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We have conducted comprehensive electron spin resor&Ss® investigations on single crystals of the
one-dimensional organic compounds (TMT}PF;, (TMTTF),CIO,, (TMTTF),Br, (TMTSF),PF;, and
(TMTSF),AsF; in the temperature range from 4 to 500 K and additionally, (TML®EQ, and
(TMTSF),CIO, at room temperature. In contrast to the selenium analogs TMTSF which are one-dimensional
metals, the sulfur salts are semiconductors with localized spins on the TMTTF dimers. Taking into account the
thermal expansion of the crystals at high temperatiire 20 K) the ESR intensity of all sulfur compounds
can be described as a spin-1/2 antiferromagnetic Heisenberg chain with exchange constanis 420
<500 K. Although the TMTSF compounds are one-dimensional organic metals down to 10 K, the tempera-
ture dependence of the spin susceptibility can also be described within the framework of the Hubbard model in
the limit of strong Coulomb repulsion with~1400 K. By modeling (TMTTF)CIO, as an alternating spin
chain, the change of the alternation parameter at the first-order phase trangjgipn12.5 K) indicates a
tetramerization of the chain. (TMTTEPR; undergoes a spin-Peierls transitionTa—19 K which can be
well described by Bulaevskii's model with a singlet-triplet gap(0)=32.3 K. We find evidence of antifer-
romagnetic fluctuations at temperatures well above the magnetic ordering in (TWBITR)TMTSF),PF;,
and (TMTSF)AsF; which follow the critical behavior expected for three-dimensional ordering.
(TMTTF),PFR; and (TMTTF),Br show one-dimensional lattice fluctuations.

I. INTRODUCTION with a formally 3/4 filled conduction band. The actual band
filling, however, is 1/2 due to a weak dimerization along the
With the recent discovery of thaorganic spin-Peierls chains; further modifications may be caused by electronic
systems CuGe9 (Ref. 1) and a’-NaV,0s,°> one- correlations. While (TMTSE)CIO, is the only compound
dimensional spin systems draw much attention. In this newvhich at ambient pressure stays metallic dowri tK where
context, it seems worthwhile to revisit the low-dimensionalit becomes superconducting, most of the other Bechgaard
organic spin chains since these compounds provide the opsalts undergo a metal-to-insulator transiti@h temperatures
portunity to nicely tune the system from itinerant to localizedaround 10 K which in some cases like (TMTSEPF; can be
electrons and spins. Different ground states — like chargesuppressed by external pressuiFég. 1). Due to the larger
density wave(CDW), spin-Peierls(SP), spin-density wave anisotropy, stronger dimerization, and larger on-site Cou-
(SDW), or superconductivity — can be reached dependindomb repulsion the TMTTF salts are closer to the Mott-
on the external pressure or magnetic field. In this paper wélubbard insulating state. (TMTTEPF; is known to be the
concentrate on the spin dynamics of single crystals ofmost correlated compound of the sulfur series. In the phase
(TMTTF),X and compare them with the Bechgaard saltsdiagram (TMTTF)}Br lies between (TMTSEPF; and
(TMTSF),X, where TMTSF is tetramethyltetraselenaful- (TMTTF),PF; since superconductivity has been observed
valene, TMTTF denotes tetramethyltetrathiafulvalene, andnly under very high pressure. Much less is known about
X=PF;, Asks, ClO,, ReQ,, or Br stands for a monovalent (TMTTF),CIOQ,, but it takes a position somewhere between
anion. As seen in the phase diagram Fig. 1, by changing theTMTTF),PFR; and (TMTTF),Br.
anions X, or slightly modifying the organic molecule Structural considerations are of superior importance for
TMTCF, whereC is one of the chalcogenes S, Se, or Te, thethe understanding of the differences between the various
chemical pressure and therefore the magnetic and electronitMTCF salts; for a recent review see Ref. 5. The organic
properties can easily be modifidd. molecules are stacked along zigzag chains inatldérection
First let us briefly summarize some of the physical prop-separated in the direction by the anions. The slight dimer-
erties of these organic linear chain compounds. Based omzation of the molecules can best be expressed by the intra-
electron counting arguments, the TKIF salts are metals stack intermolecular transfer integrals as listed in Table I.
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(TMTTP), (TMTSF), TABLE |. Parameters of the intermolecular intrastack transfer
PF, Br PF,  ClO, integraIsAta/taz2(ta1—taz)/(ta1+taz), the interstack transfer in-
I ' ' ' tegralt,, and yc=|C—C|,qw/|C—C|min (after Refs. 6—8com-
C ™l 1D ] pared with ESR results on the linewidth and t_meszhift, wI;ereas
100 [ N oD _ AH=(AH,+AH, +AH)/3 and Agzz(Ag§+Agb,+AgC*)/3.
E { All data are given at room temperature.
) (TMTTF),X (TMTSF),X
&= X PR, ClO, Br PR ReQ Ask ClO,
ta, (meV) 137 140 133 252 248 258
ta, (meV) 93 100 119 209 215 221
At,/t, 0.38 0.33 0.11 0.19 0.4 0.15
p(kbar) tp (MeV) 12.3 124 335 27.0
e 093 093 099 1.03 1.04 103 1.06

FIG. 1. Phase diagram of the TMTSF and TMTTF salts after

{ity megsurments. For the dferent compounds. the.ambient. a 253 282 426 1619 160 179 2063

pressure position in the phase diagram is indicated. Going from théH (09 b* 81l 341 531 2055 215 197 250.6

left to the right, the material gets less one-dimensional due to the c* 3.86 427 6.03 2294 244 214 2894

increasing interaction in the second and third direction. CL stands L8 09 -13 -09 -11.0 -10 -10 -105

for charge localization, SP for spin-Peierls, AFM for antiferromag-A9 (10°°) b’ 59 58 6.0 271 28 27 285

net, SDW for spin-density wave, and SC for superconductor. - c* 80 79 77 395 40 39 407
AH/Ag? (kOe) 95.5 107.4 1625 247.0 249 251 289.4

The dimerization decreases asgR§ replaced by CIQ and
going from the selenium compounds to the sulfur counter-
parts. These findings are in contrast to earlier results by Coulon
Unlike the selenium analogs which in general are metallicet al}° who only found the susceptibility vanishing below 15
down to low temperatures, the TMTTF salts discussed herg 18 The g factor is temperature independent in all three
are Mott-Hubbard insulators due to the small transfer intedirections. The linewidth decreases with in the high-
grals(Table ). Consequently they show a broad but distincttemperature phase of (TMTTER,.
resistivity minimum at high temperature€ attributed to the The phase transition of (TMTTRELIO, at Tao=72.5 K
opening of a charge gap,."" Since x-ray studies show no s driven by the ordering of the noncentrosymmetric £IO
indications of a & charge-density waveit is considered to  anjons at the wave vectoa(2,b/2,c/2).1 This change in the
be a continuous K- charge localization due to the anion structural disorder is first order and it is accompanied by a
potential (lattice dimerization Thus the amplitude of the sjzeable tetramerization of the organic stack of approxi-
charge gap is closely connected to the dimerization anghately 0.1 A° The transition at around 70 K can also be seen
A,~600 K for (TMTTF),PF;. The charge gap is estimatéd in the rocking mode of the methyl groups.
to bet,/2 in (TMTTF),PF; but onlyt,/25 in (TMTSF),PF;, In this paper we present an extensive series of electron
wheret, = (t,, +1,,)/2 is the average transfer integral along spin resonancéESR experiments on a large number of
the stacks. This gap enhancement is due to the increasddTCF salts in the normal paramagnetic state as well as in
Coulomb interaction and the increased dimerization. By apthe ordered ground states. The various compounds fully
plying pressure on (TMTTRPF; the resistivity minimum ~ cover the phase diagraifrig. 1) ranging from quasi-one-
decreases in temperature and at 13 kbars the salt is fulfimensional to more two-dimensional systems with a consid-
metallic and undergoes a SDW phase transition similar t@rable increase of the interchain interaction.
(TMTSF),PFR,.2*®14 Applying pressure also enhances the

interchain coupling, in agreement with the fact that Il. EXPERIMENTAL DETAILS
(TMTTF),PF; is more one dimensional than the selenium '
analog(Fig. 1. Single crystals of (TMTTR)PF;, (TMTTF),CIO,, and

(TMTTF),Br is close to the borderline between itinerant (TMTTF),Br were synthesized electrochemically following
and localized carriers: only below 100 K the resistivity in- a detailed procedure outlined previoudiyAcetonitrile solu-
creases due to charge localization. As a consequence, tiens of TMTTF (0.008 M), (n-Bu),NPF; (0.10 M), and
transition to an antiferromagnetic ground state at 13 K doe¢n-Bu),NCIO, (0.025 M) were combined in the prescribed
not lead to a SDW, as observed in (TMTSPJ; which  manner, and the electrocrystallizatiofatinum electrodes,
stays metallic down tdgpy, but to a localized antiferro- constant current, 1.zA/cm?) carried out over 10 to 20 day
magnet(AFM). periods. The electrochemical cells were maintained at a con-

It is known from transport? susceptibility!> NMR,®*and  stant temperature of 25.0°C under dry nitrogen in a
x-ray'® measurements that (TMTTFFR; undergoes a SP vibration-isolated environment. The single crystals of the
transition atTgp~19 K. Below approximately 50 K the TMTSF salts were grown by the standard electrochemical
opening of a pseudogap is inferred from the reduction of therowth techniqué!
spin susceptibility andH and *3C NMR relaxation raté>’ The electron spin resonan@eSR) experiments were per-
X-ray data also show ak superstructure below 60 ¥:°>  formed in a continuous wave X-band spectromé®nuker
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Elexsys 500 CW at 9.5 GHz for temperatures <4T Lof o T T T S
<500 K and magnetic field sweeps from=®i<18 kOe. v 08l " ]
The modulation frequency was 100 kHz. We use thgyJE AS; 06k ]
mode of a rectangular reflection cavity. For cooling the i{ o4l ° a-ads
sample down to 4 K, we used a Oxford He-flow cryostat. = N b anis
The sample was glued to a quartz rod by paraffin in order to 02 TR
achieve good thermal contact. The measurements in the tem- 0.0 e
perature range 169T<500 K were performed in a nitro- > n002% ]
. . . A X
gen gas flow system with the sample embedded in potassium g 4r Lo xxxxxxzo;
fluoride. Above 500 K the crystals decompose. The single = 3r AAA:szzxoooo 1
crystals were oriented along theiy b’, or c* axes with an E 2k ;6555” 7
accuracy of+5° by using a microscop®. 1 ﬁ (TMTTE),PF, 4
O n 1 L 1 L 1 1 1 1
8 AAAAAAADBAAA
lll. RESULTS ~ 6%“””““”“ ;
In order to compare the spin and charge degrees of free- 2 4L© Ty
dom, we first want to summarize the latest results on the X L0 1
transport properties® While the Bechgaard salts !
(TMTSF),X with X=PF;, AsFs, and CIQ, show metallic ¥ fmmmmo0000 0 0 0 coooo0000ef
conductivity with a monotonic increase of(T) with de- ‘20 100 200 300 400 500
creasing temperature down Tapyy,° the sulfur analogs ex- TK)
hibit an insulating behavior beloW~200 K. From photo-
emission, optical, and dielectric stud®@<® gap values of FIG. 2. Temperature dependenceg@fthe spin susceptibility as

500-1500 K are estimated in the case of (TMTJHHj; and  obtained by the ESR intensitgh) the linewidthAH, and(c) theAg
300-400 K in the case of (TMTTRBr. The activation en- value of (TMTTF),PF; in the three crystal directions.
ergies determined from temperature-dependent transport
measurements and the evaluationAgf from the minimum  the intensity smoothly drops until the temperature reaches
resistivity A ,~T,m~700 or 300 K, respectively, give val- the SP transition. BeloWgp the intensity rapidly decreases
ues of the same order. Alternatively the conductivity can ben all directions as expected for a transition to a nonmagnetic
described over a wide temperature range by theround state, but it does not completely vanish. This phase
model of one-dimensional variable-range hopping(T) transition also leads to a broadening of the ESR linewidth
cexp{—To/T*%. The absolute value of the room- and a small change in tlgevalues.
temperature  conductivity of (TMTTKELIO, and In the high-temperature range the results of the ESR in-
(TMTTF),PF; is approximately two orders of magnitude vestigations on (TMTTR)CIO, and (TMTTF),Br are simi-
smaller than their selenium counterparts. In (TMTgH};  lar to the one observed in (TMTTHPR;; even the absolute
no charge gap develops therefore the material stays metallialues ofAH andg are comparable, as displayed in Fig. 3
down to low temperaturesTeTgpw=12 K), however, in- for the case of (TMTTFR)Br. Again, the temperature depen-
dications of X peaks are reported between 20 and 150 Kdence of the ESR intensity exhibits a maximum, with,
(Ref. 5 which do not lead to long-range order. ~350 K in (TMTTF),CIO, and T,,~425 K in

The temperature dependence of the ESR results along tigMTTF),Br. At  Tx,o=72.5 K we observe in
three crystal axes of (TMTTEPF; is shown in Fig. 2. Thg  (TMTTF),CIO, an abrupt change iAH and of the intensity
shift Ag=g—2.002319 for all three crystal axes is very in all directions. Although no hysteresis was observed, this
small. At temperature$>20 K, theg values show no sig- jump indicates a first-order phase transition due to the anion
nificant temperature dependence but a distinct anisotropgrdering® For T<70 K the intensity continues to drop as
with a negative value oAg along the chain directioa and  the temperature is lowered but much faster than in the high-
positive values perpendicular to the chain direction. This betemperature regime; the decrease is exponential with tem-
havior is found in all TMTCF salts investigated. The small perature. Belowl =22 K the intensity approaches a residual
anisotropy ofAg between theéb’ and thec* axis increases value and even slightly peaks before it suddenly drops at 12
with temperaturdFig. 2(c)]. As the temperature is lowered, K. Indications of this behavior can be found in Ref. 10. In
the linewidth AH decreases almost linearly with in all (TMTTF),Br, below T=17 K the intensity fully vanishes
directions. AroundT =150 K a slight and smooth change in within a small temperature region, the linewidth increases
slope is observed which can be seen even better imapidly andg shifts towards smaller values in’ and c*
(TMTSF),PFR; [Fig. 4b)].%" In the c* direction AH is  direction while it increases ia direction.
slightly larger; the most narrow lines are always observed The temperature dependence of the ESR results of the
along the chain$Figs. 2b) through 4b)]. At temperatures Bechgaard salt (TMTSEPF; is shown in Fig. 4. Above
T>50 K the intensity of the ESR signérea under absorp- Tgpyw=12 K the intensity increases almost linearly up to
tion curve is the same for all three orientations. It exhibits ahighest temperatures with no indication of saturation. The
maximum at around 340 K and continuously drops with de-ESR line is almost 50 times broader and thshift is five
creasing temperature. In tlzedirection the intensity almost times larger in (TMTSF)PF than it is in the sulfur analog
saturates before the phase transitiomgt=19 K as can be (TMTTF),PF; (compare Figs. 2 and4As seen in Fig. &),
seen in Fig. a). For the perpendicular directiots andc* at the SDW transition of (TMTSEPF;, we observe an in-
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FIG. 3. Temperature dependence@fthe spin susceptibility as
obtained by the ESR intensitgh) the linewidthAH, and(c) theAg
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T(K)

value of (TMTTF),Br in the three directions.
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IV. ANALYSIS AND DISCUSSION

We first want to discuss the normal-state properties for
the insulating and metallic compounds before we turn to the
ordered ground statesgstructurally ordered, spin-Peierls,
spin-density wave, antiferromagnetically ordered

A. Paramagnetic state

Going from the left to right side of the phase diagram
(Fig. 1), there is a crossover from localized to itinerant
charge due to the reduced Coulomb repulsion; the interchain
coupling increases making the systems more two dimen-
sional. This should also affect the spin dynamics and lead to
insight into the separation of spin and charge degrees of free-
dom.

1. Spin susceptibility

From a stoichiometric point of view, each TNCF mol-
ecule lacks half an electron. Due to the slight dimerization of
these compounds the-electron density is enhanced at the
dimers, leading to a deficiency of one electron per TOFT
pair. Although the hole density is spread over the dimer, the
charge is localized with respect to the chain direction thus
forming a localized spin.

The large thermal expansion of the organic compounds

crease ofAg along thec* direction in contrast to the behav- certainly has strong effects on the temperature dependence of
ior in (TMTTF),Br. The antiferromagnetic SDW ground the spin susceptibility. To compare the experimental results
state is characterized by an anisotropy of the static susceptitsually obtained ap=const) with the theoretical predic-
bility with b’ the easy axis and* the hard axis. The signal tions (in general calculated fov =const), the spin suscepti-

of the paramagnetic resonance vanishes totally within only Dility at constant pressure),, has to be transformed in the

K below Tspw=12 K. We present only the results on Spin susceptibility at constant volumgdjy . In the case of
(TMTSF),PF, but a similar behavior was observed in (TMTSF),PF; the temperature dependence gf), was es-
(TMTSF),AsF, and(as far as the room-temperature proper-timated by Wzietelet al** from NMR and x-ray measure-

ties are concernedn (TMTSF),ReQ, and (TMTSF)CIO,.
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FIG. 4. Temperature dependence@fthe spin susceptibility as
obtained by the ESR intensitih) the linewidthAH, and(c) theAg

value of (TMTSF}PF; in
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the three directions.

ments under pressure. We assumed that the substitution of
sulfur for selenium and the exchange of the inorganic anions
has no considerable influence on the thermal expansion, thus
we took the ratio {s)v/(xs), for different temperatures to
rescale our susceptibility data of (TNCF),X (Fig. 5).

At high temperatures the spin susceptibility at constant
volume of (TMTTF),PFR; resembles the well-known behav-
ior of a spin-1/2 Heisenberg chain with AFM coupli(igig.

5). The thermodynamic and magnetic properties of such a
system were studied by Bonner and Fisffefhe magnetic
susceptibility can be fitted numericaifyby

Ng?u3 0.25+Bx+Cx?
keT 1+Dx+Ex2+Fx3

X«(T)= (1

with x=J/T. In the case of an equally spaced spin chain, the
coefficients are given by8=0.074975,C=0.075235,D
=0.9931,E=0.172 135, and==0.757825. The advanced
EAT model of Eggert, Affleck, and Takaha$husing the
Bethe ansatz differs significantly only at low temperatures
(T=<0.2)). ForT=100 K the ESR intensity at constant vol-
ume can be modeled usilz=420 K. Fitting the tempera-
ture in the range of the maximum ESR intensity we directly
obtain the absolute value of the spin susceptibility as shown
in the figure axis. The deviations below 100 K may be due to
interchain coupling. The transfer integral indirection is
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s sfe " x 'xxlxx>'<><><'><><¢ =231 me\{4 and the on-site Coulomb repulsiot
S =1.16 eV,” leading tot,/U~0.25. The models of &
mé 6 =1/2 spin chain only describe the behavior of one-
°-“§ 414 M=420K dimensional electronic systems in the highimit and there-
= [ T fore are not appropriate for (TMTSEF;.
:E 2 (TMTTEF),PF ] Going beyond the strictly localized models, Seitz and
T 0 = — Klein calculated the temperature dependence of the spin sus-
) 5F ) ] ceptibility in a linear half filled Hubbard model for different
g values of the Coulomb repulsian/U=0, 0.05, 0.1, 0.15,
“c 4 iy and 0.2%% In the atomic limitt,/U=0 x. resembles the
5 5 '§ Wl=500K 1 behavior of a&S= 1/2 antiferromagnetic Heisenberg chain; for
= Tl (TMTTF) Br | t,/U=0.1 the maximum inys/J is shifted towards lower
i N I 2 values ofT/J. The temperature dependence of the spin sus-
— — 1 1 T ceptibility at constant volume of (TMTSKPFR; was fitted by
| 2t © 0000223 the model of Seitz and Klein witht,/U=0.2 and J
mﬁ ] =1400 K. The remaining deviations between model and ex-
qE . 8 Il 1400 K periment can be explained by the fact that Seitz and Klein
% [ - 1 calculated the spin susceptibility only in the limit of a rather
= [ (TMTSF),PE, strong Coulomb repulsiot,/U=<0.2 and not in the case of
= oL L - t,/U=0.25 as appropriate in our case. Even though the
0 100 ;82) 300 400 Bechgaard salts are one-dimensional organic metals down to

low temperatures the magnetic properties of these com-

FIG. 5. Temperature dependence of the spin susceptibility apounds can pe explained in the framework of the Hubbard

constant volumexs)y of (a) (TMTTF),PF;, (b) (TMTTF),Br, and mt)ldgl n the "”?” of strong e'ﬁCtromC (?orrer|1atlons.
(¢) (TMTSF),PF; in b" direction. The lines in@ and (b) corre- L Is Interesting to note that Qe_splt_e the _fact that the
spond to fits using the EAT model for = 1/2 AFM Heisenberg TMTSF and TMTTF salts exhibit distinctively different elec-

chain® the line in(c) corresponds to a fit using the model of Seitz 'ONIC properties and even at room temperature the conduc-
and Klein(Ref. 33 with t,/U=0.2. tivity is more than an order of magnitude different, the ab-
solute values of the spin susceptibility of all compounds are
given byt,~150 K. Near the phase transitiody is ad-  similar within a factor of 3 in the whole temperature range.
ditionally reduced by one-dimensional lattice fluctuationsThe stronger localization of the charge carriers in the sulfur
(cf. Sec. IV C 1 below. compounds leads to a moderate increase of the spin suscep-
The spin susceptibility at constant volume of tibility. In the Introduction we pointed out that the opening
(TMTTF),CIO4 and (TMTTF),Br can also be described by of a charge gap , due to increased Coulomb interaction and
the models of Bonner and Fisk&or of Eggertet al>* with  dimerization is accompanied by a drastic increase of the re-
J=430 K (CIQy) and J=500 K (Br) for T=100 K. In  sistivity in these materials. While the ESR signal of the con-
the high-temperature region, all (TMTT/ compounds in- duction electrons is observed in the one-dimensional organic
vestigated behave likE=1/2 antiferromagnetic Heisenberg metal (TMTSF}PF;, the TMTTF compounds are insulating.
chains with localized spins. This findings are in contrast toThe minimum in resistivity found in (TMTTRPR and
the results of the transport measurements, which show a tragTMTTF),CIO, at approximately 230 K does not show up in
sition from semiconducting to metallic behavior aroundany of the ESR results. This indicates that no drastic change
100-300 K. No sign of the resistivity minimum can be found of the physical properties takes place, like a metal-insulator
in the spin dynamics implying a decoupling of the spin andphase transition. Instead the change from an itinerant charge
charge degrees of freedom as expected for a one-dimensiortal a Mott-Hubbard localization is due to a gradual increase
systent32 of the dimerization as observed by studies of the vibronic
The steady increase of the spin susceptibility with increasfeatures:® The fact of a crossover from metallic to insulating
ing temperature in the metallic TMTSF salfsig. 4) is in  behavior while the spin degrees of freedom remain gapless is
contradiction to a temperature-independent paramagnetievidence of spin-charge separation. This behavior is pre-
term as expected for a simple metal. It may resemble theicted by the Tomonaga-Luttinger theory for a one-
increase of the density of states with temperature. In thelimensional interacting electron systéhi? Indications for
lower part of Fig. 5 §.)y of the selenium compound the separation of spin and charge are also seen by photoemis-
(TMTSF),PF; is plotted versus temperature. Comparingsion spectroscop§’ Furthermore, these experiments do not
(xs)v with the spin susceptibility at constant pressugg)f ~ show a sharp edge in the spectral function at the Fermi en-
the elimination of the effects of thermal expansion leads to &rgy as required by the Fermi-liquid thedfyThe experi-
weaker temperature dependence of the spin susceptibilitynental results on the organic linear chain compounds are in
Within the framework of the Hubbard-model this behavior accord with observations on inorganic one-dimensional sys-
can neither be described by an enhanced Pauli susceptibilitgms like SrCu@.*
as expected for a one-dimensional metal in the limit of weak
coupling ¢,>U) nor by aS=1/2 antiferromagnetic Heisen-
berg chains with localized spins,(£U). This is not surpris-
ing since the transfer integral along thee axis is t,

2. Linewidth and g shift

The temperature dependences of the linewidtd and
the g shift Ag of (TMTTF),PFR;, (TMTTF),Br, and
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AH,eq=AH/AQ? of (TMTSF),PFRs (), (TMTTF),Br (¢), and
(TMTTF),PF; (A). The data ar@ot normalized. The inset shows
an enlarged view of the low-temperature range.

FIG. 7. Reduced linewidtlAH/Ag? of (TMTTE),X (closed
symbolg and (TMTSF}X (open symbols at T=300 K. For
(TMTSF),AsF; and (TMTSF)}PF; the points are virtually identi-

cal.
(TMTSF),PF; are shown in the second and third panels of

Figs. 2, 3, and 4, respectively. All materials investigated in

this work are characterized by a distinct anisotropy in bothfrom (TMTTF),PF; over (TMTTF),Br to (TMTSF),PF; is
quantities. It is obvious, that the ESR linewidth has the sam@n indication of the increasing interchain coupling. Flandrois
angular dependence as thealue. This is a strong indication €t al/ pointed out that the reduced linewidth increases lin-
for spin-phonon interaction as the dominant scattering proearly with the ratioyc between twice the van der Waals
cess. In this case, the spin-phonon coupling is proportional téadius of S or Se and the shortest interstack distances be-
the mean value of the squares of thehifts in three crystal tween the chalcogen atoms. The numerical valuegoére
directionsAg?= (Ag2+Ag’, +Ag?,)/3.7 Due to the much listed in Table 1. The left side of Fig. 7 shows the room-
stronger spin-phonon coupling in selenium theshift in-  temperature valu&H/Ag? versusyc of all compounds in-
creases about five times if sulfur is replaced by selenium. Vvestigated including (TMTSEReQ, and (TMTSF)CIO,.

To compare the linewidth of (TMTTEX and Indeed, there is a linear increase of the reduced linewidth
(TMTSF),X the effects of the stronger spin-orbit coupling in With yc which proves that\H 4 is a measure of the inter-
selenium have to be considered. As mentioned ahbg@js ~ action between the molecular stacks.

a measure of the spin-orbit coupling and therefore the re-. FOr €ach member of the (TMIF),X family the reduced
duced linewidthAH,. ;= AH/Ag? is the suitable quantity for N€Width can now be plotted as a function of pressure as
comparison wherA_H=(AH 4+ AHy, + AH_.)/3. Figure 6 determined from the phase dlagraf_ﬁ|g. ;), the room-
Shows thé temperature a dependencec &H ., of temperature result is shown on the right side of Fig. 7. The

. reduced linewidth and therefore the interchain coupling in-
(TMTTF),PFR, (TMTTF),Br, and (TMTSF}PFRs. Right o ooc0g linearly with pressure. (TMTHEIO, was included

above the phase transition the reduced linewidth reacheiﬁ the diagram ap=2 kbars by means of its reduced line-
nearly the same value in all three materials. Towards higher 9 y

. 2 width.
temperatures AH,q4 increases most strongly in
(TMTSF),PF;, followed by (TMTTFLBr and
(TMTTF),PF;. For all TMTCF compounds we find a kink
in the temperature-dependent linewidth at around 150 K
which we feel is not related to the crossover from one- to Upon lowering the temperature the TIZF salts undergo
two-dimensional behavior which happens at around this temtransitions to different ground states. In (TMTTLE)JO, the
perature. Instead it might be relevant that the Debye temper&nion ordering is the driving force of the development of a
ture is about in this temperature range. crystallographic superstructurgetramerization The spin-

The linewidthAH of the quasi-one-dimensional conduc- Peierls transition in (TMTTR)PF; is also accompanied by a
tor (TMTSF),PFR; shows a similar value and temperature Structural change, but driven by spin-phonon coupling, lead-
dependence in all three directioff&ig. 4(b)]. This behavior INg to a nonmagnetic ground state. The antiferromagnetic
is in contrast to the large anisotropy and distinctively differ-ground states of (TMTTRBr and (TMTSFLPF; are due to
ent temperature dependence reported for the déhe ordering of the electronic and spin system with the cou-
resistivity 37 If spin-phonon coupling is the dominant re- Pling to the lattice being negligibI€.
laxation process in quasi-one-dimensional conductors, the re-
duced linewidth becomes proportional to the relaxation rate 1. Structural phase transition in (TMTTF)CIO,
of tunneling processes between chains, 172

B. Ordered states

The alternating order of the CJO anions in agao
AH/Ag? /7, | (20 =(1/2,1/2,1/2) superstructure dipo~72.5 K leads to a
doubling of the unit cell in (TMTTF)CIO,. This first-order
and is therefore a measure of the interchain couplings. Equghase transition is accompanied by a steplike decrease in the
tion (2) is an expansion of the well-known Elliott formdfa ESR intensity and increase in the linewidth as the tempera-
which is only valid in the case of isotropic three-dimensionalture is lowered througil ,o. The sudden decrease of the
metallic transport. The increase of the reduced linewidthelectrical resistivity indicates the scattering to be reduced in
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. e S S BAYY X down below 20 K% thus the rotational narrowing causes the
o 7 temperature dependence of the hyperfine splitting. The dras-
tic decrease of the spin susceptibility below 12 K may be due
to a more perfect ordering of the anions, which is induced by
the freezing of the rotational degrees of freedom of the me-
. thyl groups. The drop ofs is accompanied by an increase of
AH, which can be interpreted as a critical behavior above an
(TMTTEF),CIO, | antiferromagnetic phase transition, thus there are two pos-

X sible explanations for the decrease of the susceptibility be-
0 20 40 60 80 low 12 K.

T(K)

[x](10°m’/mole)

) ) e 2. Spin-Peierls state in (TMTTRPFg
FIG. 8. Low-temperature behavior of the spin susceptibility of

(TMTTF),CIO, along theb’ directions. The decreasing intensity ~ FOr energetic reasons the electrons in a one-dimensional
below Tpo=72.5 K can be well described by Bulaevskii's model Spin system with antiferromagnetic interaction tend to form
(Ref. 41 of an alternating spin chain wity=0.79 and a singlet- singlet pairs by alternating the spacing between them. As a
triplet gapA ,(0)=84.5 K(line). The inset shows the same data on result, at low temperature the SP state accompanied by a
a logarithmic scale in order to stress the saturation of the signdattice modulation may become more stable than the antifer-
below 22 K and the second transition at 12 K. romagnetically ordered state with regular chains. The forma-
tion of states with singlet-paired holes due to the tetramer-
the ordered state and rules out a change in the density @aation causes a decreasing susceptibility with an exponential
states due to the formation of a pseudogap. drop of the intensity down to lowest temperatures. This is in
Figure 8 shows the spin susceptibility at constant volumecontrast to the SDW phase transition, like in (TMT S,
of (TMTTF),CIO, for T<90 K. Below the first-order where due to the opening of an energy gap at the Fermi
phase transition &I 5o the intensity drops exponentially due surface the density of the conduction electrons decreases at
to the tetramerization of the TMTTF stacks. Using the resulthe transition causing a sudden change in resistivity and in
which Bulaevskit! obtained from a Hartree-Fock approxi- the susceptibility as can be seen in Figa)4The decrease of
mation in the case of an alternated one-dimensional AFMhe ESR intensity in the case of a SDW is much more rapid
Heisenberg chain witls=1/2, x{(T) belowT,g is given by  than the drop observed at a SP transition.
We can describe the temperature-dependent susceptibility
a J.B by Bulaevskii's formula3). Originally this model assumed a
x«(T)= $9XF{ T (3 temperature-independent alternati®and the extension to a
second-order phase transition, like a spin-Peierls phase,
a and B are tabulated in Ref. 41 for given values of the breaks down close tdsp. The temperature dependence of
alternation parametey=[1—6]/[1+ 6]=J3,/31; J1,=J[1  the singlet-triplet gap ,(T) can be described by mean-field
+ 5] are the exchange integrals of the weakly dimerizedheory and yields a BCS-like behavior. The order parameter
chain. An additional Curie contributioy.=C/T, C=1.4 is related to the alternation via(T)=A,(T)/(1.637)
x10"° m®K/mole, is needed to describe the slight increasewhich now is assumed to be temperature depefitiemtd
of the susceptibility at low temperatures. For the fit param-y(T)=[1—8(T))/[1+ 6(T)]=J(T)/I(T). For T<Tgp,
etersJ;8=173 K andJ=430 K we obtainy=0.79, J; 6 is nearly temperature independent, thus the ESR intensity
=482 K, and J,=378 K. The temperature-independent can be fitted as a alternating spin chain with the dimerization
singlet-triplet gap is given by ,=1.6375J=84.5 K. Since to be temperature independent.
Bulaevskii's model assume$=const at any temperature, it At the SP transition a smooth increase mH(T) with
fits the data of (TMTTF)CIO, up to higher values of /T,  falling T corresponds to the drop of the ESR intensity, indi-
compared to the second-order phase transition irtating additional scattering effects due to the rearrangement
(TMTTF),PF; (see Sec. IV B 2 below of the lattice. We observe a slight increase of thealue
The inset of Fig. 8 magnifies the intensity in the low- along the chain direction atsp=19 K while in the direc-
temperature region. The signal passes through a minimum &pns perpendicular to the stacks thevalue decreasds-ig.
around 20 K and then increases until 12 K. Below 12 K the2(c)].
intensity drops nearly by one decade. In addition as the tem- In Fig. 9 the low-temperature behavior of the spin suscep-
perature goes below 15 K, the ESR signal changes its shajpiility measured on (TMTTR)PF; is displayed. Up to 12 K
significantly in all three crystal directions: it consists of athe data can be fitted by E@3) after substituting the nu-
small central resonance line and five additional lines with amerator of the exponential functiol;8(y) by J[1
strong angular dependence. This effect increases as the tem-6(y)18(y)=JB'(y). Using the exchange energy
perature approaches 12 K, however at lower temperatures the420 K from the Bonner-Fisher fit we obtaip=0.91 for
intensity of the five additional lines decreases rapidly, whilethe alternation parameter of the dimerized spin chain, yield-
the intensity of the small central line is nearly temperatureing to J;=440 K andJ,=400 K. From our fits of the data
independent. The splitting of the lines which is about 5 Oein all three directions we find almost identical values of the
can be explained by hyperfine interaction between the elecinglet-triplet gap of (TMTTF)PR;: A,=32.3 K in the
tron spins and the nuclear spins of hydrogen atoms of th& =0 limit.
methyl groups. It is known fromtH-NMR experiments that There is an excellent agreement af X0)/Tsp= 3.4 with
the methyl groups which rotate at high temperatures slowhe value of 3.53 predicted by the mean-field theory. This
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FIG. 9. Low-temperature behavior of the spin susceptibility of = [ 1
(TMTTF),PR,. At Tep=19 K the intensity drops in all three di- = @ (TMTSF),PF,
rections indicating the spin-Peierls transition to a nonmagnetic 02f ¢ (TMITB)Br -
ground state. The lines corresponds to fits using(Bowith differ- 0.0 L L L
ent parameters appropriate for the different orientations. 0 10 20 30 40 50 60

agreement can be explained by the fact that in the spin- &)

Peierls state the quasi-one-dimensional electronic system is |G, 10. Temperature dependence gt), of (TMTTF),PF;
coupled to a three-dimensional lattice and that fluctuationg) and (TMTTF),Br or (TMTSF),PF;, respectively, inb’ direc-
effects can be neglected well below the transition temperaton (b) near the phase transitions. The lines represent fits using a
ture. Both, the classical organic spin-Peierls system MEMmodel for one-dimensional lattice fluctuations in the spin-Peierls
(TCNQ), (Ref. 44 and the recently discovered inorganic pseudogap regiméRef. 51 below a characteristic temperature

compound CuGeQ(Ref. 45 show a quite similar behavior T2=62 K [(TMTTF),PRs] andT2:=50 K [(TMTTF),Br].
below Tgp. The temperature dependence of the spin suscep-

tibility and the magnetic gap ,(0) of the materials can be

hree-di ional i f th -
explained within the mean-field theory. duced by a three-dimensional ordering of the one

dimensional chains of localized spins. The interchain ex-
3. Spin-density-wave ground state in (TMTSPF, changeJ, gives rise to a finite coupling between the chains.

, e Following Ogushf*® from the transition temperaturd,
In the SDW ground state, the static susceptibility of the_ 13 3 i the ratio between the interchain and intrachain

Bechgaard salts exhibits the behavior typically expected fo[:oupling can be estimated with /J~0.001. ie. J
an antiferromagnéf Along the b’ direction, x{T) drops  _p'5 g + R

rapidly when the temperature is lowered throuBdhy as The magnetic anisotropy of the antiferromagnetic ground
expected for the easy axis; the hard and intermediate axes afgye of the sulfur compounds differs from that of the sele-
alongc™ anda, respectively. In agreement with these find- i compounds: the hard axis is orientated along ahe

ings, the ESR line of the conduction electrons ingiection and the intermediate axis along it direction,
(TMTSF)ZPFG dramatically broaqgns and shifts in f|_eld upon \yhile the easy axis is as well orientated in thiedirection.
passing through the phase tran§|tloﬁ'§,§,W= 12 K(F_'g' 4 The change in the anisotropy can be explained by stronger
indicating the development of internal magnetic fields. Thegtfects of the spin-orbit coupling in (TMTSEX which favor
signal fully vanishes within a temperature intervélloK in the a direction®® Above Ty, the ESR signal vanishes within
all three directions; no fluctuation effects are observed in, temperature intervalfat K in all three directions. Below

X«T). All the carriers and thus all the spins enter a collec-r " 55ain we observe antiferromagnetic resonances with its
tive state, in which the spins form pairs; this behavior can.p ;. cteristic angular dependences.

serve as evidence for the development of a spin-density
wave.

As the temperature decreases further one or two other C. Fluctuations
resonance lines are observed depending on the orientations
of the crystal with respect to the static and microwave fields.
Since they are significantly smaller in intensity and well Above the spin-Peierls transition there is a distinct de-
separated in magnetic field from the original ESR signalcrease in the spin susceptibility of (TMTT/HF; for tem-
they can unambiguously be identified as antiferromagnetigeraturesT<60 K in b’ and c¢* direction [Fig. 10a)]
resonance®’ whereas f.)y is nearly temperature-independentamlirec-

The three-dimensional ordering is due to interaction of théion. A reduced spin susceptibility is expectedf one-
spins in the transverse direction through an interchain exdimensional lattice fluctuations are present in the tempera-
change interactiod, . As pointed out by Bourbonndfsthis  ture region above a second-order phase transition. Below the
coupling involves the coherent propagation of electron-holeharacteristic temperatufé, the lattice fluctuations lead to
pairs perpendicular to the chains although no coherera decrease of the density of states and therefore of the spin
charge transport is possible. susceptibility. The data ib’ andc* directions are fitted by
Bourbonnais’ model for one-dimensional spin-Peierls
fluctuations® which predict a specific temperature depen-

In contrast to the SDW ground state of (TMTSPF;, in  dence. We determined a characteristic temperafligs
(TMTTF),Br the antiferromagnetic phase transition is in- =62 K. These results are in agreement with previous x-ray,

1. One-dimensional lattice fluctuations

4. Antiferromagnetic ground state in (TMTTE)Br
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100 T 510
O (TMTSFLPF, ] AH(T>Ty)=C

u=15 X (TMTSF),ASF, ]

4

T—Ty| *
T |

whereC is a constant. The parametgris a function of the
critical indices and the dimensiod; it is given by u=3

—d/2 in the case of dipole-dipole interactions, eg=1.5

for d=3.%¢ A good fit of the divergent ESR linewidth ob-
served in our experiments is achieved for 1.5 in all three

1 10 compounds, indicating three-dimensional AFM fluctuations
[T-TIK) near the phase transition. These results of the ESR measure-
ments confirm NMR measurements on (TMTg}; (Ref.

54) and (TMTTF),Br,® where a critical divergence in the
(TMTTF),Br (right axi§ near the antiferromagnetic phase transi- relaxation rate I/; was found above the antiferromagnetic

tions in b’ direction. The lines represent a slope=1.5. Ty phase transitions. . .
=12 K in the case of (TMTSKPF, and (TMTSF}AsF; and Ty In (TMTTF),Br the angular dependence of the linewidth
=13.3 K for (TMTTF),Br. changes in the regime of the antiferromagnetic fluctuations.

At high temperatures where the spin-phonon interaction is
13C NMR and ESR investigatiort§:*’ The anisotropy of the the dominant relaxation processH has the same angular
lattice fluctuations may be due to the influence of the statidlependence as thg value with AH,<AH,,<AH. (Fig.
magnetic fieldH, H,¢s=3.48 kOe. If the field is applied 3), whereas in the temperature region right above the phase
along thea axis the spins are aligned parallel b which  transition atTy=~13 K the broadest lines are measured
could suppress the fluctuations. THEC NMR and ESR  along thea direction and the smallest lines in theb’ plane
measurements of Creuzet al. were discussed for different at §~55°. This minimum in the linewidth near the magic
orientations and thus do not yield any angular dependenceangle §~54.7° is characteristic for dipole-dipole interaction

Recently Pougett al. also observed one-dimensional lat- as the dominant relaxation process. No change of the angular
tice fluctuations in (TMTTF)Br (Ref. 52 which passes dependence of linewidth is observed in the selenium salts.
through an antiferromagnetic phase transition &  This behavior indicates the change in the anisotropy of the
~13 K. Figure 1Qb) shows the spin susceptibility at con- different antiferromagnetic ground states when selenium is
stant volume of (TMTTF)Br and (TMTSF}PF; in the b’ exchanged by sulfur.
direction normalized at 50 K. In the selenium compound

AH(Og)
s
(PGO)HV

FIG. 11. Double-logarithmic plot of the linewidtAH vs T
—Ty of (TMTSF),PR, and (TMTSF)AsF; (left axi9 and

there is only a weak temperature dependenceygfi(above V. CONCLUSION
the AFM phase transition and then the ESR signal vanishes
completely within a temperature intervallT=1 K. In con- We have performed a comprehensive study of

trast, the spin susceptibility of (TMTTEBr decreases sig- the spin dynamics of the organic linear chain com-
nificantly in all crystal directions for decreasing temperaturegpounds (TMTTF)PFR;, (TMTTF),CIO,, (TMTTF),Br,
below 50 K. AtT=19 K there is a sharp increase of the (TMTSF),PF;, and (TMTSF}AsF; by X-band ESR experi-
ESR intensity, afterwards the signal vanishes almost comments on single crystals in the temperature range from 4 to
pletely within AT~4 K. Between 1&T=<50 K the tem- 500 K. After eliminating the effects of thermal expansion, at
perature dependence ofd), can be fitted by the model for high temperatures the spin susceptibility of the (TMTIF)
one-dimensional spin-Peierls fluctuations. This complicate¢ompounds can be described by a spin-1/2 antiferromagnetic
behavior can be interpreted in the following way: below aHeisenberg chain with exchange constadts420 K (X
characteristic temperatur€s=50 K the one-dimensional =PF;), J=430 K (X=ClO,), and J=500 K (X=Br).
lattice fluctuations give rise to a reduced spin susceptibilityEven though (TMTSFEPF;, and (TMTSF)AsF; are one-
In the close vicinity of the AFM phase transition these fluc-dimensional organic metals down to low temperatures, for
tuations collapse andy¢)y increases suddenly. Our findings T>100 K the temperature dependence of the spin suscepti-
are in accordance with the x-ray investigations of Powget bility can be described within the framework of the Hubbard
al. who detected lattice distortions in (TMTTBr at q model in the limit of strong Coulomb repulsion with
=2kg below T=70 K. The spin-Peierls response function ~1400 K. Going from the fully insulating (TMTTEPF; to
does not reach the critical value as in (TMTEPFs and  the highly metallic (TMTSF)PF; there is an sudden change
vanishes below =20 K. in the charge-transport properties when the transfer integral
becomes comparable to the charge gap, while the spin dy-
namics changes continuously described by a steadily increas-
In (TMTTF),Br, (TMTSF),PF;, and (TMTSF}AsF;  ing exchange constant. This behavior indicates the separation
there is a distinct increase of the linewidth near the antiferof spin and charge degrees of freedom.
romagnetic phase transitions. As seen in Fig. 11 this tem- (TMTTF),CIO, and (TMTTF),PF; undergo a phase
perature dependence AH follows a critical behavior; pre- transition with a structural change leading to a tetrameriza-
vious ESR investigations of (TMTSEPF; led to similar tion of the chains. The spin-Peierls transition in
observations? The singularity of the linewidth can be ex- (TMTTF),PFR; at Tsp=19 K leads to a smaller singlet-
plained by three-dimensional antiferromagnetic fluctuationgriplet gap A,=32.3 K than the anion ordering in
in the vicinity of a phase transition. In the case of a small(TMTTF),CIO, at Tpo=72.5 K with A;=84.5 K. In
static magnetic fieldH the linewidth is given by (TMTTF),CIO, we find indications of an additional transi-

2. Antiferromagnetic fluctuations
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tion at around 12 K which may be due to long-range threepressure and the interactions between the molecular stacks.
dimensional ordering. Above the phase transitions the magfhe higher value ofAH/Ag? in (TMTSF),X proves the
netic behavior of the investigated materials is characterize¢hore two-dimensional character of these compounds.
by fluctuation effects. In (TMTTEBr we found one-
dimensional lattice fluctuations beloW3:=50 K which
break down in the same temperature region where the three-
dimensional antiferromagnetic fluctuations occur. We thank C. Bourbonnais, W. G. Clark, and H.-A. Krug
In the high-temperature region the ESR linewidth is  von Nidda for useful discussions. The work at Augsburg was
dominated by spin-phonon interactions. We found a lineasupported by the BMBF under Contract No. EKM 13N6917.
increase of the reduced linewidthAH/Ag? from  The crystal growth at Bloomington was supported by the
(TMTTF),PF; over (TMTTF),Br to (TMTSF),CIO, which  Division of Material Research of the National Science Foun-
scales almost perfectly with the increase of the chemicatlation(Grant No. DMR-9414268
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