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The temperature/pressure phase diagranifMTTF),SbFs is determined using®C NMR spectroscopy. At
ambient pressure, a transition to a charge-ord@e&d) state occurs alco=156 K, and antiferromagnetié\F)
order is observed belowy=8 K. Both are suppressed with pressure: wRen0.5 GPa, there is no evidence
for CO, and the low-temperaturdC NMR spectrum is consistent with a singlspin-Peierls(SP] ground
state. At a given pressure, the temperature dependence of the CO order parameter is not monotonic, and
provides an opportunity to identify what processes could be controlling the CO amplfitdeMR spectros-
copy provides empirical evidence that electron-counterion coupling is crucial to stabilizing the CO and AF
phases.
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The isostructural family of charge transfer sal@TS)  generic phase diagram for the family of TMTTF/TMTSF
(TMTTF),X and(TMTSF),X are formed with singly charged CTS, to include the observations fraiffiMTTF),SbF; at the
anions, such as CIQD,PF,", and Br, so the average hole “low pressure” end. Within the CO state, the CO order pa-
count is 0.5 per dondrin the case of the TMTTF salts, they rameter does not increase monotonically upon cooling below
are susceptible to a charge-orderif@O) transition at tem-  Tco, but passes through a maximum and then decreases upon
peratures of the order of 100 % that is often attributed to further cooling.*F NMR spectroscopy shows that this be-
the importance of both on-site and near-neighbor Coulomihavior coincides with the freezing of counterion motion, and
repulsion? and influenced by electron-lattice couplifg.®  we offer the association of the two observations as evidence
Compared to the analog TMTSF materials, the bandwidthéor the important role that electron/counterion coupling plays
are much smaller, and therefore models naturally produciné stabilizing the CO state.
charge order and including only electronic degrees of free- The samples were prepared using the standard electrolysis
dom could be expected to describe some aspects of the phyi€chnique. Spin-labeled TMTTF donors were synthesized
ics correctly. Nevertheless, it is unclear whether realistic pawith two *°C nuclei on the bridging sites at the center of the
rameters successfully describe the experiments in severdimer molecules? and subsequent crystal growth was car-
ways. First, it has been argued that the near-neighbor reputied out by electrolysis. The experiments consist¥ and
sion may not be strong enough to stabilize the chargé® NMR spectroscopy ofTMTTF),SbF; as a function of
order7-? Furthermore, although the charge-ord@0) order  pressure and temperature, with the field applied perpendicu-
parameter has not been determined directly, there is indire¢ar to thea (molecular stackingaxis. In the first case, the
evidence from transpdft and electron paramagnetic external field wasB;=9.0 T, and we used two-dimensional
resonance (EPR measurements that the order-parameter’¥2D) spin-echo spectroscopy to separate the effects of the
wave vector changes when the symmetry of the counterion istrong intramoleculart®C-*C magnetic dipolar coupling
changed. An explanation should involve coupling of thefrom the hyperfine and chemical shittsFor the'*F mea-
charge degrees of freedom on the molecular stacks to theurementsB,=4.9 T was used. High pressure experiments
lattice. Calculations on one-dimensional models, includingwvere performed using a standard BeCu clamp cell using
intramolecular, intermolecular, and counterion coupling, in-Fluorinert 75(3M) for the medium. In all cases, the quoted
dicate that when these degrees of freedom are included, Eressure is derived from the force appliedTat300 K, and
variety of new broken symmetry states are possitieat systematic consistency was verified using separate calibra-
least in the case of the insulating TMTTF materials, it is nottion runs.
surprising that the robustness of the CO phase influences the Typical **C 2D NMR spectral changes brought on by the
ground state symmetry? To date, very little is known about CO phenomenon are illustrated in Fig. 1. The hyperfine and
the details of the observed phases and what controls theahemical shifts are plotted on the vertidatf, axis, and the
stability. 13C-dipolar coupling is shown on the horizontalaxis. We

The sensitivity to chemical or mechanical pressure of thisote that the frequenciely and f, result from the Fourier
class of materials provides an opportunity to explore soméransform of the two-dimensional data set(iq,t,), as de-
general trends. Below, we map out the temperature/pressufied in the figure. The spectrum taken with<Tcq is
phase diagram fofTMTTF),SbR; using3C NMR spectros-  shown directly, and the spectrum for> Tco IS represented
copy. The CO/AF ground state found at low pressures idy the dark, open circles. Consider first the spectrum of the
replaced with a singlet state with no detectable CO amplitudéigh-temperature phase. The signal appears at two frequen-
beyondP=~0.5 GPa. This information is used to amend thecies,v, andvg, on thef,-f; axis. WhenT <Tcq, the number
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FIG. 1. (Color onling Ambient pressuré®C NMR spectra at
temperature3 =85 K< T (contourg andT=156 K> T (signal
location represented by dark, open cirgléEhe applied field is 9.0
T directed in theb’-c* plane.Afy is the dipolar coupling frequency
between the two inequivaletfC nuclei in each molecule. In the
inset is the temperature dependgnce of the frequengy differencghape. There is no observable chang&sf However, from
(Avg) of the peaks, and is proportional to the CO amplitude. approximatelyT=130 K and below, changes in both the first

moment and linewidth are noticeable. The definition of the
of signal features double along thef; axis. As an example, linewidth we have used is the frequency span that includes
the peak atvg becomes two that are separateddys. The  half of the integrated intensity. Changes appear to occur in
separationAfy, corresponds to the nuclear dipole couplingtwo steps, the first in a temperature range centered about
strength(for inequivalent nucléiand remains constant as the =120 K and the second in a temperature range around
temperature is varied. =75-80 K. . _

Contrasting to the ambient pressure results are spectra re- In the discussion that follows, the’C data is used to
corded at pressures beyomE0.5 GPa. An example of a construct the phase diagram, and observations from6th

spectrum recorded ak=2 K and P=0.6 GPa is shown in and 1% NMR motivate linking of the counterion motion to
Fig. 2. There are two striking differences from the low- h€ stabilization of the CO. Th&'C 2D NMR spectra we

Jgve presented appear quite different from each other. The

pressure spectra. First, instead of spots, there appears t | - ;
very broad features along ttig-f, axis. As before, these are 40uPling of the number of shifts is a result of charge dispro-
portionation in which two different molecular environments

separated along thig axis by the dipolar coupling frequency o 5 .
emerge below a phase transition temperaligg- At ambi-

Afg15 Second,_ there appear two spots, at the same fr_equen%t p?essure, wepfinmcoz 156 K. whicﬁ coir%%es with the
on thefz'fl axis, but separated WQZ)Afd onthef; axis.  gnset of insulating behavior in transport studiggét high

We switch brugfly to results from™ NMR spectroscopy, pressure(P>0.5 GPa, evidence for charge disproportion-
_and_return to théC data in the discussion. These are shownation is not resolved. Further, the appearance of the peaks
in Fig. 3. The spectra were reco_rded. for a range of temperaSeparated along tHg axis by(3/2)Afy is precisely that seen
tures coverindico, and in an applied field @=4.91 T. TWo o, the spin-Peierls compoundTMTTF),AsF,2 In other

examples Qf th'e spectra appear in the inset. At high temper%ords, at high pressures, the ground statéToATTF),SbFy
tures, the line is homogeneously broadened and Gaussian iD o longer CO or AF, but has properties similar to the

spin-Peierl¥SP) compound.

Collecting data over a range of pressures leads us to the
phase diagram shown in Fig. 4. As the pressure is increased,
the ordering temperatur- to the CO state decreasd$,g
is reduced by almost half, to 90 K, with 0.5 GPa applied
J " o pressure. Over the same pressure range, the charge order
<@ i ‘ - @\ amplitude at low temperatures is significantly reduced, and

@( a | : becomes unidentifiable at pressures beyond it. As a conse-
\.j 0 L; guence, the actual transition line is not established beyond
- - 0.5 GPa. Also decreasing is the AF ordering temperalyre

-20 1 When P>0.4 GPa, no experimental signature for the AF
s 5 : m state _is observed. For technical reasons associated with t.he
f1(KH2) experiments that are perhaps complicated by quenched dis-

order, we have not identified a phase boundary for the

FIG. 2. (Color onling 3C NMR spectra aff=2 K (contours  ground state found at high pressures. Rather, the results of
and T=30 K (signal location represented by dark, closed ciicles experiments conducted in the rangelef2—5 K exhibit the
with loading pressur®=0.6 GPa. signatures of a singlet ground stafe.

FIG. 3. First momentfy) and linewidth, evaluated from ther
spectra. The first moment is measured relativé.jsee the text for
a definition of the linewidth. The solid lines serve as guides to the
eye. Examples of th&’F spectra appear in the inset.
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FIG. 5. (Color onling A proposed generic phase diagram for the
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applied pressure P(GPa) ,
the order parameter suggests that suppression of the counter-

FIG. 4. Pressure vs temperature phase diagram fofon motion, or the disorder associated with it, leads to sup-

(TMTTF),SbF; identified using*3C NMR spectroscopy. pression of the charge disproportionation on the donor mol-
ecules.
Now we would like to discuss the significance of tHe Finally, we address the evolution with pressure of both the

data in the context of the phase diagram. We first conside€O order parameter and the ground states. In Fig. 4, neither
the nature of thé°F linewidth broadening. It is natural, at the line marking the transition to the CO phase nor the
least in part, to consider the spectral effects as related t€O/AF line is followed toT=0. In transport experiments,
motion of the SbE counterion. More generally, the counte- there is an indication that the dielectric and resistive anoma-
rions of the TMTTF and TMTSF salts fall into two classes: lies associated with the transition to the CO phase are mono-
centrosymmetric and noncentrosymmetric. In the first classonically suppressed with applied pressure. Our own trans-
are the hexaflourides RF AsF,~, and Sbg ", and BF, and in  port studies confirm this. In thé’C NMR spectrum, we
the second are CIQFSQ;, etc. All are small and compact; observe some broadening of the spectral features, along with
SbF;" is one of the largest, with the F-Sb-F linear distancea weakening of the CO order parameter as pressure is in-
approximately 3.8 A. At high temperatures the orientation ofcreased. Beyond®~0.5 GPa, the CO features are unre-
the counterions is known to be highly disordered, andsolved. At the same time, the temperature at whf¢gb line
thought to be rotating® Upon cooling, the noncentrosym- broadening is observed coincides with tHe broadening
metric counterions orientationally ord@rat a first-order and increaseswith pressuré? These observations suggest
phase transition. At this transition the space group symmetrthat there is a phase competing with the CO, and its stability
of the crystal is lowered. The centrosymmetric ions are nots associated with counterion degrees of freedom.

reported to do that; instead, their motions are considered ac- To see how the counterion can play a role, we consider
tivated so line broadening is expected to occur as a crossovérst the simplest model producing the CO: the quasi-one-
upon cooling and there is no broken symmetry. At firstdimensional extended Hubbard model, including only elec-
glance, our results appear inconsistent with this scenario beronic degrees of freedofwith large enough on-site and
cause the line shape is asymmetric. In a single crystal, thisear-neighbor repulsiorld andV (relative to hopping inte-
would indicate highly disordered sites at low temperaturesgral t) in 1/4-filled systems, a charge pattern of alternating
and the resulting variation of chemical or Knight shifts. rich and poor sites is produced and the ground state is anti-
From the data, we see that a distribution of chemical shifts iferromagnetic. Nevertheless, there are no diffraction experi-
not observabldgthe line is homogeneously broadenetihe  ments identifying the order parameter, and including
broadening results when anionic motions become suitablglectron-lattice coupling leads to other possibilities for the
slow or a first-order ordering transition of some kind takescharge configuration of the CO st&tét is also argued that
place. The additional broadening that occurs at lower temthe physically appropriate values fof may not exceed the
peratures in théF linewidth appears to be associated with threshold for the charge order of the extended Hubbard
dynamics of some of the methyl groups aiti'%F coupling.  model®7® Producing ferroelectricity, as inferred from low-
As evidence, we note that there is a strong peak in'the frequency dielectric experimentsfrom the CO phase re-
spin lattice relaxation in the same temperature range, and guires more couplings. Including a coupling term between
very similar in strength and temperature range to what ighe electrons in the stack and the charged counterion natu-
observed in the TMTSF salt§. rally gives rise to ferroelectric order parametéfsPeierls-

It is natural to associate the decrease in the CO ordelype coupling to the lattice leads to order parameters remi-
parameter, from Fig. 1, with th&’F line broadening and niscent of the spin-Peierls ordef Then, it follows that a
shift. For the broadening to occur, the anions must be stdarge-amplitude CO results from coupling to the counterion.
tionary on a time scale of the order of the inveidggh It competes with the instrastack Peierls coupling, which pro-
temperaturg homogeneous linewidt, which can occur duces the SP ground st&feExperimental evidence for the
through an activated diffusion process or as a result of @ompetition between the CO- and SP-order parameters was
structural phase transition. For either case, the behavior afeen previously in experiments 6AMTTF),AsF.? To ex-
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plain the obervations reported here, we propose that the relatate found at higher pressure. Further pressurization leads to
tive importance of the anion coupling is diminished once thethe familiar sequence: another AF state and superconductiv-
anions freeze into place. That is, the freezing of the rotationgty. It is reasonable to ask whether this second, higher-
limits in some way the motion of the counterion. In turn, the pressure AF state is a reentrance of the phase described in
coupling is reduced and the CO phase is destabilized. Apjg 4 or whether it is a distinctly different symmetry break-

plied pressure, as revealed B§'Sb NMR, suppresses the . )
anion rotatior?? and consequently destabilizes the CO and"?g' The saltsSTMTTF),Br and (TMTSF);PF; should pro .
AF phases. vide the answer, as they are understood to be representative

To conclude, we offer a generic phase diagram for thef that portion of the phase fjiagram where the second AF
TMTTF and TMTSF salts that incorporates our observationghase appears. X-ray scattering restifsom the two mate-
for the Sbk; salt. At low chemical pressure, the donor stacksfials provide evidence for a coexistence of weak charge and
are strongly dimerizedT =156 K, and the ground state is bond modulations, suggesting an even richer evolution of the
antiferromagnetic. Increasing pressure leads to a frustratiophases than is presented in Fig. 5.
of the CO resulting from a modified coupling to the counter- . )
ion, and once it is sufficiently suppressed the ground state is 1he research was supported by the National Science
Sing]et (Spin_Peier|$ rather than antiferromagneticl The ob- Foundation under Grant No. DMR-0203806. The authors are
servation that fof TMTTF),SbR; dT,/dP<0 is presumably ~grateful for conversations with S. Brazovskii, S. Mazumda,
associated with a competition with this nonmagnetic ground® Monceau, and H. Seo.
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