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(TMTTF) ,AsFg undergoes two phase transitions upon cooling from 300 KTA4=103 K a charge
ordering(CO) occurs, and ats(B=9 T)=11 K the material undergoes a spin-Peierls transition. Within the
intermediate, CO phase, the charge disproportionation ratio is found to be at least 3:1*@&d¥MR Tl’1
measurements on spin-labeled samples. Abbyg up to about Jgp Tl’1 is independent of temperature,
indicative of low-dimensional magnetic correlations. With the application of about 0.15 GPa preBsgire,
increases substantially, whille- is rapidly suppressed, demonstrating that the two orders are competing. The
experiments are compared to results obtained from calculations on the one-dimensional extended Peierls-
Hubbard model.
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Inhomogenous charge and spin structures are a conseentinuous metal/semiconductor transitiomat,. The mys-
qguence of competing interactions and therefore of generdkry of the order parameter arose from the fact that no evi-
interest in correlated electron systems. Examples include théence for a superlattice was ever found with x-ray scattering.
high-T,. cuprate$ and manganitésas well as the quasi-two- Charge order was identified as the proper description of the
dimensional(2D) organic conductor.The quasi-1D salts order parameter from NMR studiésAt high temperatures,
made from TMTTF or TMTSF molecules are also suscep-the unit cell consists of two equivalent TMTTF molecules
tible to charge-ordered states. Independent of that, they arelated by inversion about the counterfdm low-frequency
well known for the sequence of ground states accessible bgivergence of the real part of the dielectric susceptibility
applying pressure or selecting different counterions. For exis consistent with mean-field-like ferroelectric behavibt.
ample, the material (TMTTEPR; undergoes transitions The observations were taken as evidence for a breaking of
from spin-Peierl$SP, antiferromagnetic, spin-density wave, the inversion symmetry within the unit cell, and the sponta-
and finally to superconducting ground states as the pressureous dipole moment is associated with the charge imbal-
is increased to 4—5 GPa.For a long time, it was known ance on the two molecules.
that another phase transition occurs in a number of TMTTF All of the experiments were performed By=9 T mag-
salts with both centrosymmetrie.g., Ask, SbR) and non-  netic field (3C NMR frequencyr=96.4 MHz). Pressure
centrosymmetride.g., ReQ) counterions. Only recenfly ~ was applied using a self-clamping BeCu cell, with Flourinert
was the broken symmetry associated with this transitior¥5 serving as the pressure medium. The reproducible low-
identified as a charge disproportionation. temperature pressure was calibrated in separate runs by mea-

In TMTTF salts the characteristic temperature of the onsesuring inductively the change of the superconducting transi-
of the charge-ordere@CO) phase is high, on the order of 100 tion temperature of lead. The NMR coil was constructed so
K. It indicates that the interactions driving the charge orderthat the molecular stacking axig)(was oriented normal to
ing are relatively strong, and therefore potentially impact thethe static magnetic field. Any significant reorientation about
electronic and magnetic properties of the disordered phase.between experimental runs is excluded by noting that the
Issues associated with CO correlations in these systems takéC internuclear dipolar coupling remained unchanged.
particular relevance when considering that the nature of the In Fig. 1 we show the temperature dependence of the
metallic phase of TMTSF salts remains controverSidl.  relative hyperfine shifts for all of the uniquéC sites. Once
Below we report the results of a number of NMR measurethe molecules are inside the solid, the two sites forming the
ments on**C spin-labeled samples of (TMTTFAsF; inthe  bridge are inequivalent and have different hyperfine shifts.
CO phase. Our principle result is a mapping of theAt high temperatures the two molecules within the unit cell
temperature/pressure phase diagram of the SP and CO phases equivalent. Below the phase transitionTat, =103 K,
that includes a tetracritical point with a region of coexistenceeach of the two lines splits into two peaks with equal absorp-
of the two forms of order. There is good agreement betweetion strengths. We showed this to be a result of a charge
the experiments and the results of calculations on the 1M@isproportionation developing between two inequivalent
extended Hubbard and Peierls-Hubbard modéfs?? molecules, and the order-parameter amplitude is proportional

A review of the characteristics of the CO phase and theo the difference of the NMR frequencies within each of the
phase transition is in order. With counteriongPRsFs, and  split lines. The character of the transition is second order.
SbF;, the ordering temperatures are 62 K, 103 K, and 154 K, The amplitude of the charge disproportionation can be
respectively. Upon cooling, the salts made with the first twoestimated from the spin-lattice relaxation rates. These are
are already well into a region of thermally activated resistiv-shown in Fig. 2. The relaxation rates are about one order-of
ities when the CO transition occurs. The last one undergoesmagnitude faster on one of the two types of molecules. Ide-
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FIG. 3. The order parameter as a function of temperature at

FIG. 1. Positions of thé*C NMR peaks versus temperature at . o .
various pressures. The solid lines are to guide the eye.

the magic angle at ambient pressure for (TMTJA3F;. The CO

transition takes place dico=103 K. ecules determines lawer boundfor the disproportionation,
1 . . . . namely, 3:1.
ally, we expect thal; -, dominated by hyperfine coupling, is Modest applied pressures strongly deprEss. The or-
proportional to the electronic density on a particular mol-ygq, parameter of the CO phase, taken from the temperature
ecule. For isotropic hyperfine interaction and no _Spe‘?trabependence of the splitting of the NMR lines, is shown in
overlap whatsoever between the respective absorption linegig 3 gt different pressures. Three effects are visible as the
T, *<p?, with p the molecular charge count. Neither one pressure is increasedi) The maximum spliting is de-
of these conditions is strictly true here, so the ratio of thecreased(ii) Tco is decreased, anii) the order parameter
relaxation rates of sites on the high- and low-density mol-geyelops much less steeply. Our experimental technique does
not have enough resolution close Tgy where the critical
behavior of the order parameter should follow theoretical
T @ ] predictions. The low-pressure data is consistent with the
ae mean-field critical exponentd=0.5) down to 16-15 K
100 | B - from T¢o, in accordance with the observed Curie law of the
o ° @°° Q& ut 1 dielectric constant in the same temperature redinfe.
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higher pressures, ab:o gets smaller, the classical scaling
regime is expected to shrink. Our data clearly show a devia-
tion from the classical behavior. We can draw two possible
] scenarios(i) the critical behavior is crossing over to a quan-
tum limit with a critical exponent increasing towargs=1,
E as was observed in pressurized (8@g ,)TiO;
ferroelectrics® (i) The observations result from coupling
(TMTTE),AsF, ] bet_:_/veein t'he d_ifferent orders. .
- sp is identified from the temperature dependence of ei-
- B=9.00T |1 ther™Cor As T; 1. %C is a spinl = 1/2 nucleus for which
LI T, * falls precipitously belowTsp. "°As, on the other hand,
has spinl =3/2, so it couples to electric-field gradient fluc-
T E % | % = tuations produced, for example, by lattice vibrations. The
100 peak in°T; ! at Tgp is naturally associated with the critical
temperature T(K) slowing down of the soft B- phonons.’ The completed
FIG. 2. 13T; ! relaxation rate as a function of temperature atPhase diagram for (TMTTRAsFs appears in Fig. 4. The
ambient pressure in (TMTTBASF;. Spectra were taken at the CO phase diminishes quite rapidlp=P.<0.15 GPa is
magic angle, and the magnetization recovery was obtained by inteenough to suppress it.
grating over the distinct peaks of the absorption spectra. Similar The phase diagram has a remarkable feature: Whilgis
markers represent®T; ! of peaks evolving from the same high- decreasingTsp increases significantly up to about 150% of
temperature peak. its ambient pressure value. After the charge ordering is sup-
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FIG. 4. Phase diagram of (TMTTEAsF, established from frequency shift (MHz)

NMR experiments aB=9 T. The lines are a guide to the eye. The
dashed line is used only to emphasize that a region of coexistence is F|G. 5. 13C NMR line shapes of (TMTTR)PF; at fields close to
present. the critical fieldB., at ambient pressure. The broadening Bor
>B, is characteristic of the incommensurate phase.
pressed aP., Tgp decreases weakly with additional pres-
sure. The maximum of gp at P indicates that the CO site produces the observed phase diagram. Justification for a
order and the SP bond order are competing. If the competiguasi-1D point of view follows from the fact that the mo-
tion is sufficiently weak, the order parameters will coexist.lecular spacing along the stack alterndfelt. can be mod-
Otherwise, a first-order transition line divides the twoeled by introducing intrachain hopping integradlsand t,
phases. In principle, the CO and SP order parameters coullong the stack. Therefore, the system is half-filled and
be simultaneously characterized by x-ray scattering experielectron-electron Umklapp scattering in one dimension
ments. To date, we are not aware of a published x-ray repodpens a charge gap, .22 provided that\ >t, , wheret, is
of the CO phase, even at ambient pressure. We call attentiche transverse hopping, 1D confinement leads to an insulat-
to this not only because NMR is a local probe, but alsoing state even at high temperatures and atT ..
because the methods described above for determining the Without phonon coupling, the 1D extended Hubbard
CO order parameter do not work in the SP phase. This isnodel will produce a CO state if the Coulomb interaction is
because the paramagnetic shifts are nearly absent for the sisufficiently large and long rangédij.e., the nearest-neighbor
glet ground state and alfC sites are equivalent. There is an interactionvV>V,.™ In the TMTTF salts, it is expected that
exception: magnetic fieldB larger than a critical valuB. Vs very close to the predicted threshold obtained in strong-
produce an incommensurate phase, through the generation edupling perturbation theory>® Further, the large lower
triplet excitations. In a 1D picture, the triplets consist of bound that we infer for the charge disproportionation is
soliton/antisoliton pairs. TypicallyB.«Tgp. Although it is  quantitatively reasonable when compared to model
not measured for (TMTTRASFs, we know thatB.=19 T  parameters*3The principle effect of pressure is to increase
for the PR salt® Applied fields greater than 19 T resulted in the hopping integrals, which leads to a rapid destabilization
broadened NMR lines associated with the staggered spiaf the CO phase, just as we obserfe> P, results in a SP
density of the excitation Line shapes demonstrating the ground state, once the phonon coupling is included.
effect near tdB, are shown in Fig. 5. At low fields, we see a  Regarding the high-temperature CO phase, there are two
single line showing that alt°C sites are equivalent in the SP qualitative differences between recent numerical works and
phase. If the charge ordering is still present, we expect theur experimental observations. One of them is the expecta-
absorption at high fields to consist of exactly four contribu-tion that the charge ordering occurs together with the metal-
tions all of which are identical. Two contributions are ex- insulator transitiort> The other is the character of the tran-
pected without the charge ordering. Fowell-separated sition. The measurements are consistent with the CO phase
“ledges” are evident on each side of the maximum at thetransition being a continuous one along the entire line,
higher field, which we interpret as coming from the nucleiwhereasmean-fieldcalculations describe the transition as
near the center of the solitonlike excitations where the stagfirst order. Including the dimerization of the 1D stack is
gered spin density is maximufft?* The substantial differ- known to eliminate the first-order character in the mean-field
ences in hyperfine fields on the four sites indicate that thealculations of the 1D extended Hubbard maoddiherefore,
disproportionation remains large even in the ground statef is very likely that the dimerization is crucial ithree re-
i.e., the two orders coexist as shown in Fig. 4. A smallerspects. First, it confines coherent charge motion to the stacks
charge disproportionation is also expected in the SP phaseand because of this it is appropriate to compare to 1D mod-
at high pressures, but our experimental setup did not allow tels. Second, the confinement assures that a metal-insulator
investigate it. crossover occurs at a high temperature, perhaps far above
We should emphasize that the 1D extended PeierlsTco. Third, it changes the character of the CO transition
Hubbard model contains most of the essential physics thdtom first order to second order.
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Returning to the issue of metal vs insulator in the TMTTF lattice relaxation measurements. The coexistence of the two
salts, we mention that even though the CO transition takesrders was established along with the existence of a tetra-
place within the insulating phase in P&nd Ask, there is a  critical point in the temperature/pressure phase diagram. The
signature of the transition in the electrical conductivty. coO phase is suppressed easily with modest pressure; the
However there is one choice of centrosymmetric counterionpatural interpretion is that it results from the effect of the
SbF, which undergoes a real transition to an insulating statgncreasing bandwidth relative to the strength of the near-
at Tco.>* This unique feature cannot be understood easilyneighbor Coulomb repulsiod within the stacks. The lower
since the high-temperature band-structure parameters afgund for the charge disproportionation is set at 3:1. The
quite similar to Pk and Ask.”> The Sbfs has a more com-  phase diagram and disproportionation amplitude are consis-

pact packing in théoc plane, leading to a more pronounced tently compared to results of calculations on the 1D extended
stack-counterion interaction. This can have an impact on thgj ppard and Peierls-Hubbard models.

dimensionality, which has not been taken into account in the

theoretical models yet. The work was supported by the National Science Foun-
In conclusion, we studied the pressure dependence of thgation under Grant No. DMR-9971530. We would like to
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