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Local spin susceptibility in the zero-gap-semiconductor state of a-(BEDT-TTF),I;
probed by 13C NMR under pressure

Shinji Hirose and Atsushi Kawamoto™
Department of Condensed Matter Physics, Hokkaido University, Kita-ku, Sapporo, Hokkaido 060-0810, Japan
(Received 11 June 2010; revised manuscript received 28 July 2010; published 16 September 2010)

a-(BEDT-TTF),l; has a double column structure with three crystallographically independent molecules, A,
B, and C, and becomes an insulator below 135 K due to a charge-ordering (CO) transition. The CO state is
suppressed under pressure and shows weak temperature dependence of the electrical resistance. The decline of
the carrier density is observed over 1.8 GPa, suggesting a zero-gap-semiconductor state under high pressure.
The local susceptibility on each site provides important information about the electronic band structure. In our
previous work, molecular site B became spin poor and molecular site C became spin rich in the metallic state,
suggesting the disproportionation of the local spin density. Therefore, it is worthwhile to investigate the
behavior of the electron properties of each molecular site. We accessed the '*C-NMR in this salt at ambient
pressure and at 2.1 GPa. The analysis of the local spin susceptibility suggests that the disproportionation of the
spin susceptibility at 2.1 GPa is enhanced from that at ambient pressure, and the spin susceptibility vanishes at
low temperature at 2.1 GPa. Moreover, from the temperature dependence of TT', we obtain the relation of

Tl_l OCTS‘I.

DOI: 10.1103/PhysRevB.82.115114

I. INTRODUCTION

Recently, the Dirac electron system, which is suggested in
the graphene,! was intensively studied.'”® Whereas many
transport measurements were performed in the graphene, the
magnetic measurement is difficult due to its mesoscopic
structure. In organic conductors, a-(BEDT-TTF),I; under
high pressure is a candidate for this exotic electron system.
In contrast to graphene, this material can be prepared as a
single crystal. Therefore, accurate characterization of the
bulk properties could be performed.

The organic conductor, a-(BEDT-TTF),I;, in which the
conducting layers of the BEDT-TTF (bis-ethylenedithio-
tetrathiafulvalene) molecule and the insulating layers of Igl
alternatively stack along the crystalline ¢* axis, forms a two-
dimensional electronic system shown in Fig. 1(a).” The
charge-ordered (CO) state in this salt is theoretically pre-
dicted in the consideration of off-site Coulomb repulsion; the
CO state is experimentally confirmed by charge dispropor-
tionation and the insulating behavior with a spin-singlet state
below 135 K.8713 It is confirmed that the pattern in the CO
state is a horizontal stripe along b axis and the degree of the
charge disproportionation is determined in x-ray diffraction
(XRD) (Ap=0.5¢),'? vibrational spectroscopy (Ap=0.6¢),%'°
and nuclear-magnetic resonance (NMR) (Ap=0.55¢)."3
Moreover, in uniaxial pressure along the a axis, the super-
conductivity was observed and the relationship between
charge fluctuation and the superconductivity was
suggested.!®1

In hydrostatic pressure above 2.0 GPa, the suppression of
the metal-insulator transition and almost-temperature-
independent behavior of electrical resistance were observed.
In addition, the strong temperature dependence of the Hall
coefficient is reported and the high mobility state in low
temperature was predicted.'® The narrow energy gap electron
system was suggested by the band calculation of this salt and
the zero-gap-semiconductor (ZGS) phase in the noninsulat-
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ing state is proposed.!” The band structure of the salt has a
discriminative feature. The contact points of the band disper-
sion are symmetrically located in k space and the shapes of
the band around the contact points have a titled corn struc-
ture and an anisotropic linear dispersion structure.!” The
band structure with linear dispersion is described by the
Dirac electron system as similar to graphene,'™* inspiring
many theoretical and experimental studies.'~*17-20

From this exotic electronic system, non-Pauli-type mag-
netism is expected. Moreover, Landau level does not form
with the magnetic field parallel to conducting plane. There-
fore we can obtain the information about magnetic property
directly related with band structure in this condition. The
spin susceptibility provides the important information of the
conducting electron.

(a)

FIG. 1. (a) Projection of the molecular sheet in ab plane of
a-(BEDT-TTF),l; (Ref. 7). An arrow represents the direction of the
magnetic field, which is characterized by 6. (b) Single carbon
13C-enriched BEDT-TTF molecule.

©2010 The American Physical Society
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FIG. 2. (a) NMR spectrum at room temperature at an angle of 0° in Fig. 2(b). A-a, A-b, B, and C represent the local atomic sites in
a-(BEDT-TTF),l;. (b) Angular dependence of NMR shift at atomic sites A-a, A-b, B, and C at room temperature (Ref. 13). The angle of 0
corresponds to that in Fig. 1(a). (c) Angular dependence of chemical shift in the ab plane (Ref. 13). The symbols represent the chemical shift
in CO state and the lines represent the chemical shift in p=+0.5¢. A, A’, B, and C represent the molecular site shown in Fig. 1(a). The angle

of @ corresponds to that in Fig. 1(a).

In theoretical study, the spin susceptibility and the spin-
lattice relaxation rate at low temperature are expected to be
proportional to T and T, respectively, which are character-
ized by the density of state. The spin susceptibility and the
spin-lattice relaxation rate depend on the electronic states in
the wave number of Fermi energy and the density of state in
each molecular site is expected to be different.?! Since there
are three crystallographically independent BEDT-TTF mol-
ecules, A, B, and C, in unit cell, a disproportionation be-
tween molecular sites is expected. They also predicted the
disproportionation of yc > xa> xg-

However, the small magnetization from the conducting
electron complicates the measurement under pressure due to
the background signal from the pressure cell. Due to this
difficulty, the spin susceptibility under pressure has not been
measured. Moreover, it is difficult to distinguish between
three molecular sites, A, B, and C, using static magnetization
measurement. NMR, however, can probe the local spin sus-
ceptibility at the specific atomic site as a Knight shift and is
performed under pressure without the background signal
from the pressure cell. In addition, the spin excitation can be
detected as the spin-lattice relaxation time, 7';. Therefore, we
utilized '>*C-NMR to explore the magnetic properties at each
molecular site in the ZGS state.

II. EXPERIMENT

A single crystal of a-(BEDT-TTF),l; is prepared electro-
chemically from an isotope-substituted BEDT-TTF molecule

and tetra-n-butyl-ammonium tri-iodide, [(n-Bu)4N]I;, in
benzonitrile. BEDT-TTF, which is substituted by the single
side of central C=C bond [Fig. 1(b)], is prepared by the
cross coupling between *C-enriched thioketone and cooled
nonenriched ketone. By this method, single side
13C-substituted molecule (larger than 70%), nonsubstituted
molecules (26%), and trace amount of double BC-substituted
molecules can be produced.’> This single side
BC-substituted BEDT-TTF prevents the split of the NMR
spectrum caused by the Pake doublet mechanism and simpli-
fies the quantitative analysis of the NMR spectrum and the
site assignment. The high-pressure experiment was per-
formed under 2.1 GPa with a NiCrAl clamp cell and Daphne
7373 oil was used as the pressure medium and the internal
standard for the NMR shift. The NMR spectra were obtained
by fast Fourier transformation of the spin-echo signal with
/2-7 pulse sequence and the spin-lattice relaxation time
was determined by the saturation recovery method.

III. RESULT AND DISCUSSION
A. NMR spectrum at room temperature

Figure 2(a) shows NMR spectrum at 294 K and ambient
pressure. Due to the symmetry of the crystal, there are two
crystallographically independent 13C positions on molecular
site A. Therefore, four signals from sites A-a, A-b, B, and C
are observed in the paramagnetic state. Only four peaks with
the simple sinusoidal curve were observed and the additional
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FIG. 3. (a) Knight shift at atomic sites A-a, A-b at 70°, B and C at 0° [filled symbols: previous work (Ref. 13), open symbols: this work].
(b) NMR shift at atomic sites A-a, A-b at 0°, B and C at 70° [filled symbols: this work, open symbols: previous work (Ref. 13)]. (c) 6-K plot

at sites A, B, and C. A represents the mean value of the atomic sites A-a and A-b.

eight signals with modulated sinusoidal curve from Pake
doublet on C="3C molecule were not observed. That is,
the ratio of *C="2C to 3C="C is much higher and the
amount of '*C="C in the batch is trace level. From the
angular dependence of these peaks in Fig. 2(b), we could
perform the site assignment.'?

B. Determination of hyperfine coupling constant

The NMR shift § can be expressed as the sum of the
Knight shift K and the chemical shift o. The Knight shift can
be also expressed as the product of the hyperfine coupling
constant a and the spin susceptibility y and the hyperfine
coupling constant depends on the position of the '*C nuclei.
This implies that the NMR shift can be expressed as the
following equation:

(1)

To estimate of the spin susceptibility from the Knight shift
on each molecular site, the hyperfine coupling constant and
the chemical shift are needed.

Figure 2(c) is the angular dependence of the chemical
shifts of three independent BEDT-TTF molecules in the CO
state in the ab plane.'® In the CO state, two A sites split into
charge-rich (A) and charge-poor (A’) site and molecular site
B becomes charge rich and C becomes charge poor. These
shifts indicate the inversion symmetry breaking. The angular
dependence of sites A and B is shown by the sinusoidal curve
with different phases due to molecular orientation. Those of
sites A’ and C behave in the same manner. We stress that the
difference of the chemical shift between the charge-rich and

6=K+o=ax+o.

charge-poor sites on the ab plane is smaller than 20 ppm,
even in large charge disproportionation in the CO state Ap
=+0.6¢." We can approximately use the mean value of the
rich and poor sites, shown by the lines in Fig. 2(c). Subtract-
ing the angular dependence of the chemical shift shown in
Fig. 2(c) from that of the NMR shift shown in Fig. 2(b), we
can evaluate the angular dependence of the Knight shift and
the amplitude of the Knight shift at room temperature as
AKxz=430 ppm, AKz=428 ppm, and AK:=390 ppm.
Here, A represents the mean value of the sites A-a and A-b.
Since the amplitude of the Knight shift is expected to be
proportional to the local spin susceptibility, the ratio of spin
susceptibility can be given as y (294 K):xg (294 K):xc
(294 K)=AK;:AKg:AK-=1:0.99:0091.

The temperature dependence of the NMR shift was per-
formed by Kawai et al.,'® suggesting that molecular site B
became spin poor and molecular site C became spin rich in
the paramagnetic state. Addition to that, we also measured
the NMR shift at an angle of 70°. Whereas it is suggested
that the charge on each molecular site varies above 200 K,
the deviations between the NMR shift and the chemical shift
on sites A-a, A-b at 70°, B and C at 0° are larger than the
uncertainty of the chemical shift (~20 ppm). Therefore we
can obtain the Knight shift on sites A-a, A-b at 70°, sites B
and C at 0° as shown in Fig. 3(a), subtracting the chemical
shift at 0° and 70° from the observed NMR shift.

The ratio of the hyperfine coupling constant at each mo-
lecular site is given from the Knight shift and the spin sus-
ceptibility as aj:ag:ac=Kx/ xa:Kp/xg:Kc/xc- Here, Ki(i
=A,B ,C) is the Knight shift at room temperature shown in
Fig. 3(a). Considering the equation 2+ Xg+ X=Xt WE

115114-3



SHINJI HIROSE AND ATSUSHI KAWAMOTO

2.0 T T T T T T T T T T
" u Gl
0 - o ° - '
o 15F Ce o . " e
E ooO [ ]
g Aooo n -
m L]
o10f B " 8
Z [
o
o
s}
c
205} -
31
o
w
00 1 1 1 1 1 1
0 50 100 150 200 250 300
T (K)

FIG. 4. Fraction of spin susceptibility at molecular sites A, B,
and C at ambient pressure.

can determine the hyperfine coupling constants at the three
molecular sites as ax=9.6 kOe/up at 70°, ap
=9.7 kOe/ g and ac=13 kOe/ up at 0°.

On the other hand, the NMR shift at each site on another
direction is shown in Fig. 3(b). The hyperfine coupling con-
stants at these direction can be evaluated from &,-K, plots
below 150 K shown in Fig. 3(c), in which the chemical shift
is almost constant;'? here, &, is the NMR shift in Fig. 3(b)
and K, is the Knight shift in Fig. 3(a). NMR shift in Fig. 3(b)
can be expressed as

Intensity (arb. units)
(o))
o
=
1
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& from TMS (ppm)

FIG. 5. Temperature dependence of the NMR spectrum at 70° in
Fig. 2(b) and at 2.1 GPa. A-a, A-b, B, and C represent the atomic
sites corresponding to each peak.
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FIG. 6. (a) Knight shift at each atomic site at 70° in Fig. 2(b)
and 2.1 GPa. Right figure shows Knight shift at atomic sites A-a
and A-b and left figure shows Knight shift at atomic sites B and C.
(b) Fraction of spin susceptibility at molecular sites A, B, and C at
2.1 GPa.
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Here, a;, a, and o are the hyperfine coupling constants and
the chemical shift for corresponding field direction. We can
deduce a; from the slope of J-K plot and a,. Thus, we evalu-
ated the hyperfine coupling constants at each molecular site
as ax=—1.2 kOe/up at 0°, ag=-0.84 kOe/up and ac=
—1.3 kOe/ ug at 70°, respectively.

C. Spin susceptibility at ambient pressure

Using these hyperfine coupling constants and the Knight
shift at the three molecular sites shown in Fig. 3(a), the spin
fraction at each molecular site at ambient pressure can be
evaluated as shown in Fig. 4. As shown in Fig. 4, the dispro-
portionating behavior of the spin susceptibility was ob-
served. The local spin susceptibility, which is almost same in
all the sites at room temperature, steeply decreased at mo-
lecular site B and a small pump structure was observed at
molecular site C. That is, the disproportionation of the local
spin susceptibility between sites B and C developed from
room temperature to 140 K. The disproportionation among
the three molecular sites is x> xa>xg at 140 K. The
disproportionation of the local spin susceptibility in
the  paramagnetic  state is also  observed in
a-(BEDT-TTF),RbHg(SCN), and can be thought to be the
common nature of & modification.??> In contrast, XRD sug-
gests that molecular site B became charge rich and molecular
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FIG. 7. Temperature dependence of TTI at atomic sites A-a, A-b, B, and C in (a) ambient pressure and (b) at 2.1 GPa at 70° in Fig. 2(b).
Inset figure shows the extended view. At 2.1 GPa, TTI at each atomic site decreases with the relationship of TTI «T* below 120 K. The
relationship of @=3.7(2) at atomic sites A-a and A-b, a=3.0(3) at atomic site B, and @=2.66(2) at atomic site C is represented by solid lines.

site C became charge poor.'? It is not necessarily the case
that the charge on the site is proportional to the spin on the
site.?*

The wave function of the conduction electron with wave
number vector k in a-(BEDT-TTF),l; is given as

Wy = (cxaPa + ckpdp + cxcho)e’™™. (3)

Here, ¢y is linear combination of atomic orbitals coefficient
on each site with k and ¢; is highest-occupied molecular
orbital function of each site. The charge on each site can be
expressed as

PaB,Cc & 2 |Ck,A,B,C|2- (4)
E>Ep

As the charge on the donor molecule depends on the degree
of the hole doping to the neutral molecule, the summation is
performed from the hole occupied band over Fermi energy,
Ep, in a-(BEDT-TTF),I5. On the other hand, the local spin
susceptibility at each site can be expressed as

XaB,c & 2 |Ck,A,B,C|2' (5)
Ey=Ep

Only if ¢y 5 g c is independent of k, we can obtain the rela-
tionship,

PAB.C % XABC- (6)

However, our results suggest the wave number dependence
of cx ap.c and the relationship between the charge and the
spin disproportionation seems to be complicated.

D. Spin susceptibility in ZGS state

The main subject of this research is the behavior of spin
susceptibility in the ZGS state. Figure 5 shows the tempera-
ture dependence of the NMR spectrum at 70° at 2.1 GPa.
Compared with the assignment at ambient pressure, the two
peaks at 610 and 410 ppm are assigned as sites A-a and A-b,
and the peak at 167 ppm is assigned as site B, and the peak
at 120 ppm is assigned as site C. All the peaks shift to the
position of the chemical shift shown in Fig. 2(c) at low tem-
perature. These results suggest that the local spin susceptibil-
ity vanishes at low temperatures under the ZGS state,
whereas Raman-scattering spectroscopy suggests that the de-
gree of charge disproportionation at 2.0 GPa is equal to
+0.12¢ and is almost constant. From the shift of the NMR
spectrum in Fig. 5 and our standard of chemical shifts shown
in Fig. 2(c), which are 66 ppm for site A and 166 ppm for
sites B and C, we can evaluate the Knight shift as shown in
Fig. 6(a). For the determination of spin susceptibility, hyper-
fine coupling constants at an angle of 70° are applicative.
Then, we deduced the fraction of spin susceptibility at each
molecular sites as shown in Fig. 6(b). The remarkable feature
is that the local spin susceptibility at each site rapidly de-
creases below 120 K and almost vanishes at low tempera-
ture; in addition, the degree of disproportionation between
the sites at 150 K becomes larger than that at ambient pres-
sure. Especially, the local spin susceptibility at site B is ex-
tremely small. In contrast, the degree of charge dispropor-
tionation under pressure is almost constant with the
temperature in Raman-scattering spectroscopy.'” In ZGS
state, the disproportionation not of charge but of spin con-
tributes to the anomalous physical properties. Conventional
metals show the almost-temperature-independent spin sus-
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FIG. 8. Temperature dependence of T,TK? at sites A, B, and C

at (a) ambient pressure and (b) 2.1 GPa at 70° in Fig. 2(b). A
represents the mean value of atomic sites A-a and A-b.

ceptibility, characterized by the density of state at Fermi
level. These anomalous behaviors could be examined by the
distinguishable band structure in this salt, for example, the
point node structure. The temperature dependence of the car-
rier density, n, showed T2 dependence below 100 K from
Hall-effect measurement,'® and this behavior is thought to be
related with the decrease in the spin susceptibility in low
temperature. In the theoretical study, the disproportionation
of the spin fraction between each molecular site is predicted
as xc=>xa>> xg and the spin susceptibility vanishes at low
temperature.”! Our results seem to be consistent with the
theoretical prediction.

E. Spin-lattice relaxation time measurement at ambient
pressure and high pressure

The characteristic band structure should contribute to the
temperature dependence of TT'. Figures 7(a) and 7(b) show
the temperature dependence of Tl‘1 around each atomic site at
ambient pressure and at 2.1 GPa, respectively. At ambient
pressure, Tl‘1 at B site decreased with decreasing temperature
compared with other sites, corresponding to the decrease in
the fraction of spin susceptibility. In order to investigate the
electric correlation, we show the temperature dependence of
T,TK? in Figs. 8(a) and 8(b). The difference of the absolute
value of T,TK? at each site is mainly due to the anisotropy of

PHYSICAL REVIEW B 82, 115114 (2010)

the hyperfine coupling tensor. Whereas 7,TK> at site A is
almost constant, those at sites B and C show the significant
temperature dependence at ambient pressure. These behav-
iors of T;TK? correspond to the disproportionation of the
spin density between molecular sites B and C above the CO
transition temperature, which is induced by the off-site Cou-
lomb repulsion. At 2.1 GPa and 140 K, the ratio of Tl‘1 at
molecular sites B and C Tl_’lc/ YT,1B=2.6 is larger than that at
ambient pressure. This means that 77" at site B decreases as
applied the pressure increases and is consistent with the en-
hancement of the disproportionation observed in the Knight
shift.

Figure 8(b) shows the temperature dependence of T,TK>

at 2.1 GPa. As same as at ambient pressure, T, TK? at site A
is almost constant with the comparable magnitude. Above
120 K, the ratio of the spin susceptibility at 2.1 GPa does not
show the significant temperature dependence, and T,TK? at
sites B and C is also constant, whereas those at ambient
pressure show the significant temperature dependence. These
results correspond to the temperature independent spin dis-
proportionation at 2.1 GPa. Below 120 K, Tl‘1 at all the sites
decreases steeply, which is the same as the local spin suscep-
tibility, and follows the power law of T, TII o T% Using the
least-square method against the data below 120 K, we can
obtain the relationship that a=3.7(2) at site A-a, =3.7(2) at
site A-b, a=3.0(3) at site B, and @=2.66(2) at site C. The
average value of all the sites is related to @=3.1(2). In the
case of conventional metals, 7;' should be followed by a
=1, so-called Korringa law. The temperature dependence of
TTI with a=3 suggested some node structure in the spin
excitation. T,TK? is almost temperature independent, sug-
gesting that the antiferromagnetic contribution with a spe-
cific vector is not so strong. In theoretical study the relation-
ship 771 T3 is predicted.!

IV. CONCLUSION

In summary, in *C-NMR of a-(BEDT-TTF),I; salt at
ambient pressure and at 2.1 GPa, we measured the tempera-
ture dependence of the NMR spectrum and Tl‘l, and exam-
ined the analysis of the local spin susceptibility from the
NMR shift at each site. The analysis of the spin susceptibility
suggested that the degree of spin disproportionation between
sites B and C was enhanced in the ZGS state under pressure
and the spin susceptibility vanished at low temperature, sug-
gesting the characteristic band dispersion of this salt. The
temperature dependence of TTI under pressure shows the re-
lation 77" T31; this behavior of 77;' is indicative of the
property of the ZG band structure.
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