longitudinal relaxation rate yields agomplex anion, be it P§ AsFs;, or SbR.*° Thus, while
one of the fit parameters the time constait0.72 ns de- electron-phonon coupling and the softening of thie- 2
scribing the end of the diffusive period for the quasi-1D spinphonons are the well-known ingredients of the Peierls tran-
dynamics of the conduction electron at 240 K. sition in quasi-one-dimensional conductéfsthis slowing

The fit parameters describing the enhancement of the pralown of the rotational motion of the anions seems required
ton longitudinal relaxation rate due to the quasi-1D move-or the development of 2D correlation of the 1D-CDW fluc-
ment of the conduction electrons are in good agreemertuations. According to the 3D superstructure wave vectors of
with the values calculated using the measured spin densitye fluoranthene and perylene salts, which have been ana-
and the intrinsic conduction electron susceptibility. Thus, oullyzed in detail up to now'° the 3D-CDW ordered low-
work provides a consistent picture of the electron density antemperature structure of these radical cation salts results
electron dynamics in the prototype radical cation saltfrom Coulomb correlations, and thus out of phase arrange-
(NA),ASF. ment in the third direction, howevéf.

A. Conduction electron spin density and dynamics
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V. CONCLUDING REMARKS other radical cation salt studied before. The temperature de-

We analyzed the naphthalene radical cation salPendence of the low-temperature spin-lattice relaxation rate

(NA),AsF,, because it shows, from all quasi-one- of the protons shows a BPP-like behavior as well. The proton
1 1 _1

dimensionally conducting arene salts studied up to now, thd14 Mmaxima could be described with the fit parameters of

highest Peierls transition temperatufe and the most pro- the fluorine rat(_as. . . .

nounced influence of electron phonon coupling and CDW The correlation time of the anion rotational movement at
fluctuations on the static magnetic susceptibitty a de- the Peierls transition temperaturg(Tp), is useful for a com-
tailed NMR analysis, the intrinsic, temperature-dependenParison of different radical cation salts. Salts with strongly
conduction electron susceptibility.(T) has been deter- different Peierls transition temperatures, with the same and

mined forT>Tp as well asT< Tp (Fig. 9. The spin density with different a_nion octahedra,_ show only a small range of
distribution derived from Knight shift analysiéTable. )  7c(Te)- [Salts with the same anion octahedra have almost the
proves that the naphthalene radicals, which are stacked wif@Me7(Tp).] The qualitative picture that the slowdown or
90° rotation of subsequent molecul@&g. 1), pack with op-  freezing-in of the anion octahedra trigger the Peierls transi-
timized density overlagcarbon sites C1, C4, C5, and C8, tion through the additional 3D coupling of the 1D-CDW
Table ). The proton spin-lattice relaxation in the metallic fluctuations could be supported. Expressed the other way
phase of NA),AsF, proves the highly one-dimensional char- around, the low-temperature locked-in. CDW-Peierls dis-
acter of this organic conductor by the enhancement of th&rteéd phase of the quasi-one-dimensionally conducting
long wavelength contributions, i.eCO/CZszloo and by arene salts is evidently prevented by substantial rotational

the anisotropy of the scattering times, i.e,; 7~10°:1 motﬁon O.f the c.omplex anions, as it is also prevented by
(Table Il static anion chain disordéy.

According to earlier reasoning, the hidh value might
be linked to the_z anior_15 being comparably tight_ly squ_eezed ACKNOWLEDGMENTS
between the neighboring naphthalene stacks, with their com-
mon high-temperature rotation frozen-in at correspondingly We thank I. Odenwald for crystal growth, H.-J. Koo and
high temperature® This was indeed substantiated in the ex-M.-H. Whangbo for extended Hckel tight-binding elec-
perimental analysis presented here. tronic band structure calculations, G. Fischer and B. Pongs
The correlation between the Peierls transition and the ocfor experimental contributions, and C. Buschhaus for discus-
curance of a maximum of the fluorine nuclear spin-latticesions. This project was supported by the Deutsche
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