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Commensurability of the Spin-Density-Wave State of (TMTSF),PF, Observed by *C-NMR
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A spin-density-wave (SDW) for (TMTSF),PF, has been reported to appear below Tspw (= 12 K), with
a subphase transition at 7* (=4 K). To determine the structure of the subphase, we synthesized
(TMTSF),PF, in which one side of the central carbon bond in each TMTSF molecule was replaced
by 13C, and utilized this compound in '3C nuclear magnetic resonance measurements. Below Tspw, the
spectrum became broad and 7' ! decreased, in agreement with previous results. Below T, fine structures
emerged in the center of the spectrum and T; ! decreased exponentially. These phenomena were attributed

to the emergence of commensurability at 7.
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(TMTCF),X (C =S :TMTTF, tetra-methyl-tetra-tia-
fulvalene, C = Se : TMTSF, tetra-methyl-tetra-selena-
fulvalene) salts, in which X~ is a monovalent inorganic
anion, are quasi-one-dimensional organic conductors [1].
The donor molecules of TMTCF form a one-dimensional
stacked column, with weak intercolumn interactions [2].
These salts show the physical properties of a charge-ordered
state, a spin-density-wave (SDW) state, and a superconduc-
tor state, with these properties controlled by pressure and
chemical substitutions. (TMTSF),X, the so-called
Bechgarrd salt, is the first known organic superconductor
[3]. The dependence of the physical properties of these salts
on physical and chemical pressure was summarized in a
universal phase diagram [1]. In the high-pressure region,
superconductivity lies adjacent to the SDW phase. In
(TMTSF),PF,, the SDW transition at ambient pressure
is observed at 12.5 K, with superconductivity emerging at
1.6 K under a critical pressure of 0.65 ~ 1 GPa [3]. Many
theoretical and experimental studies on superconductivity
and SDW states in (TMTSF),X have been performed over
the past three decades. Moreover, phenomena characteristic
of a quasi-one-dimensional electron system have been
observed, including a field-induced SDW state with the
field perpendicular to the conducting plane [4].

The most important characteristic feature of this
compound is its local magnetization at molecular sites.
The amplitude of the SDW moment was estimated to be
0.08 wp/molecule by proton nuclear magnetic resonance
("H NMR) [5] and 0.06 up/electron (0.03 up/molecule)
by carbon nuclear magnetic resonance ('*C NMR) [6].
However the subphase below T* = 4 K in the SDW phase
has not been determined [5,7-10]. The spin-lattice-
relaxation rate 7} !, determined by 7’Se NMR [7,11], 1*C
NMR [6], and 'H NMR [5,12], diverged at Tgpy and
showed weak temperature dependence below Tgpw-
Furthermore, 77 ! in 77Se NMR below 7™ decreased expo-
nentially, with 7! « exp(—A/kpT). The existence of a
Fermi surface at temperatures T < T < Tgpw may be
due to imperfect nesting, with the complete SDW state
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appearing below 7™ [7]. In contrast, the specific heat of
(TMTSF),PF, was also reported to be anomalous at 7 [10].
A glassy transition may explain many phenomena that
occur around 7* [10]. The development of SDW domains
with phase homogeneity was suggested by the temperature
dependence of electric permittivity at several fixed frequen-
cies below T™ [13]. The nonlinear electrical conductivity of
(TMTSF),CIO, indicates an anomaly of residual carriers at
T* [9]. These results may be explained by a discommensu-
rate structure below 7" to model the subphase [14,15],
which was first investigated in TaS; [16]. Although thermo-
dynamic measurements showed glass transition at around
T* [10], the details of the glassy state remain unclear.

Shubnikov—de Haas oscillations corresponding to mag-
netic breakdown orbits have been observed at magneto-
resistances below the SDW transition above 15 T [17-19].
The oscillations abruptly vanish between 4.2 and 3.8 K [18]
or below 2.5 K [19]. The mechanism of the disappearance
is proposed to be an open Fermi surface [17,18] or some
change of the nesting vector [19]. However, the mechanism
has not been determined.

We utilized NMR spectra to reveal the structure of the
subphase. In 'H NMR, however, the spectrum did not
change significantly due to the small hyperfine coupling
constant and the large dipole interaction between the 'H
nuclei [5]. Although the hyperfine coupling constant was
large in 7’Se NMR, four crystallographically independent
77Se sites are present in each unit cell, and the broad
spectrum of 7’Se signals complicates the analysis of these
spectra. We therefore utilized site-selective '*C NMR.
Stochastic substitution of '3C in 10% of the central
double-bonded carbon sites has been used to assess the
spectrum and 77! above 4.2 K [6]. To clarify the structure
of the subphase and related problems, we performed site-
selective '>*C NMR on a sample in which 100% of the C
sites on one side of the central C = C bonds were replaced
by 13C nuclei.

Single-site '*C-enriched TMTSF was synthesized as
described [20,21]. (TMTSF),PF, was prepared by a

© 2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.110.167001

week ending

PRL 110, 167001 (2013) PHYSICAL REVIEW LETTERS 19 APRIL 2013
T T T T T T T T T T T T
[(a 6=113" | b) . - | = spw
__( ) H=80T ] ( ) ¢ axis h axis ® Metal peak 1 - SDW
R i Metal peak 2 - °
5.0 K| 1072 Activation fitting curve u . 4
- = - b’ axis E 6:23" °
2 [ i k axis r *
5 7.0 K T -t °
E i ] a axis
> [ 1 3
£ 90K { £ 0
g r 1 21 10°F :
EL 1 ~
L L H LULS [ 3 s | N
I jaok] 20 NS > S
v d 1 T < .
Ky )iSe Se
| N 1 . I " I . | = L . L L L .
_50 0 50 100 150 0 2 4 6 8 10 12 14 o -
Frequency (kHz) Temperature (K) 107 o e
N
FIG. 1 (color online). (a) Temperature dependence of the <
NMR spectrum from 140 to 5 K with the magnetic field along > o1
the direction rotated 23° from the b’ axis (# = 113°). (b) Crystal To
shape and (a, b', ¢*) and (a, k, h) axes defined by us. = 0 1 2t/r 3 4 5
(c) Temperature dependence of the moment of the SDW state. 10° 2 . e 1]'0

Inset: Isotope substituted TMTSF molecule.

conventional electrochemical method. NMR measure-
ments were performed at decreasing temperature under an
8.0 T field corresponding to the resonance frequency of
85.64 MHz. The h axis was set parallel to the external field
and the angle of the field (& axis) from the ¢* axis was
defined as @ in the ¢* — b’ plane; the k axis was parallel to
the & X a direction [Fig. 1(b), in which b’ corresponds to the
¢* X a direction]. Spectra were obtained by fast Fourier
transformation of the echo signal with a 7/2-7 pulse
sequence. The typical 77/2 pulse, ¢,/,, was set at 3 u sec.
These widths correspond to the spectral range 1/(10z,,),
which was equivalent to *£30 kHz. To cover the wide
spectrum width of 160 kHz in the SDW state, we changed
the resonance frequency every 50 kHz and calculated the
average of these spectra. The spin-lattice relaxation time
was measured by the saturation recovery method.

Figure 1(a) shows the temperature dependence of the
NMR spectrum from 140 to 5 K at § = 113°. The two
peaks (denoted H and L) in the metallic state correspond to
the two crystallographically independent '3C sites. We also
observed a U-shaped incommensurate (IC) SDW spectrum
of two independent !3C sites below T = 12 K [Fig. 1(a)],
similar to previously reported spectra. Figure 1(c) shows
the temperature dependence of the amplitude M(T). Fitting
with M(T) = [1 — (T /Tspw)]P resulted in a B of 0.11.

Our main purpose was to study the behavior of this
compound below T*.T* is notably observed with 7 !. To
cover the NMR spectrum using a single rf frequency, we
measured T; ! in a magnetic field parallel to the direction
in which the width of the spectrum was narrow in the SDW
state. Figure 2 shows the temperature dependence of 7 ! in
a magnetic field along the directions rotated 23° from the
¢* axis (@ = 23°). In contrast to the T, I of the two peaks
above Tspyw, which were well fitted by a single exponential

Temperature (K)

FIG. 2 (color online). Temperature dependence of T, Uin a
magnetic field 23° from the ¢* axis (6 = 23°). Inset: Nuclear
relaxation curves below Tgpw -

function, the relaxation profiles below Tspw could be fit by
the equation 1(¢) = I,(1 — e~ */T)") because the local field
at each site was continuously modulated by the incommen-
surate SDW. Since all relaxation profiles above 1.76 K in
the SDW state could be fitted by the same fitting parameter,
A = 0.5, the distribution of sites is likely almost indepen-
dent of temperature and T; ! corresponds to the intrinsic
relaxation time. In agreement with previous experiments,
T; ! diverged at Tgpy, and decreased in the temperature
range T* < T < Tgpw, becoming almost independent of
temperature at around 5 K, as previously shown by *C
NMR [6]; T; ! then sharply decreases below T as in 7’Se
NMR [7]. The temperature dependence of T; ! suggested
thermal activation below T*. The activation energy below
4.2 K could be determined with an activation fitting curve
as A = 16 K, with an anomaly at 7" in this configuration.

To examine the details of its spectrum, we measured
NMR spectra at § = 113°. Below T, we observed a fine
structure [Fig. 3(a)], which developed as the temperature
decreased. A glassy structure was observed by measuring
specific heat at around 4 K, but became static below 2 K
[10]. The fine structure clearly observed at 1.76 K was
constructed mainly from five peaks superimposed on the
IC SDW structure [Fig. 3(b)]. Since glassy behavior below
4 K suggests disorder or inhomogeneity, and the five peaks
were derived from the U-shaped IC SDW spectrum, this
fine structure is likely due to a commensurate SDW struc-
ture coexisting with the IC SDW structure. The intermedi-
ate state may be observed in previous 3C NMR [6]. The
peak observed around 85.552 MHz in our spectrum at 3.5 K
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FIG. 3 (color online). (a) Temperature dependence of the
NMR spectrum from 5 to 1.76 K with the magnetic field rotated
23° from the b’ axis (6 = 113°). (b) Fine structure of the NMR
spectrum at 1.76 K in the same magnetic field direction.

apparently corresponds to the peak observed around
150 ppm at 4.2 K [6]. The shape of the SDW spectrum at
1.76 K can be expressed using the commensurate wave
vector, 0.5a™ + 0.25b* + 0Oc*, close to the deduced value
of the SDW from 'H NMR line shape [5,22] and the
satellite reflection due to the charge-density wave (CDW)
from diffuse x-ray scattering [23], where a*, b*, and c¢*
denote the reciprocal lattice vectors.

Figure 4(a) shows a schematic view of the conducting
TMTSF layer and the equiphase surface of the commen-
surate SDW with ordering vector (0.5 0.25 0). The open
and closed circles represent two TMTSF molecules in a
unit cell. The NMR shift §; at the ith molecule (i = 0-7) in
the commensurate 2 X 4 region shown in Fig. 4(a) can be
expressed as

8; « cos®,, (1)

where ®; represents the phase shift on the ith cule in the
2 X 4 unit. The phases for two TMTSF molecules in a unit
cell could be determined as

= (open circle; i = even number)

: # + ¢ (closed circle; i = odd number).

(2)

Here, ¢ represents the phase difference between two
TMTSF molecules in a unit cell. The model of ¢ = 77/2
corresponds to the regular stack of TMTSF molecules. The
phase modulation in a 2 X 4 cell is expressed as the
equivalent phase modulation on a one-dimensional chain
[Fig. 4(b)]. For an incommensurate SDW structure, the
phase shift at the jth molecule in a one-dimensional chain
can be expressed as

8 o cos(P o8 + ¥ + 0). 3)
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FIG. 4. (a) Schematic view of the conducting TMTSF layer,
the equiphase lines of the SDW assuming the wave vector
(0.5 0.25 0), and the phases at each TMTSF site. (b) NMR shift
in response to the internal magnetic field at each site: ¢ is the
phase difference between two TMTSF molecules in a unit cell.
(c) Proposed discommensurate structure [14,15]: ¢ ; is the phase
shift of the SDW on each region and j is a site number in a
one-dimensional chain. (d)—(f) Results of the simulation using
the following constants in Egs. (3) and (4): (d) ¢ = 7/4, 6 = 0,
and @/B =16, () ¢ =5m/16, # =0, and @/B = 16, and
(f) ¢ =5u/16, 0 = 7w/4, and a/B = 16.

Here, 6 denotes an initial phase constant. The symbol ¢ ; is
the contribution of incommensurability, which can be
expressed as

;o |Aklj, )

where |Ak| corresponds to the difference between com-
mensurate and incommensurate SDW wave numbers. For
an equivalent one-dimensional chain, we simulated the
shape of the NMR spectrum using a partial commensurate
model [Fig. 4(c)], in which the phase shift ¢ ; is partially
fixed to n7r/2 and a commensurate SDW region is realized
in the system. Figures 4(d)-4(f) show the results with
several sets of parameters for the phenomenological line-
widths. Since the observed fine structure is due mainly to
five peaks, with the central peak located at the center of
the IC SDW spectrum, the simulated spectrum with ¢ =
57/16 and 6 = 0 is the most suitable. The result obtained
with ¢ = 577/16 corresponds to weak dimerization.

It is unclear whether such an inhomogeneous state exists
above 4 K. Nuclear spin relaxation in the SDW state is due
in part to thermally excited electron spin and in part to the
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collective motion in the SDW state. As 7! in the tem-
perature range T* <T < Tgpw did not show behavior
commensurate with thermal activation, the mechanism is
thought to involve collective motion. The excitation of the
phason in the IC SDW state shows a behavior indicating no
or only a small phason gap due to impurities [24].
Therefore, the behavior of 77! in the range 7" <T <
Tspw suggests that the nuclear spin relaxation is due to
the phason in the IC SDW state. In contrast, excitation of
the phason in the commensurate SDW state has a gap
structure [24]. The rapid decrease in 7| ! below T* may
indicate the emergence of the excitation gap in the phason
mode due to the development of a commensurate region.
Indeed, T ! rapidly decreased in the commensurate SDW
state of (TMTTF),Br [25]. However, the results of the
simulation suggest that the volume of the incommensurate
region is over 90% that of the SDW and that the profile can
be almost completely determined by the incommensurate
region in (TMTSF),PF. In the case of simple phase sepa-
ration, the phason gap in the incommensurate region could
not open just as above T*. Since the phason dynamics in
the incommensurate region are locked by both ends of
those in the commensurate region, a gaplike behavior is
expected. This gaplike behavior in the incommensurate
region suggests not a simple phase separation but partial
phase locking in the incommensurate SDW.

The development of commensurability provides an
interpretation of the disappearance of the quantum oscil-
lations below T*. Apparently, the behavior of the quantum
oscillations is not due to drastic changes in electronic
structure caused by macroscopic phase transition but to
changes in scattering. The emergence of microscopic
partial commensurability at 7* may be associated with an
increase in scattering rate resulting from additional
umklapp scattering processes or a scattering at the micro-
scopic incommensurate-commensurate boundary. This may
be responsible for an abrupt change in the mean-free path
that controls the amplitude of the quantum oscillations and
may then explain their suppression at 7.

The commensurate SDW state may compete with the
mixed CDW-SDW state because both appear and disappear
in the same temperature range. CDW coexisting with SDW
has been observed by x rays in the range 7% < T < Tgpw
[23,26]. The mixed CDW-SDW modulation can be con-
structed by combining the CDWs of up and down spins:

p1(x) = p — Asin(2kpx — 6,), &)

pi(x) = p + Asin(Rkpx + 6), (6)

where p represents the average density of each spin. A
CDW corresponds to p; + p;, and a SDW corresponds to
p — p,. Phase differences 6, of 77/2 and 0 result in a pure
CDW or a pure SDW ground state, respectively [27]. The
mixed CDW-SDW modulation state could be explained by
a phase shift from 6, = 0. The disappearance of CDW

below T* [23] suggests a pure SDW state. Therefore, the
commensurate SDW region develops in the pure SDW
ground state.

Although a previous study suggested a glasslike inho-
mogeneous state [10], its details were unclear. We there-
fore examined the magnetic profile of the inhomogeneous
state by NMR spectroscopy. The commensurate magnetic
structure emerged dynamically around 4 K. The dynamics
slowed at the glass transition as temperature decreased,
freezing below 2 K and resulting in the appearance of the
inhomogeneous structure, consisting of commensurate and
incommensurate regions.
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