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Charge disproportionation in (TMTTF ),SCN observed by*C NMR
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The results of the’3C NMR spectra and nuclear spin-lattice relaxation ratd;1for the quasi-one-
dimensional quarter-filled organic materi@MTTF),SCN are presented. Below the anion ordering tempera-
ture(Tap), @ new broad line appears in the NMR spectra and the intensity of the distinct line owing to the inner
carbon site from the inversion center is almost halved. The remarkable difference in the temperature depen-
dence of 1T, below T, for the two sharp lines corresponding to outer and inner carbon sites shows the
development of a local electronic state. Our simple model of a charge configuration based on the electrostatic
interaction between the SCN anions and TMTTF molecules is consistent with our observation of a local gap for
the spin excitation. Nevertheless, we reveal that only the electrostatic interaction is insufficient to reproduce the
observed divergence of the frequency shift and the linewidth of the newly appearing broad line stemming from
the charge-accepting inner site at a much lower temperatureTifign
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[. INTRODUCTION direction of the external magnetic field suggests that nodes of
) ] ] ) spin density exist on the TMTTF molecul&s° Reference
There has been considerable interest in quasi-oner2 proposed a periodieip-0—down-Q magnetic structure for
dimensional(Q1D) correlated electrons. Theoretical studies antiferromagnetic state in this material for analysis of the
on generalized Hubbard model for Q1D electronic system§yMR spectra. They also pointed out that the intersite repul-
have revealed a rich phase diagram including various instasjye interaction is indispensable to reproduce the charge dis-
bilities towards spin-Peierls, antiferromagnets, spin densityyroportionated ground state in mean-field calculations, which
wave (SDW) and the superconductivity’ concludes the - CDW state at lowT.
The physical properties of the molecular-based Q1D |n this paper, we demonstrate the charge disproportion-
quarter-filled material§TMTCF),X [C=S&S)], also known  ation in (TMTTF),SCN by thel®C NMR spectra, which is
as the Bechgaard saltand their sulphur analogshave been  triggered by anion ordering. The contrastifigependence of
extensively studied so far because the materials realize varihe Jinewidth of the spectra and nuclear spin lattice relax-
ous ground states by modifying calcoge(® and anions  ation rates 1T, for distinct lines indicates that anion order-
(X).2 The macroscopic electronic properties(@MTCF),X  ing generates local and random electronics states at the inner
are summarized in a pressu(B) versus temperatur€l)  carbon site. The results of T{ also suggests that charge
phase diagrarf. disproportionation occurs only at the inner carbon site, since
The resistivities of thé TMTTF),X(C=9) are two orders 1/T, for the outer carbon remains almost intactTat. We
higher than those ofTMTSF),X(C=Se. The temperatures argue a charge configuration beldlixy by comparing the
where the resistivities show their minima are about 200 Kresults of XRD. The model assuming that the dominating
which is one order higher than those for TMTSF matefi&ls. source to disproportionate the electronic charges is the elec-
In addition, the ground states of the TMTTF family are trostatic interaction between the anions and the molecules
driven by magnetic instabilities undergoing spin-Peierls orleads to the k- CDW charge configuration. Moreover, the
antiferromagnetic phase transitions, although those ofesults of XRD indicate that the random displacements of
TMTSF are driven by Fermi surface instabilities towards in-anions from the original positon or the anion ordering with
commensurate SDW or superconductivity. This implies thafinite correlation length even beloily,o reproduce the local
strong electronic correlation becomes relevant for the elecand random electronic states at finite temperatures.
tronic states of the TMTTF materials at lowv However, the divergence of the frequency shift and the
Recently, it is argued that the electronic charges are didinewidth of the broad line stemming from the charge-
proportionated along the chain direction by measuring thexccepting inner site at a temperature much lower than
dielectric responsé, x-ray diffraction (XRD),®° and needs other sources to generate the slowing down of the
13C NMR spectra, and relaxation rate in the semiconductingharge fluctuations than the electrostatic interaction. We dis-
T region1® Theoretical studies on quarter-filled-Q1D elec- cuss the possible frustration between the disordered elec-
tronic systems based on extended Hubbard models assumitrgnic state owing to the imperfect anion ordering and the
on-site and intersite repulsions predict several electronic in€EDW instability due to the globatrelectron correlation for
stabilities toward R- SDW, 2 charge density waves the Q1D quarter-filled electronic systems.
(CDW), and &- CDW including their coexistenced:1’
The ground state ofTMTTF),SCN is revealed to be the l. EXPERIMENTS
commensurate antiferromagnet from the antiferromagnetic A rectangular-plate-like single crystal 6TMTTF),SCN
resonancé® The dependence of thél-NMR spectra on the in which the two central carbon sites on the TMTTF mol-
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FIG. 1. TheT dependence of the uniform susceptibility mea- . . .
sured by a superconducting quantum interference devise SQUID %Ea:;l.G' 3. Frequency shifts from TMS in the paramagnetic
an external field of 5.0 T.

action. The observed two distinct lines at room temperature
ecules are labeled with®C was prepared by the standard correspond to two inequivalent carbon sites: one is the outer
electrochemical oxidation method. The uniform susceptibil-carbon site from the inversion center in the unit cell, and the
ity of our sample is shown in Fig. 1. As shown in Fig. 1, the of[her is the inner site. T_he molecqlar orbital calc_ulafuon pre-
uniform susceptibility(y) in the paramagnetic state gradually 9icts that the spin density on the inner carbon site is almost
decreases in lowering temperature with a small difT & 1.4 times as large as that on the outer site in the TMTTF

molecules’?! We also plot in Fig. 3 the frequency shifts
th:\-'nglg'veBilngm K, they shows a stronger decrease thanfrom TMS (tetramethylsilaipof the distinct lines of the spec-

The NMR t f d by Usi t tra as a function of.
S measurements were performed by using a stan-- »ccording to the molecular orbital calculation, the domi-

dard pulsed NMR spectrometer operated at 87.12 MHz with,ing character of the central carbon site participating in the
the bandwidth of 300 kHz for the single crystal. The spectrayighest occupied molecular orbital is thp,2rbital, wherez
were obtained by the Fourier transformati&T) of the solid  js"the direction perpendicular to the plane of the TMTTF
echo refocused by applying a pair ef2 pulses shifted in  molecule. If the dipolar field from other orbitals th&€ 2p,
phase bym/2. The nuclear recovery data were obtained byis neglected, the frequency shHt is expected to have the
the integration of the distinct lines in the frequency domainuniaxial symmetry,K(6)=Kis,+(3 co$6-1)K,,. Here 6 is

by the saturation recovery method. TheT1 ivere obtained  the angle between the external field and traxis, Kiso(Kay

by fitting them to a single-exponential formula. is the isotropic(anisotropi¢ part of the magnetic frequency
shift, which is related to the spin susceptibility) by
. 13 NMR SPECTRA Kiso,ax= Fiso,axx/ 2Naug. Here,N, is Avogadro’s number and

up is the Bohr magneton. The quantiy, is proportional to

We show in Fig. 2 the **CNMR spectra of the spin density in thefs orbital asF .= 2(r~%),,ugo (Refs.
(TMTTF),SCN in the paramagnetic state. We applied thez2 and 23. Here(r3),, is the expectation value af3 for
external magnetic field along threagic angleto overlap the  the 2, orbital of the central carbon site anrdis the frac-
doubly split absorption lines due to the nuclear dipolar inter+jonal spin density in the orbital. In our experimental condi-

tion, thez axis is almost perpendicular to the external field;
L L I therefore, the spin density in the 2o, orbital of the3C is
expected to reduce the total hyperfine coupling constant,
260 K | which results in the small dependence df above 180 K as
shown in Fig. 3.

In lowering the temperature, two lines split into four lines
between 165 K and 160 K. However, only three lines are
observed below 160 K as shown in Figs. 2 and 3.

It is well known that noncentrosymmetric anions in
(TMTCF),X can take two orientations in the crystal. At room
temperature, the directions of the anions are disordered,
which results in the fact that the inversion centers are present
on average only. Below the anion ordering temperature
(Tap), a superstructure is observed by XRD measurements,
which reveals that the wave vector of the anion ordering in
(TMTTF),SCN isq=(0,1/2,1/2 (Ref. 24. This exhibits

line B line A

180 K

Intensity (arb. units)

87.08 87.12 87.16  87.20

Frequency (MHz) . . L .
that the superstructure is not in the ché&m direction.
FIG. 2. 3C NMR spectra of(TMTTF),SCN in the paramag- The variation of the NMR spectra can be easily ascribed
netic state. to the structural phase transition Bty. Four lines are ob-
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FIG. 5. Nuclear spin-lattice relaxation rates for distinct lines.
FIG. 4. The frequency difference between the peak position and'he solid and dashed lines are guides to the eye.

the 20% point of the maximum value for the lif@C’) on the ) o i
low-frequency side. the dynamic susceptibility, and, is the Larmor frequency.

Thus, the only difference between T/ and 1/T? comes
from that of"F | (q). Since the local spin correlation function
expected to have littleg dependence in organic conduc-
rs, which results in uniform hyperfine coupling constants,
e F,(q) exclusively depends on the spin density at the

served in the spectra in the narrdwange of a transitional . S
state between the anion disordered and ordered states. E{
tween 135 K and 155 K, the NMR spectra are decompose

into two sharp lines(lines A and B henceforcg and one : -
S ) ' nucleus. Since II} appears twice as large asTE/above
broadened lingline C). It should be noted that the intensity T o, We conclude %hat liné in the frequency dor:gin is due

of line A, v_vhich is located at the highest frequency ir_1 thetg the inner carbon site in the TMTTF molecule.

spectrum, is almost halved belolyo. The frequency shifts In the narrowT range between 160 and 170 K where four
of lines A andB show little T dependence between 50 K and istinct lines are observed in the NMR spectraJ (solid
155 K, which indicates that the spin densities at the carboRquare shows a marked decrease. TheT/at 165 K be-
sites corresponding to both lines are unchanged or less thafymes almost half of Tf at 170 K, but is recovered at
those aboveT,o. In contrast, lineC progressively shifts to 160 K. The small dip within a 10 K interval is also observed
the smaller-frequency side with line broadening in loweringin the uniform susceptibility as shown in Fig. 1. Below
the temperature. At 130 K, lin€ disappears and only lines 160 K, 1”? again decreases in lowering the temperature
A and B remain in the spectra. However, a new broad linedown to 60 K and has a crossover to the [dwegime where
(C') becomes visible below 100 K. As shown in Fig. 3, line 1/T> becomes independent &f This crossover is discussed
C’ shifts in the opposite manner to lir@ with the turning  experimentally and theoretically in Refs. 25 and 26 in the
point around 120 K and finally merges into lileat 50 K. ~ framework of weakly interacting Q1D electronic systems.
We also plot the half width at the 20% maximum of line  On the other hand, iJA (solid circlg changes differently
C(C') in Fig. 4. As shown in Fig. 4, the linewidth becomes from 1/T7 for T below Tpo. 1/T7 strongly decreases from
broader in decreasing temperature between 160 K an§’0 K to 140 K compared with that in the metallic state.
135 K, which indicates a wide distribution of the charge den->iNc€ 171 shows much a more moderatedependence in
sity or the slowing down of the local spin fluctuation for line .th'ST range, the only source of _the marked decrease ﬂifl/
C. Approaching 135 K, the width of lin€C diverges and IS thelloss of hyperfine coupllngAFL(q)l and the corre-
finally line C disappears. Below 100 K where i@ ap- sponding loss of charge dAensny at she

pears, the linewidth becomes smaller in lowering the tem- Below 140 KB'. the Hl continues to decrease more
perature. Since the uniform susceptibility is almost constan?teerle than 17, in lowering the temperature. The W IS

; B
between 50 and 170 K, the origin of the large shift and thealmOSt same with 17 at 140 K but becomes less than half

divergence of the width of in€ has to be attributed to the with 1/T? at 40 K. Therefore, the nuclear relaxation process

local variation of the electronic state at the carbon site. be!ow Tao for I'ne.A is concluded to be insensitive to the
uniform susceptibility(y) and seems to have a gap for the

local spin excitation spectra. We plotl’fi as a function of
IV. NUCLEAR SPIN-LATTICE RELAXATION 1/T in the logarithmic scale in Fig. 6. The observation of the
RATE convex curve in Fig. 6 indicates that the activation enexgy
decreases in lowering the temperature. The s@liashed
We show in Fig. 5 the nuclear spin-lattice relaxation ratestraight line corresponds th=200 K (70 K) in the acti-
of 13C, 1/T1, for the distinct lines. 1T1 for the I|neA(1/Tﬁ) vatedT dependence of mlg(exq_A/T)_ It should be men-
and that for the lineB(1/T) increase with temperature in @ tioned thatA is comparable to the temperature, indicating
parallel manner abové,g in the logarithmic scale as shown that the nuclear relaxation process at giteriginates from
in Fig. 5. The 1T, at site n is expressed as, I}  the electronic correlation of thermally excited two magnons
=(29%T/ ) =q "F L (9)%X"(0, @)/ w; here, ¥, is the gyro-  beyond the random barriers.
magnetic ratio of carbori}F , (q) is the g-dependent hyper- We also plot 17, for lines C andC’ in Fig. 5 by solid
fine coupling constant at site x ” is the imaginary part of triangles. The 1Tf is three times as large asTlff/at 150 K
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FIG. 7. Schematic representation of the anion configuration that
FIG. 6. Arrenius plot of the nuclear spin-lattice relaxation rate _realizes_q=(0,1/2,1_/2.24 The arrows symbolize the short contact
for line A below 150 K. The soliddashediline shows the activated interaction to one inner carbon site in TMTTF molecules. The

T dependence witih=200 K(70 K) by a crude fitting of the data Circles represent two carbon sites in the TMTTF molecules, and the

between 140 K and 100 Kbetween 100 K and 40 Xto the for- ~ SymbolsA, C (inner carbonsand B (outer carbon correspond to
mula 1/T;<exp(-A/T). the distinct lines in the NMR spectra discussed in the text.

and decreases in lowering the temperature in an almost pat70 K and 145 K which is one-third of Tf indicate the

allel manner with 1T7. It is noticeable that 17}?/ follows var_:_e;]tion of lthe Ifo)c(aRIDeIerc]:tronir(]: sltate inf';he molecules.
the extrapolated line of TF between 150 K and 130 K, e results o show the loss of Inversion symmetry

which indicates similar spin densities for both lines. There-" .the unit cell belowT,o, and the c_:onflguratlon of SCN
fore we consider that lin€’ is assigned to the same carbon anions are _proposed to be schematically re_presented by the
site as lineC arrows in Fig. 72* They argued that the anions alternately

establish long and short contacts along éhéchain direc-
tion. If we assume that the dominating source to shift the
V. DISCUSSION charge densities at the carbon sites is the electrostatic inter-
The prominent features of the frequency shifts and1/ action between the ordered anions and the molecules, much
for distinct lines of the'*C NMR in Secs. Il and IV can be More effect on the charge density at the inner carbon site
summarized as follows. A broad line appears befoys, than thatat the outer carbon is expected.
which can be ascribed to the charge disproportionation prob- Since the 1T remains almost intact &0, the charge
ably triggered by the anion ordering. Second is the remarkdiSproportionation can be considered to take place exclu-
able difference in thd dependences of Tf’s for the lines sively at the inner sites. That results in the possible charge
A(C) andB, which indicates an unexpected local fluctuationconfiguration as shown Fig. 7. As shown in Fig. 7, the su-
of electronic charges and the random potential for lines perstructure of the anion ordering leads to the charge dispro-

andC below To. And the third is the disappearance of line portionation alj[ernation with period. 2. This chgrge configu-.
C(C') at a temperature well belof,g ration can realize the local electronic state that is observed in
. A
We discuss the charge disproportionation shown by thé'/Tl below Tao.
NMR spectra and the local electronic state indicated by
1/Ty's for lines A and B by comparing the results of XRD  B. wipeout of line C and the electronic correlation between
(Ref. 24 in Sec. V A. We propose a possible charge configu- the molecules
ration that is naturally led by the superstructure of the or-

dered anions assuming that the dominating source for th% b e b £ th tud f th
charge disproportionation is the electrostatic interaction. Thidhe same carbon site because of the same magnitudes of the

discussion discriminates the electronic correlation from thePin densities for both lines. We discuss here the disappear-

trivial electrostatic interactions stemming from the anion or-2nce of lineC(C’) between 130 K and 100 K. o
dering. The loss of the NMR intensity observed for lir@ is

In Sec. V B, we discuss the divergence of the frequenc;}(nown as a “wipeout” phenomenon when the electronic state

shift and the linewidth of line, which cannot be understood 'S iNhomogeneous, causing a broadening of the NMR spectra
in the framework of Sec. V A. and a shortening of the spin-echo decay tih& In low-

dimensional correlated electronic materials, it is reported that
the intensity of the Cu NQR spectrum in the two-
dimensional Cu@ plane of La_.Ba(Sr),CuQ, decreases in
Our observation of the three distinct lines in the NMR lowering the temperature, in which microscopic charge or-
spectra belowl 5o shows that the electronic charges are dis-dering is argued? For the Q1D cuprates, the intensity of the
proportionated probably triggered by the anion orderingCu NMR spectra of the hole-doped £ two-leg ladder,
The results of 1T% that follows the uniform susceptibility ~Sr,,,CaCu,,O44, decreases in the semiconductifigegime
and the remarkable decrease oﬂ'i]ust belowT,o between in lowering the temperatur®.In these cases, the shortening

As mentioned in Sec. IV, line€ andC’ are assigned to

A. Charge disproportionation triggered by anion ordering
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of the spin-echo decay tim@,) due to the strong spin fluc- '@ Va0
tuation in the vicinity of charge stripes or the slow fluctua-
tion of the electric field gradients generates the wipeout of

the NMR spectra. In the present study, the most plausible
origin of the wipeout is also the shortening of the spin-echo

decay time due to the slowing down of charge fluctuations Ly eSS,
because the frequency shift and the linewidth of the NMR R
spectra diverge at around 120 K. Since it is known that,1/

takes a maximum value when the inverse of the correlation

time of electronic fluctuations is close to the second moment
of the NMR spectrum, the fluctuation frequency of the local FIG. 8. Schematic view of the charge density witk-£DW
field is confirmed to be less than 50 kHz below 126%K. charge disproportionation that can be realized by the strong Cou-
It is noteworthy that the critical phenomenon observed forl®MP repulsive interaction.
site C occurs at a much lower temperature thgg,. In ad-
dition, no significant anomaly in the macroscopic measureby the imperfect anion ordering between 160 K and 50 K.
ments such as resistivity and uniform susceptibility has beerthis frustration between the global electronic correlation and
reported around 120 K so far, and'lf[ which follows the the local electrostatic interaction can lead to a local gap for
uniform susceptibility, remains intact around this temperathe spin excitations. We should mention, however, that there
ture. Therefore the significant slowing down of electronicstill remains an open question on the mechanism of the com-
charges may be due to local electronic interactions. petition between these local electrostatic interaction and the
It is reported that the superspot@(0,1/2,1/2 in the  global electronic correlation among the molecules. In par-
reciprocal space appears at 160 K, and the intensity at thiécular, the process of the charge transfer from the micro-
superspot continues to increase almost linearly down to 50 tgcopic viewpoint is still unresolved. We can easily quote two
according to XRD*2 Between 160 K and 50 K where the possibilities. One is the charge transfer simply from sit®
wide distribution remains in the displacements of anionsC that can be realized only by the local interaction such as
from the original position or the partial ordering with a finite the €electrostatic interaction as discussed in Sec. V A. The
correlation length, the electrostatic interaction between th@ther is the Coulomb-repulsion-driverk4CDW with local
anions and TMTTFE molecules would lead to disorderedcharge transfer within the molecule. At the present stage, we
charge densities at sit€. Indeed, the observation of the can not pin down the detailed mechanism of charge dispro-
activated T dependence with multibarriers in Ty reveals ~ portionation in this material, in which the competition be-
random potentials at sit&. Since the energy scale of XRD is tween the local interaction and the global electronic correla-
much higher than the Larmor frequen€y 100 MH2), our  tion is crucial to realize our results of NMR spectra and
observation of the divergence of the linewidth for ligeC’) ~ nuclear relaxations. Theoretical studies that include the inter-
observed at an intermediate temperature between the ongi§tions between the anions and molecules are expected.
and the saturating temperature for the anion ordering shows
that it cannot be concluded that the only source of _the strong VI. CONCLUSION
slowing down of the local charge fluctuation at S@ds the
electrostatic coupling between the anions and molecules. In- We measured th&*C NMR spectra and nuclear spin lat-
stead, it is plausible that some source that can compete witlice relaxation rate I¥; for (TMTTF),SCN, which has a
the disordered electronic state generates a frustration at thi@ear anion. The appearance of the new broad (iime C)
carbon site below 5p. below the anion ordering temperatug,p) reveals that the
It is recently argued that some members of theelectronic charges are disproportionated in this material.
(TMTTF),X family have a charge disproportionated phase of In contrast to (TMTTF),MF; that have spin-Peierls
4k- CDW in the semiconducting regime. It is reported that ground states, the charge transfer in this material leads to the
the distinct two lines of3C NMR spectra split at a much local fluctuations of electronic charges which induces the
higher than the spin-Peierls transition temperature fodifferentT dependences in the frequency shifts andl;1 Of
(TMTTF),MFg (M=As,P which has the spin-Peierls these, the strong decrease ofT1/just below T,g for the
ground staté® Concerning the charge density, the ratio of charge donating sitésite A) in lowering the temperature re-
1/Ty's for the inner and outer carbon sites is independent offealed an activation gap for spin excitations and the inhomo-
T even in the charge-disproportionated state. Therefore, thgeneous electronic state possibly due to the wide distribution
ratio of the charge densities between the inner and outesf the displacements from the original position of the anions
carbon sites is unchanged as schematically shown in Fig. &s observed by XRD.
This charge ordering phenomenon is regarded as a result of These results are consistent with the wave vector of anion
the strong Coulomb repulsive interaction between the elecerdering which naturally leads tokg-CDW-like charge dis-
trons. proportionation by assuming the electrostatic interaction be-
Since the correlation length of this Coulomg-repulsion-tween the anions and molecules.
driven 4&; CDW diverges below the charge disproportion- However, the divergence of the frequency shift and the
ation temperature, this CDW instability can compete with thelinewidth of the broad line stemming from the charge-
disordered electronic state at the inner carbon sites generatadcepting inner site at a temperature much lower thg#
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