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13C NMR measurements were carried out to understand the chemical pressure effect on the ground state in
quasi-one-dimensional (1D) organic complexes using the alloy system (TMTTF),[(AsFs).(SbFs),_.]
(x~0.3,0.5,0.67). The temperature of the charge-ordering transition decreases with the concentration of AsFj.
Additional line splitting and the rapid increase in the spin-lattice relaxation rate, 1/75, on cooling for the salt
of x~0.3 indicates that the ground state of the salt is antiferromagnetic. In the x~0.67 alloy, the spin gap
opens without antiferromagnetic spin correlations. The intermediate salt of x~0.5 is located in the vicinity of
the quantum critical region between two phases at low temperatures. The quasi-1D correlation and antiferro-
magnetic critical behavior are discussed in terms of the power-law behavior of 1/7}.
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I. INTRODUCTION

There is a wide range of physical phenomena in low-
dimensional organic conductors, because of the large variety
of molecular structures and the effects of strong electron cor-
relation and/or electron-lattice coupling, which are easily
modulated by temperature and pressure. Various phase tran-
sitions such as the metal-insulator transition, superconductiv-
ity, and relevant magnetic phase transitions in low-
dimensional electron systems are especially important
contemporary issues in condensed-matter physics."? In one-
dimensional (1D) systems, the Fermi-liquid model of Lan-
dau, which predicts the behavior of physical properties of
metals, is violated due to quantum fluctuations in addition to
strong electron correlation.® In charge-transfer organics, the
anisotropic 7 orbital in molecules forms the configuration
for low-dimensional electron transfer. Weak three dimension-
ality is introduced by interchain and interlayer couplings,
whose contributions induce various phase transitions.

The family of quasi-one-dimensional (TMTTF),X, where
TMTTF is tetramethyltetrathiafulvalene, shows various
ground states, including antiferromagnetic, spin gap (spin
Peierls), and superconductivity, based on the substitution of
X [X=TaF,SbF,, AsFg,PFg,Br,...].'* (TMTTF),SbF, is
located on the negative pressure side of the generalized
phase diagram proposed in Refs. 1 and 5 and undergoes an
antiferromagnetic phase transition at Ty~ 8 K.%7 The sub-
stitution of the anion SbFy to AsFg works as chemical pres-
sure, leading to the nonmagnetic spin-gapped ground state
below Tsg=14 K.3-10 This phase transition has been identi-
fied to be the spin-Peierls transition for a one-dimensional
system. However, the interchain interaction has considerable
contribution to the phase transition in the TMTTF system.
The thermal-expansion measurement shows that the inter-
chain distance is strongly affected at the transition.!!

The TMTTF family shows a metal-to-insulator crossover
by lowering the temperature. The characteristic crossover
temperature is denoted by T, below which dp/dT becomes
negative, where p is the conductivity. The 7, for
(TMTTF),SbF, and (TMTTF),AsF, are roughly 150 K and
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140 K, respectively.>'?"1* In the insulator phase, most salts
undergo charge ordering (CO), wherein the charges are lo-
calized at alternate sites along the chain by the strong long-
range electron correlation.! The transition temperature, T,
tends to decrease with pressure, which increases the electron
transfer along the chain and reduces the degree of dimeriza-
tion of TMTTF molecules in the unit cell.'®!7 Ty of
(TMTTF),SbFs and AsFg are about 155 K and 100 K,
respectively.”16:18.19

In general, if two second-order phase transitions share a
boundary at absolute 0 K in the pressure-temperature (P-T)
phase diagram, there is a characteristic region, the so-called
quantum critical region, at low temperatures. Quantum criti-
cal physics has attracted significant recent attention with re-
spect to the mechanism of high-7,. superconductivity and
non-Fermi-liquid behavior in heavy fermions.?’* In the
TMTTF system, since the difference in the chemical pressure
between SbF and AsFg salts is less than 10 kbar, considering
the pressure dependence of Tco,” the existence of a phase
boundary is expected in the narrow pressure region. The al-
loy system (TMTTF),[(AsF),(SbF),_,] is a promising can-
didate for investigating the properties of ground states and
the phase boundary between antiferromagnetic and spin-gap
phases.>?® Previous experiments using electron spin reso-
nance (ESR) and magnetic susceptibility have detected the
antiferromagnetic phase transition and the spin-gap transition
near the pure compounds SbFgs and AsFg salt,
respectively.!%2326 The pressure-temperature phase diagram
shows a decrease in the Néel temperature and the spin-gap
transition temperature toward the middle pressure range.
Conductivity measurements indicate that T,, defined as the
temperature at which the value of d[In p]/d(1/T) shows a
maximum, decreases with the concentration of AsF4.'?> There
is no information available about the concentration depen-
dence of the behavior of charge ordering and the ground-
state property near the phase boundary in this system.

In this paper, we report a °C NMR study of the ground
states and critical behavior in the alloy system
(TMTTF),[ (AsFg),(SbFg);_,] (x~0.3,0.5,0.67).  The
ground state varies depending on the concentration. The an-
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FIG. 1. (Color online) Temperature variation in 3¢ NMR spectra of (TMTTF),[(AsFg),(SbFg),_,] (a) x~0.67, (b) x~0.5, and (c) x
~0.3. In each of the figures, the insets show the spectra at 92 K, 101 K, and 114 K below Tq for x~0.67, 0.5, and 0.3, respectively. The
spectra are decomposed into four Gaussian spectra. 1/7; measured at discrete frequencies is plotted over each spectrum.

tiferromagnetic phase transition and the spin-gap transition
are observed in the alloys with x~0.3 and 0.67, respectively.
The present study suggests that the antiferromagnetic phase
and spin-gap phase are in contact at low temperatures. The
x~0.5 alloy is situated on the edge of the spin-gap phase,
showing a gradual phase transition and significant critical
fluctuations at low temperatures, which can be attributed to
the quantum critical effect.

II. EXPERIMENTAL

5C NMR measurements were performed for single crys-
tals of (TMTTF),[(AsFs),(SbFs);_] (x~0.3,0.5,0.67),
whose double-bonded carbons at the center of the TMTTF
molecule are '*C enriched, in a temperature range from 2.7
to 270 K. An external magnetic field of ~8 T, which corre-
sponds to an NMR frequency of 86.6 MHz, was applied
perpendicular to the molecular stacking a axis. The magnetic
field and the *C="C vector form the so-called magic
angle, 3 cos?> §—1=0 (#~55°), to vanish line splitting by
nuclear dipolar coupling between the '*C nuclei. The '*C
NMR spectra were obtained by Fourier transformation of the
spin-echo signal refocused after 7/2- pulses. In this paper,
we define the factor x as the ratio of the two different elec-
trolyte salts used in the electrochemical preparation. It is
reported that the factor x is close to ratio of electro support-
ing materials in the previous literatures.'®!>2 We confirmed
that Tco and Tar of x~0.3 are reasonable considering the
previous data.

III. RESULTS AND DISCUSSION

The temperature variations in the '*C NMR spectra of
(TMTTF)z[(ASFG)X(SbFG)l_x] for x~0.67, XNO.S, and x
~0.3 are shown in Figs. 1(a)-1(c), respectively. At high tem-
peratures, two lines originating from two inequivalent *C
sites in the TMTTF molecule are observed for the three salts.
We label the line of the higher spectrum as line H and the
lower one as line L. The spectra show broadening and be-

come asymmetric with decreasing temperature due to the
emergence of distinct *C sites. The CO transition is related
to symmetry breaking of the inversion center in a unit cell
that leads to four '3C sites becoming inequivalent. The ob-
servation of four well-decomposed Gaussian spectra with the
same intensity confirms the occurrence of the CO transition,
as shown in the insets of Fig. 1 representing the typical split
spectra for x~0.67 at 92 K, x~0.5 at 101 K, and x~0.3 at
114 K. The spin-lattice relaxation rate, 1/7, is related to the
charge quantity on the corresponding '°C site. 1/7) at dis-
crete frequencies over the spectrum is shown in the insets of
Fig. 1. 1/T; is determined by fitting the nuclear recovery
curve, which is the time dependence of the integrated signal
intensity, fitted by a stretched exponential function [M ()
—M(1)]/ M (=) =exp[—(¢/ T,)”], where 8 characterizes the dis-
tribution of 1/7;. The signal intensity is evaluated at inter-
vals of 1 kHz by integrating the intensity of the spectrum
within the range of 2 kHz. The signals from the charge-rich
TMTTF molecules correspond to the spectra at the lower
frequency side of line L and line H, whose 1/T is about ten
times larger than that at the higher frequency side. The esti-
mation of the charge separation amplitude, assuming 1/7} is
proportional to the square of the charge quantity, was not
conducted here because the overlap of spectra prevents the
precise estimation of 1/7; for each spectrum. The possible
origin of the poor resolution of the spectra is the effect of
alloying. The spectra below T are broader than those of the
pure compounds while the line splitting of ~50 ppm is com-
parable to that of the pure compound (TMTTF),AsF.° The
temperature dependence of the second moment of spectra,
(Aw?), is shown in Fig. 2. (Aw?) decreases down to T, and
increases again reflecting the line splitting below Tq. The
estimated T-g is about 140 K, 125 K, and 120 K for x=0.3,
0.5, and 0.67, respectively, as denoted by the arrows in Fig.
2. B for Line H and L deviates from unity below Tq, that
supports the occurrence of the charge order. T decreases
with increasing amount of AsFg. The reduction in T by
chemical pressure is consistent with the behavior observed
for (TMTTF),SbF, and (TMTTF),AsF, under pressure.!%!”
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FIG. 2. (Color online) Temperature dependence of the second
moment of the *C NMR spectra, {Aw?). T and Ty are indicated
by arrows.

For x~0.67 and 0.5 the spectra exhibit further broadening
below Tq. This spectral broadening prevents the identifica-
tion of peak positions of each spectrum below about 30 K.
We plotted the temperature dependence of the peak positions
of the spectra for x~0.67 and 0.5 in Figs. 3(a) and 3(b),
respectively. The apparent slight shift to the higher frequency
side of both peaks below T comes from a sharp spectrum
from the charge-poor site associated with the line splitting.
Below about 15 K, the broad spectrum shifts to the higher
frequency side for x~0.67. This behavior is consistent with
the spin-singlet transition.>?” The decay in the spin density at
the TMTTF molecules results in a reduction in the Knight
shift. The detection of only one sharp spectrum at the lowest
temperature measured supports the nonmagnetic ground
state. Just above the spin-gap transition temperature, Tgg
~ 15 K, the spectral shape of the x~ 0.67 salt indicates that
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FIG. 3. (Color online) Temperature dependence of the peak po-
sition of the spectra of (a) x~0.63 and (b) x~0.5.
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the spectrum consists of a diffusive broad spectrum in addi-
tion to the sharp one. The characteristic spectrum is observed
in (TMTTF),PF, above Ty~ 18 K and is attributed to the
redistribution of the charge and/or spin as the precursor to
the transition.?’ In the alloy of x~0.5, the spectral shift to
the higher frequency side is also observed, as shown in Fig.
3(b), indicating that the ground state of this salt is also the
spin-gap phase. However, the shift of the spectrum is small
and gradual. Moreover, the linewidth remains broad at the
lowest temperature. These results suggest that this compound
is situated near the boundary of the spin-gap phase.

In the alloy of x ~ 0.3, the spectral change is contrasting at
low temperatures, showing symmetrical line splitting into
two lines below about 2.9 K. This line splitting is reflected as
a rapid increase in (Aw?) as shown in Fig. 2. This behavior
can be ascribed to an antiferromagnetic phase transition, in
which the antiferromagnetic staggered moment produces two
internal magnetic fields in the crystal. The Néel temperature
of Ty=2.9 K is lower than Ty=8 K for the pure compound
(TMTTF),SbFq. The decrease in the Néel temperature by the
introduction of AsFy agrees with the tendency already ob-
served in alloys for low x.? In (TMTTF),SbFg, the commen-
surate antiferromagnetic phase is suggested.”® The alloy of
x~0.3 is also expected to be commensurate in the ground
state.

It is expected that the spin-lattice relaxation rate, 1/7,
increases when the characteristic frequency approaches the
Larmor frequency (~MHz) at Ty, reflecting the critical
slowing down of the spin fluctuations even if the frequency
of the spin fluctuations does not reach the Larmor frequency.
At high temperatures, away from Ty, 1/7; is governed by
the long-wavelength uniform component (g = 0) of spin fluc-
tuation, (1/7,)""™m 2% Jf we assume a 1D electron-gas
model, > the critical component, (1/7;)<"  becomes
constant at 7,>T7>Ty. In this temperature region,
(1/Ty)vmiferm js written as (1/ Tl)““if"rmOCTxf(T), where x,(T)
is the static magnetic susceptibility. Consequently, the two
components contribute to 1/7; as 1/T,=(1/T,)cte
+(1/T,)miform= ¢, +C0Txf(T), where C; and C, are constant.
Figure 4(a) shows the temperature dependence of 1/T).
Above about 100 K, 1/T; decreases rapidly on cooling for
the three salts. The temperature dependence of spin suscep-
tibility y, is shown in Fig. 5. x, was determined by the inte-
grated signal intensity of the ESR spectrum for a single crys-
tal. Above about 30 K, yx, gradually decreases with
decreasing temperature. In Fig. 4(b), the behavior of 1/T, as
a function of T)(f,(T) for x~0.5 is shown. The data with the
external field H directed parallel to the molecular stacking
direction (Hylla) are used in the analysis. 1/7; shows the
linear dependence on T)(f,(T) that confirms that the relaxation
is determined by the 1D paramagnon magnetic excitations
assumed in the above model. The temperature dependence of
1/(T,T) is shown in the inset of Fig. 4(a). 1/(T,T) above 100
K contrasts with the behavior of two-dimensional organic
conductors (BEDT-TTF),X, where BEDT-TTF is bis(ethyl-
enedithio)tetrathiafulvalene, in which 1/(7T,T) is almost tem-
perature independent in the paramagnetic insulator region.3!
The 1D character of spin fluctuations is not affected by the
disorder introduced by the alloying in the high-temperature
region. The deviation from zero of 1/7; when T)(%—>0, that
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FIG. 4. (Color online) (a) Temperature dependence of 1/T. The
inset shows the temperature dependence of 1/(7,7T). (b) 1/T, as a
function of x°T for the alloy of x~0.5. (c) Power-law behavior of
1/T, for the alloy of x~0.3 on approaching Ty by lowering
temperature.

is C; #0, indicates the existence of the critical contribution
(1/T,)e€al " which is associated with the enhancement of
1/(T,T) below 100 K.

Below about 100 K, 1/(T,7T) increases with decreasing
temperature. In the salt of x~0.3, 1/7; shows a rapid in-
crease on approaching Ty=2.9 K due to the critical slowing
down of the antiferromagnetic spin fluctuations. 1/7, drops
rapidly below Ty as a result of the disappearance of the
critical fluctuations in the ordered state. The singular behav-
ior around the phase-transition point is characterized by the
power-law dependence of the physical quantities. In particu-
lar, 1/T, characterizes the dynamical property of the phase
transition.?? In Fig. 4(c), 1/T; is plotted as a function of the
reduced temperature r=(T-Ty)/Ty above Ty. 1/T; is well
described by the power law, 1/7; «r?, for 0.05<r<0.8. We
obtained the critical exponent y=0.5 by fitting the relation.
The theoretical study predicts y=0.5,3° which is also the case
for the three-dimensional system.’?> A similar value is ob-
tained in (TMTTF),Br and (TMTTF),PFs under 13 kbar,
whose ground state is the antiferromagnetic state.>* The ex-
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FIG. 5. (Color online) Temperature dependence of spin suscep-
tibility, x,, for the alloy of x~0.5.

ponent is apparently robust over the CO transition and alloy
disorder. The width of the critical region defined by Aty
= (Ty—Ty)/ Ty provides another feature of the phase transi-
tion, where T} is the temperature below which 1/7T; shows
the upward curvature. We found 7T3;=9 K for this salt that
yields Aty=2 which is fairly larger than Az;=0.6 for the
case of (TMTTF),Br and (TMTTF),PF.>* This deviation
suggests there is another mechanism which induces the spin-
lattice relaxation above Ty. If the interchain coupling is weak
in this alloy system, one-dimensional correlation should en-
hance the antiferromagnetic fluctuations. Another possibility
is the quantum critical effect. The quantum critical effect for
the continuous phase transition, if any, will be emphasized at
such low temperatures because the (classical) critical region
becomes narrow depending on the scaling relation.?? In fact,
the critical temperature of 7y=2.9 K is relatively low.

In the alloys of x~0.5 and 0.67, the decrease in 1/T)
becomes slower below about 100 K, even though the ground
state is not antiferromagnetic. This behavior is not associated
with the charge ordering because T deviates slightly from
the anomalous temperature. The similar behavior with x
~0.3 infers that the origin is the antiferromagnetic correla-
tion as discussed above. 1/T} of x~0.67 drops rapidly with-
out the increase below about 15 K that indicates the opening
of the spin gap. This behavior confirms the spin-singlet tran-
sition reflected in the line shift. The decrease in 1/7 of the
alloy of x~0.5, in contrast, is very weak. 1/(7,T) is almost
temperature independent. This behavior and the observation
of the gradual NMR shift indicate that this salt is located in
the vicinity of the low end of the spin-gap phase. The con-
siderable relaxation rate at low temperature can be ascribed
to the critical spin fluctuations. As the antiferromagnetic
phase and the spin-gap phase presumably share a boundary
at very low temperatures, the 1/7; of the salt of x~0.5 pos-
sibly detects antiferromagnetic spin fluctuations. The power
of the stretched exponential function, B, of x~0.5 decreases
to 0.5 at low temperatures, indicating that the distribution of
1/T; is large. This is interpreted as enhancement of phase
inhomogeneity on approaching the quantum critical point,
which is the phase-transition point at absolute zero
temperatulre.34 For x~0.3 and 0.63, in contrast, 8 increases
again below Txg and Tg.

The P-T phase diagram of this alloy system is illustrated
in Fig. 6. The previously reported resistivity measurement
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(TMTTF),[(AsFg),(SbFg),_,] alloy system. The previous data of
T., Ty, and Tgg near the pure compounds are also plotted in the
figure (Refs. 12 and 25).

showed that 7., defined as the maximum temperature of
d[In p]/d(1/T), decreases with the concentration of AsF.!2
The charge-ordering temperature, 7o, determined by the
NMR measurement in this work shows the same tendency,
which confirms the assumption of T,=T.n.'* The critical
temperature of the antiferromagnetic phase transition, 7y, for
x~0.3 is well defined by the NMR line splitting and the
pronounced peak in 1/7. The decrease in Ty with the con-
centration of AsFy corroborates the behavior observed by
ESR in the previous report.”>?% The spin-gap transition for
the salt, whose concentration x is greater than 0.5, is continu-
ous. The salt of x~0.5 is located near the boundary of the
spin-gap phase. The reduction in Tgg in the intermediate
pressure range observed in the salts near (TMTTF),AsFg is
not obvious in this study.” The magnetic field effect is an
important issue in the one-dimensional system. For instance,
(TMTTF),PF4 shows an incommensurate phase above about
19.1 T.% In the spin-gap phase, the estimate of the magnitude
of the spin gap can be affected by the magnetic field. The
magnetic field of 8 T applied in this experiment, however, is
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too small to induce the incommensurate spin-gap phase in
this system. We have not detected the effect on the critical
temperatures Tgg and T,p. For TMTTF salts, field-induced
magnetic phases has not been observed so far, and might be
stabilized only under very high field.

IV. CONCLUSION

We carried out '>C NMR measurements on the alloy sys-
tem TMTTF,[(AsFg) (SbFy);_,] (x~0.3,0.5,0.67) in order
to understand the physical properties around the phase
boundary between the antiferromagnetic phase and the spin-
gap phase. The observation of line splitting indicates the oc-
currence of the CO transition. The antiferromagnetic phase
transition and spin-gap phase transition are observed in the
aHOyS TMTTFz[(ASF6)03(SbF6)O7] and TMTTF2
[(AsFg).67(SbFg).33], respectively. The quasi-1D correlation
and antiferromagnetic critical behavior are discussed in
terms of the power-law behavior of 1/7;. For
TMTTF,[ (AsFg)( 5(SbFg)s], the NMR shift and the depres-
sion of 1/T are weak compared to the spin-gap transition
material, indicating that this salt is situated near the phase
boundary between the antiferromagnetic and spin-gap
phases. Our measurements demonstrate that 1/7; shows
anomalous behavior in the quantum critical regime near the
boundary of both phases at low temperatures. The phase dia-
gram of the alloy system is proposed.
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