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Electron correlation in the sc-phase family of BEDT-TTF compounds studied by C NMR,
where BEDT-TTF is bis(ethylenedithio) tetrathiafulvalene
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A '3C NMR study on tr=(BEDT-TTF)2X (X=Cu(NCS)2, Cu[N(CN)2]Br, and Cu[N(CN)2]Cl) is reported,
where BEDT-TTF is bis(ethylenedithio)tetrathiafulvalene. The superconducting salts of X=Cu(NCS)2 and
Cu[N(CN)2]Br show anamalous enhancement in nuclear spin-lattice relaxation rate T, around 50 K, in spite
of monotonic temperature dependence of the anisotropic Knight shift. On the other hand, the insulating salt of
X=Cu[N(CN)2]C1 exhibits a divergent peak in (T& T) at 26—27 K, which is confirmed as a manifestation of
an antiferromagnetic transition by broadening of the NMR line. Above 27 K, T, shows a temperature
dependence typical of critical magnetic Auctuations. The (T,T) ' and the line shape showed nearly the same
profile for these three salts above 60 K, that gives experimental evidence for a correspondence between the
anomalous enhancement of (T,T) in the superconducting salts and antiferromagnetic fluctuations estab-
lished in the insulating salt of ~ type. The present results demonstrate the presence of strong electron corre-
lation in both superconducting and insulating salts. Analytical expressions of T, and the Knight shift of the

C NMR for tr-(BEDT-TTF)2X are given, which are general formulas applicable to other pm electronic
systems.

I. INTRODUCTION

Bis(ethylenedithio)tetrathiafulvalene, abbreviated as
BEDT-TTF, is an electron-donor molecule which has af-
forded many organic conductors with various types of
counter anions. Many of these conducting salts, which con-
sist of quasi-two-dimensional BEDT-TTF layers separated
by insulating anion layers, give typical examples of a two-
dimensional electronic system. Among them, the
tc-(BEDT-TTF)2X (X= Cu(NCS)2, Cu[N(CN) 2]Br, and

Cu[N(CN)~]Cl) family are the most attractive in the study of
metal-insulator transitions and competition between super-
conductivity and magnetic ordering. ' The salts of
X=Cu(NCS)2 and Cu[N(CN)2]Br are well-known supercon-
ductors with transition temperatures of 10 and 11.6 K,
respectively. ' In spite of a similar crystal structure and elec-
tronic band structure, the Cu[N(CN)2]C1 salt is insulating,
and undergoes a magnetic transition at a low temperature. '

The ' C NMR study on the ' C-enriched Cu(NCS)2 (Ref. 4)
and Cu[N(CN)2]Br salts, ' suggested existence of magnetic
fIuctuations in a wide temperature range of the normal me-
tallic phase. Its possible relationship to magnetic ordering
was also discussed.

In order to confirm these speculations and obtain a com-
prehensive picture of various electronic phases in the
~-phase family, it is important to clarify the magnetism of
the insulating Cu[N(CN)2]C1 salt situated in the vicinity of
the above superconductors, and to compare systematically
the magnetic fluctuations in these salts. Our recent measure-
ments of magnetization and 'H NMR on a single crystal of
the Cu[N(CN)2)Cl salt revealed that the low-temperature
magnetic ordering is antiferromagnetic with a moment of

0.4 —1.0 of p,z/dimer. In this connection, further NMR stud-
ies are required to characterize the paramagnetic states of
these salts.

NMR studies on BEDT-TTF systems have so far been
performed mainly with the 'H nuclear probe. However, the
'H sites in BEDT-TTF have so small a hyperfine coupling
with conduction electrons that the Knight shift cannot be
resolved. Moreover, the dynamics of the ethylene groups
containing hydrogens overwhelms the electronic contribution
to the relaxation rate at high temperatures. Therefore, 'H is
not an ideal NMR probe for BEDT-TTF compounds in spite
of the high sensitivity. In the study of correlated electronic
systems, a quantitative estimation of the relationship be-
tween the dynamic and static susceptibility is important. The
difficulties in the 'H probe are overcome by ' C NMR at
the central carbon sites, where the 2p, orbital is known to be
a main contribution with large spin density to the highest
occupied molecular orbital (HOMO). Owing to the sp hy-
brid orbital, the angular momentum is quenched and the
higher-order mixing between 2p, and other 2p orbitals must
be small. Therefore, unlike transition metals, we can neglect
the orbital term in the hyperfine coupling tensor. Thus it
consists of the dipole field mainly from the on-site 2p, or-
bital (and secondarily from off-site orbitals on neighboring
carbon and sulfur atoms), and a core polarization of 1 s and
2s orbitals (caused by the on-site 2p, spins and the off-site
spins through bonding orbitals), which can be estimated by
measurements of shift or calculation of the HOMO. In this
paper, we give formulations of ' C nuclear spin-lattice relax-
ation rate Ti ' and Knight shift K for BEDT-TTF com-
pounds. The experimental results on tc-(BEDT-TTF)2X, in-
cluding insulating and superconducting salts, are analyzed
and discussed in terms of electron correlation.
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FIG. 1. Molecular structure of the isotope labeled BEDT-TTF.

II. EXPERIMENT

The ' C-isotope-labeled BEDT-TTF molecules shown in
Fig. 1 were synthesized according to the method of Larsen
and Lenoir. However, we could not reproduce a step of the
cyclization using H2SO4, as was pointed out by others. The
reaction was promoted with the use of HBF4 instead of
H2SO4. Isotope labeling was checked by a mass spectrom-
eter, and successful substitution of ' C was confirmed. The
a-(BEDT-TTF)2X radical salts (X= Cu(NCS)z,
Cu[N(CN)z]Br, and Cu[N(CN)z]CI) were prepared by the
electrochemical oxidation method using conventional
H-type cells and cylindrical cells. For the Cu[N(CN)2]C1 salt,
two morphisms of crystals were encountered. Therefore we
separated ~-type crystals from non-~-type needlelike crystals
under a microscope.

To avoid the skin effect in metallic state, samples for
NMR measurements were ground. Magnetic-susceptibility
measurements of these samples showed no sign of paramag-
netic impurities and damage by grinding, where the measure-
ments were performed with a commercially available super-
conducting quantum interference device (SQUID)
magnetometer.

The ' C NMR measurements were made for powdered
samples under a magnetic field of 8.0 T. ' C NMR spectra
were obtained by the fast Fourier transformation (FFT) of a
quadrature-detected spin-echo signal. The width of the ~/2
pulse was 2.5—4 p,s, which corresponds to a spectral range of
100—150 kHz. This value covered the anisotropic Knight
shift in the normal metallic phase, but did not cover the line
broadened in the magnetically ordered state of the
Cu[N(CN)2]C1 salt. The NMR relaxation curves were ob-
tained by the saturation recovery method with a phase-
cycling technique of the spin-echo pulse sequence.

X

FIG. 2. Polar coordinate in the BEDT-TTF molecule.

T(~,v)=U '(~, V) ~ U(~. v), (2)

where

where E is a unit tensor, r is a vector from a nuclei to an
unpaired electron, r is a transpose vector of r, and y, is the
gyromagnetic ratio of an electron. Here the tensor is ex-
pressed in the xyg coordinate in Fig. 2, where the 2p, orbital
and the ' C= ' C bond direction are set to the z and x axes,
respectively. A is an isotropic core-polarization term, and the
second term is a dipole field from the 2p, orbital.

In order to give analytical formulations for a powdered
sample, we have to generalize the expression of the tensor in
Eq. (1) to that in an arbitrary coordinate. An arbitrary frame
of coordinates g, g, j with a magnetic field parallel to the j
axis is generated by two sequential rotations from the xyz
frame fixed at the BEDT-TTF molecule by the so-called Eu-
ler angles (0, q&, @).The third rotation P, which is near the g
axis, does not need to be considered, because the Hamil-
tonian in question is degenerate against the rotation around
the field. Thus we set /=0, and the (gj frame is character-
ized by 8 and y as shown in Fig. 2. [Note that setting angles
(9, q) are also polar coordinates of the field (f axis) in the xyz
frame. ] Then the tensor in this frame can be expressed, using
the rotation matrix U(e, q&), as

III. FORMULATION OF KNIGHT SHIFT
AND SPIN-LATTICE RELAXATION RATE ON C SITE

IN BEDT-TTF

A. Hyper6ne coupling field on central C atom
in BEDT-TTF molecule

The hyperfine field at ' C nuclei is mainly a dipole field
caused by the 2p, orbital on the ' C atom and Fermi contact
field by core-polarized 1s and 2s orbitals. In vr-organic radi-
cals, owing to the sp hybrid orbital, the angular momentum
is quenched, and the higher-order mixing between 2p, and
other 2p orbitals, which make o. bonds must be small. In-
deed, the EPR susceptibility' gives the same value as the
static susceptibility, which is almost isotropic. " Therefore
we neglect a contribution of the angular momentum to hy-
perfine tensor. Then the hyperfine tensor T is described as

E 3(r. r) )
T=AK —y,g,—,l =AE+ B,

cosy —sing 0

U(g, @)= sing&

0

cosy 0

0 1

( cos8 0

x
sinO

0 (3)

In the general spin Hamiltonian of organic free radicals,
the Zeeman coordinates of the electron and nucleus are not
necessarily parallel to each other. ' In the organic conduc-
tors, the g tensor is almost isotropic, and the hyperfine field
from the Pauli paramagnetic spin density of the 2p, orbital
on the ' C atom is much smaller than that of the organic free
radicals. Hence we can set the same Zeeman coordinate for
the nuclei and the electron, and the hyperfine contribution
Hh&, to the Hamiltonian is simplified as
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T11 T12

Hhf yIAS T( 6 (p) I= yak, S T2i T22

T31 T32

T„)
T23 I (4)

T„/

as Pake doublet, ' the spin states of ' C=' C are expressed
by one singletlike and three tripletlike states as follows:

I 1 &
=

IT T)

where I and S are a ' C nuclear-spin operator and an
electron-spin operator, respectively, and yl is the gyromag-
netic ratio of the ' C nucleus.

Now we can write field operators P, (r) and P,(r) in

terms of 'Ij'k(r) the wave function of conduction band with
wave vector k, as follows:

p (r)=g Wk(r)a, p (r)=g 'II'„*(r)a„, (5)

D
E, = —y,k 1+-,'g ('K(0, q&)+'o(8, &)) Hp+ —,

l=1

I2)= sin8IT$)+cosOIJ, T),

D+ /D2 —4'
E2=—

I 3)= —cosO
I T g)+ sinO( J, T),

S= g
~ ~

P+(r)SP (r)dr.

Then the hyperfine field Hh& is expressed as

Hhr ——S T(0, p)

k', k g k', k — k', k + k', k +
~,+ ~k k+ T. —~k~, k) &+ ( b, +

u'I

+ Tk', kg + Tk', kgb' ) ( g
~

) + (
Tk', kg

+ Tk', kg+ + Tk', kgb )((+ )

(6) D gD ——48
E3=—

14&= I], I&.

D
E4= y16 1+-'g i'K(g, q)+ 'o.(9,y)) Hp+ —,

l=1

where

7'"'
D= 3 (1 —3 cos 8), 6= cos '( —cosy& sin&),

where

(Tk', k Tk', k) w (Tk', k+ Tk', k)

(Tk', k~ Tk', k) ~ (Tk', k Tk', k)

k', k~ ~ k', k
T13' l T23'

C,

k', k~ ~ k', k
k', k T31 l T32

T' 2

Tk', k Tk', k
e 33

T. ' =(U '(~ q)(+k I lT+k) (U 0V))nm

+ +
k', k & ( k', T

k T k', J kl)'
+ +

,k, l

8= y,6 I,'K( 9, q&) + ' o ( 0, q) ) —K( 8, q&)
—o ( 8, (p) )H p,

D
sin20~ =

gD'+4m'

and Hp is an external field, T and J, denote two Zeeman states
of I= —,

'
spin, r is a distance between ' C=' C, and

K(H, y) is the Knigh't shift term, which is discussed below.
o.(0, q&) is a chemical shift term with the polar angles of 0, q&

defined in Fig. 2, and i denotes the ' C site in ' C=' C.
From the NMR selection rule, Am = ~ 1, we will observe
quartet spectrum of

AET 2=5Ep (2D+ gD +4—8 )/4,

F1 2= 1+sin20,

b E2 4=AEp+(2D+ gD +46 )/4,

F2 4= 1+sin20,

b, E, 3=6Ep —(2D+ QD +48 )14,

F1 3
= 1 —sin20,

+
AE3 4=AEp+(2D —gD +48' )/4,

B. Spin state of central C pair in BEDT-TTF

The isotope labeled ' C nuclei at central double-bonded
sites in BEDT-TTF make a nuclear dipole coupling with each
other. Hereafter, we consider a general formulation where the
two ' C nuclei have different shift tensors. As is well known

where

F3~4 = 1 sln2 0~

gE, =yh. 1+-,'g ('K(e, q)+'~(e, q)} H, ,
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and F represents the absorption intensity.

C. Calculation of hyperfine field

The conducting two-dimensional layers consist of BEDT-
TTF radical dimer units, (BEDT-TTF)2, which are associ-
ated by symmetry operators. ' ' In the tight-binding ap-
proximation, the wave function of the conduction band with
wave vector k and symmetry I is expressed as

N M

'Pk(r) = g g e'" "D ''"@(r R„),— (12)
n=l m=1

N M

i(k —k')Rng DI', k' Dl, k

WM n m

2pg

(17)

(See the Appendix for the contribution of the dipole field on
neighboring nuclei. ) When we defined Bk k and Ak k as

L

4(r) = g c,p, (r—r, ),
J=1

(13)

where pJ is an atomic orbital of the jth atom in the BEDT-
TTF dimer.

Substitution of Eq. (8) with Eqs. (12) and (13) gives

NN M, M

(qg ITIVE( ) g ' k R„—k'

n', n m'm

L,L

xg c*., c (p„' ''ITIp,
~ f

J J
(14)

For the AE term in Eq. (1), using the orthogonality of the
HOMO, we can calculate

where R„ is a primitive translation vector, P is a conducting
orbital of BEDT-TTF dimer, and D ' are characters of the
mth symmetry operator with the k vector in I expression.

P is expressed in the framework of the LCAO (linear
combination of atomic orbitals) approximation as follows:

(Wk ITI%"k) is expressed as

(+k ITI+k)

( Ak', k Bk', k

0

o ~k', k+ 2Bkf,k

As the space groups of the sc phase belong to monoclinic

C2& (Ref. 14) or orthorhombic D2h, (Ref. 15) ID
I

=1 and
therefore

( D~ I
2 (k —k') — '(k —k')

m m I ml

where r is a nonprimitive translation bector with the mth
symmetry operator, and D is a character of the factor group
with the mth symmetry operator in the I expression.

Finally we obtain the following expression:

N M

(wk IAlwk) = g e' " " "X xr'k' xr, k

n m
(15)

If we neglect integrals between different sites, the 8 term
yields

N M

i(k —k')(R„+ rm)k', k k' —k
n m

(20)

(+k I~1+k)= ~ME e" ")""XD"." D".'"Icl3cl'
WM „ m

+(pl3cl~l pl3c) (16)

where lcl3cl is an electron population on the central ' C
atom, and p13c is a 2p, orbital on the C atom in question.

N M

i(k —k')(R„+ 7 )Bk, ,k=Bk -k= ~ ~ e' '

P13C 3

(21)

Using Ak k and B«k, the hyperfine field can be written as

Hhf [Aki k+Bki „(3 cos 8—1)]S„,„+ Bkl k sin28(Sk, „—Sk,—„)

3i
z (Aki k Bki k(3cos 8—1)) + 3i

+ ——Bk k sin 6)Sk, „+~ ' — '

4 S„,„+ 4 Bk k sln28Sk, k ((+irg)«" i2 j

3l
2 + Ak k Bki k(3 cos 8 1) 3l

+ B„„sin HS„, „+ ' ——' S„,„— B„ksin28Sk, k (g——i g). (22)
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D. Knight shift E
The angular-dependent Knight shift 'K(0, y) can be ex-

pressed, in terms of the uniform j component of hyperfine
field, as

('T, S„„+T, +S„„+'T, S„„
'&(~ v) =

k 0

( iTkkS(

Hp

Bk,k+ 3 Bk,k cos2 ~~ (Sk,k)
Ak, k+ 2

/
Hp

cf3
~

y&(1 +3 cos2 &)'A+
k 5 I"

)2Pz

A more general formula for hyperfine coupling tensor of
nonuniaxial synunetry is given in the Appendix.

E. Spin-lattice relaxation time Tz

The nuclear-spin-lattice relaxation curve of a coupled-
spin system may not be described as a single-exponential
function of time. In the case that the nuclear relaxation in a
system can be described by a spin temperature, however, the
nuclear-spin-lattice relaxation rate 1/T, is defined as'

(25)

(S',.)
X

Ho
(23)

'A (1+3 cos20) 1
'K(6, +)= + 'c)s, s

2pz'

Xe

(24)

In this paper, the uniform static spin susceptibility X, is de-
fined per dimer unit. Then we obtain

where W„ is a transition probability from state m to state n

or n to m. In the metallic state, relaxation through electron-
nucleus hyperfine coupling is dominant and allowed only for
Am = ~ 1 by electron-spin Auctuations. Assuming (D
~ gD l4+ 8 )/2(&kcp, Eq. (25) reduces to a form of 1//T&

= ( Wt 2+ W, 3+ W2 4+ W3 4)/2. Using the formula

W1 2=

sin 8 'W +cos 0 W +2' sinO cosO' (b'Hht(t)8 Hht(0)+c. c.)cosset dt

(26)

we obtained

(27)

where W is a transition probability from —1/2 to 1/2 in a spin system of I= —, on site i. Consequently, the expression of T1
for a pair of dipolar-coupled spins is identical to an average of T

&
for isolated spins of I= —, . Using Eqs. (20), (21), and (22),

and the momentum conservation, we express 'W+ as

'W+ = yt ] dt(8'Hht(t) 8'Hht(0))Av cos~ot

9 foo
= ytg '8„'8

q sin—28 dt(S«(t)S «(0))AV cosset+ 'Bq'8
q sin 0—dt(S« (t)S+q(0))„v cos~t

J —oo 16

1
2 2

t oo

+ —[2'Aq —'8 (3 cos 0—1)][2'A q
—'8 q(3 cos 0—1)] dt(S (t)S (0))Av cosa)t, (28)

where

c( &/ + +
Sq 2(&k+q tak t ak+q JQk J),

(+ +
~q k+q, t'ak, l ~ (29)

+
Sq =ak+q, la

By fluctuation-dissipation theory, the dynamic susceptibility is given as
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yk co '™
y~(q, tu) = (S+(t)S (0))Av cost0t dt

4k~T

y, k cu

(Sq (t)S q(0))Av costut dt
4k~T

Assuming that magnetic fluctuation is isotropic, namely

(30)

f oo 1 f
(Sq~(t)S~ (0))A& cosset dt= —(S+(t)S (0))A& coscot dt,

J —oo 2~
(31)

we obtain a final form of 1IT],

yI k~T2

2 2 ', q

4'AP ('A~'B—~+'A 'B~)(1+3 cos28)+'Bq'B ~(7 —3 cos2f/) g~(q, cu)

4 CO
(32)

In the case of an isotropic tensor, namely B&=0, this formula falls into the well-known form applied to the usual metals. A
more general formula for the hyperfine coupling tensor of nonuniaxial symmetry is given in the Appendix.

IV. RESULTS AND DISCUSSION

A. Line-shape analysis

The NMR spectra for powders of the ~ salts and neutral
BEDT-TTF at room temperature are shown in Fig. 3. The
neutral BEDT-TTF has a central shift of about 110ppm from
TMS (tetramethylsilane). This value is consistent with that in
the previous work. ' The observed line shapes for the three
salts have nearly the same central shift and uniaxial symme-

try, except for the apparent splitting of the peak around a
100-ppm position. The qualitative resemblance indicates that
the electronic characters of the three salts are nearly the
same, at least at room temperature. The line shape of the
powdered samples is expressed as

f2' tv.
F(v) = dV fe,,l:v ~(~, q)

0

E( Op) ] sin —8 d 8, (33)

where ft/„(v) is a line shape of doublet structure due to
' C=' C nuclear dipole interaction. Assuming that fq (v)
is composed of two Lorentzians separated at both sides of a
total shift of a uniaxial Knight shift K(9, cp) and an isotropic
chemical shift a. of 110 ppm for simplicity, Eq. (33) yields

f2'
F(v) =

4m go

f
d(p f8 ~(v tr Kll cos 8

Jo

—K~ sin 0) sin8 d0, (34)

where

Pd
/

/

s I a I a I I I I I a I I

-100 0 100 200 300 400 500 600
Shift from TMS (ppm)

FIG. 3. ' C-NMR spectra of x salts and neutral BEDT-TTF at
room temperature, where the scale of the shift is relative to the line
position of TMS per mole of the formula unit 4: Cu[N(CN)~]Br;

: Cu(NCS)z, 0: Cu[N(CN)2]C1; ~: neutral BEDT-TTF.

A

[x—3D~~ (1 —3 cos tl)/4] +5
0,

[x+3D~„(1—3 cos 6)/4] +5

where D~~ = (7IIt/r )(1/Ho), and A is a normalization fac-
tor. The value of Dzz, which characterizes the doublet, is 36
ppm in the present case of Ho= 8.03 T and r = 1.35 A. We
obtain K~ = —5 ppm, E~~

= 340 ppm, and 6 as fitting pararn-
eters of 31 ppm (see Fig. 4). Then the isotropic and aniso-
tropic parts of K, defined as
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FIG. 4. ' C NMR spectrum of Cu[N(CN)z]CI salt, and a sumu-

lation curve based on Eq. (34).

2K~+ K() x~~
—r„

Iso 3 +QQISQ (35)

are 110 and 115 ppm, respectively. On the other hand, Eq.
(24) gives a relationship between the anisotropic Knight shift
and spin susceptibility,

+aniso 5 3 X'e

2pg

(36)

Using 0.03, ' which is obtained from the extended Huckel
calculation as

~

c t3( ~

normalized to the dimer, 1.17
X 10 cm as (I/r )z„, and an experimental value of 4.5
X 10 emu/mol dimer as y, at room temperature, K,„;„is
estimated to 105 ppm, which is in good agreement with the
value deduced from the line-shape analysis.

However, the splitting structure with a separation of 90
ppm observed around a 100-ppm position cannot be repro-
duced by Eq. (34), as seen in Fig. 4. Since every molecule in
the Cu[N(CN)z]Br and Cu[N(CN)z]C1 salts' and every
dimer unit in the Cu(NCS)z salt' are crystallographically
equivalent, it is unlikely that there exist plural BEDT-TTF
sites with different shift tensors. Therefore the splitting struc-
ture around the 100-ppm position may come from the in-
equivalence of Knight shift tensors at two central carbon
sites within a BEDT-TTF molecule. Indeed, Mayaffre et al.
reported two different tensors with isotropic terms of 183
and 10 ppm, and anisotropic terms (B1 and B2), of (202 and
163 ppm) and (190 and 120 ppm), respectively, which were
determined from single-crystal measurements for the
Cu[N(CN)z]Br salt. The large difference of the isotropic
terms between the two sites is in strong contrast with nearly
the same values of the anisotropic terms. If the isotropic

FIG. 5. Static magnetic susceptibility of a salts per mole of the
formula unit. 4: Cu[N(CN)z]Br;: Cu(NCS)z, CI: Cu[N(CN)zC1.
The core diamagnetism is about —4.7X10 emu/mol for the three
salts.

terms are determined by the subtle balance of one on-site and
three off-site polarizations with different signs, only the iso-
tropic term is likely to be altered by a small modification of
the spin-density profile around the carbon site. Another pos-
sible origin of the large difference of the isotropic term is a
slight mixing of the 2s orbital to the HOMO (2p, ) caused by
the breakdown of the planar atomic coordination around the
' C atom. In a crystallographic study, however, such a de-
formation of the molecule is not clear.

The temperature dependence of the magnetic susceptibil-
ity is shown in Fig. 5, where the diamagnetic core contribu-
tion is =4.7X 10 emu/mol dimer for the three salts. The
magnitude and temperature dependence are similar for all
three salts, except for the weak ferromagnetic behavior be-
low 30 K for the Cu[N(CN)z]C1 salt. The ferromagnetism is
due to spin canting in an antiferromagnetic order. As shown
in Fig. 6, the overall temperature dependence of K,„;„for
three ~ salts is similar to those of the spin susceptibility in

Fig. 5. Therefore, we conclude that the anisotropic Knight
shift K,„;„is scaled to the uniform spin susceptibility except
for the Cu[N(CN)z]C1 salt below 60 K. This confirms that the
' C nucleus probes the local field due to paramagnetic con-
ducting electron spins. The temperature dependence of the
line shape for the Cu[N(CN)z]C1 salt is shown in Fig. 7.
Above 60 K, the line shape is nearly the same as in other ~
salts. As the magnetic transition is approached, however, the
width of the spectra broadens in spite of a gradual decrease
of the spin susceptibility in Fig. 5, indicating an antiferro-
magnetic (AF) nature.

We can consider two possibilities as mechanisms of the
line broadening for the Cu[N(CN)z]C1 salt. One is an inho-
mogeneity of the local field which varies much more slowly
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FIG. 6. Temperature dependences of linewidth of ' C NMR
spectra in three salts. 4: Cu[N(CN)2]Br;: Cu(NCS)2, CI:

CU[N(CN) 2]cl.

than the NMR frequency on the ' C atom. Another is a de-
crease of the transverse relaxation time T2. In the line shape
of 'H NMR, no broadening or significant change of line
shapes were observed above 26—27 K. Since the indirect
spin-spin coupling comes from second-order perturbation of
the hyperfine tensor, 'H nuclei in BEDT-TTF molecules
have only direct spin-spin coupling with negligible indirect

Hd= g g a', „&I, I,X'(q, tu)„, ,
(E i)

(37)

in addition to the direct spin-spin coupling, where X (q, tu) is
the real part of dynamic susceptibility with a q vector. There-
fore the observed broadening possibly corresponds to en-
hancement of the real part of the dynamic susceptibility.

If the indirect spin-spin coupling is responsible for the
line broadening, the transverse relaxation rate T2 should
also be enhanced. In order to specify the mechanism of the
line broadening, we measured the transverse nuclear mag-
netic relaxation curve for powdered samples at 60 and 28 K.
As shown in Fig. 8, the relaxation profiles at these tempera-
tures are nearly the same, in contrast to the remarkable dif-
ference of line shape in Fig. 7. The characteristic decay time
is 100—200 p,s, which corresponds to a linewidth of 5—10
kHz. This value does not explain the observed width (-100
kHz) at 33 K, but is in a range of the ' C=' C Pake dou-
blet. Thus T2 is dominated by temperature-independent
' C=' C dipolar interaction and not involved in the mecha-
nism of the line broadening. Thus we consider that the line
broadening is not due to the indirect spin-spin coupling. A
broadening in the Knight shift is reported below 190 K for
the Cu[N(CN)2]Br salt by single-crystal measurements. This
may have some connection with the present observation for
the Cu[N(CN)z]C1 salt. However, we note that the broaden-
ing in the Cu[N(CN)2]C1 salt is much larger than that for the

Cu[N(CN)2]Br slat, which did not show a clear broadening
in the power spectra.

When the magnetic transition occurred at 27 K, the spec-
tra spread over a wide range of frequency, as shown in Fig.
5, and could not be covered by the present rf pulse. Thus we
cannot enter into details of the ordered state.

I I I I E I I I t I I

-1500 -'1000 -500 0 500 1000 1500

Shift form TMS (ppm)

FIG. 7. Temperature dependence of line shape of ' C NMR
spectra for the X=Cu[N(CN)2]C1 salt.

B. T& and recovery curve of powdered samples

As seen in Eq. (32), the relaxation rate depends on 8, and
therefore the recovery curve of the nuclear magnetization in
powdered samples does not follow a single-exponential func-
tion of time. As shown in Fig. 9, the experimental profile of
the recovery curves, of which the time scale is normalized to
the initial slope of the curve, T, , shows nonlinear curves but
does not depend on temperature. One can simulate the recov-
ery curve, neglecting the q dependence of the hyperfine cou-
pling tensors Aq and Bq, in Eqs. (32) or (AS) (see the Ap-
pendix) and spin-spin interaction between interdimer ' C
sites, and using Knight shift tensors for evaluation of these.
The solid and dotted curves in Fig. 9 are simulated ones with

estimated values of K;„and K,„;„for both sites of i =1 and
2 in Eq. (32), and with reported values of tensors in Eq.
(A5), respectively. Hereafter, we define the relaxation time

T, from the initial slope of the curve, in both theoretical
calculation and experimental determination of T&. From Eq.
(32), a relationship between T, and dynamic susceptibility
on BEDT-TTF is given for the powder as
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in the case of uniaxial symmetry for both sites. For the general case of nonuniaxial symmetry (see the Appendix), it is

expressed by

1 ks ylT, 2(2'B 1 q'B 1 q+'B 1 q'B2 q+'B2q'B2 + 2'B2 'B2 ) l y"(q, uI)
(39)

where i represents two inequivalent carbon atoms.
If the q dependence of Aq, B», and g'(q, co) is negligible, these equations turn out to be extended versions of the Komnga

relation between the relaxation rate and the anisotropic Knight shift. In the case of Eq. (38) with equivalent sites for i= 1 and

2, one obtains a simple formula

1 aniso (p2+ 2)

where P=A/Bo = IC;„/IC,„;„.
In the general case of Eq. (39), one obtains a slightly complicated formula

( +aniso, I I + +aniso, 1 1 +aniso, 22+ +aniso, 22) ~ Ye

/ l "hl 41r&at

(4o)

(41)

The experimental results of (TIT) ' is shown in Fig. 10.
The Cu[N(CN)2]CI salt shows a divergent peak of (T,T)
at 26—27 K, which corresponds to the magnetic ordering.
The temperature dependence at higher temperatures is con-
sidered to originate from critical magnetic fluctuations. Tak-

ing account of a difference in the hyperfine couplings and the

gyromagnetic ratios of 'H and ' C, the profile of this diver-
gence in ' C NMR is well scaled to that in the 'H NMR.
The most remarkable result in Fig. 10 is the behavior above
60 K, where the three salts have quantitatively the same

character, namely a gradual growth of (Tl T) ' toward lower
temperatures. This gives evidence of magnetic fluctuations
even in the superconductors. Using K;„and K,„;„,the value

of (T,T) ' expected in the uncorrelated case is evaluated as
0.009 s ' K ' from Eq. (40) for the equivalent-site model.
[These values of (T,T) ' are somewhat larger than in our
previous report, because the shift values obtained in the
present analysis are a little larger than by the previous deter-
minatton. ] For the inequivalent-site model, a value of 0.017
s ' K ' is obtained from Eq. (41), with the two shift tensors
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given in Ref. 5. It is obvious that the experimental values in
Fig. 10 are enhanced by one or one-half order of magnitude
than the value expected from the Korringa laws. Therefore
we conclude that the anomalous temperature dependence and
large enhancement of (T, T) ' around 50 K in the two su-

perconducting salts come from antiferromagnetic spin Auc-
tuations with a finite wave vector Q, which might correspond
to the wave vector in AF phase of the Cu[N(CN)2]C1 salt.
Then a depression of the fluctuations below 50 K for the two
salts leads to the superconducting ground state instead of
antiferromagnetic order. However, it is emphasized that a
large enhancement in (T,T) ' still remains just above the
superconducting transition. It is noted that the mass enhance-
ment in the Shubnikov —de Haas os cillations for the
Cu(NCS)2 salt has been discussed in terms of renormaliza-
tion of electron-electron interactions. ' '

The depression of (TiT) ' below about 50 K for the
Cu(NCS)q and Cu[N(CN)2]Br salts is reminiscent of the spin
gap behavior discussed in high-T, Cu oxides, where a simi-
lar depression in (T,T) ' appears without a marked
anomaly in resistivity, characterizing apparent separation of
spin and charge degrees of freedom in strongly correlated
electrons in two dimensions. In the present materials, how-
ever, the resistivity shows an anomalous change from low-
temperature metallic behaviors to high-temperature nonme-
tallic ones with inAection points at the corresponding
temperatures: 60 K for the Cu(NCS)2 salt ' and 40—50 K for
the Cu[N(CN)2]Br salt. This may be considered as a cross-
over from a metallic to a semiconducting state with a very
small but finite charge-excitation gap. In this context, the
NMR anomaly can be interpreted as a crossover from a
Fermi-liquid regime to an antiferromagnetic critical fluctua-
tion regime with the nature of localized spins. Indeed,
(TiT) ' tends to saturate to a finite value at low tempera-
tures in the normal state at least for the Cu(NCS)2 salt, unlike
the spin gap behavior. The measurements of (T,T) ' on the
condition that the superconductivity is completely destroyed

FIG. 10. Temperature dependence of (T, T)
Cu[N(CN)z]Br;: Cu(NCS)2', 0: Cu[N(CN)2]C1.

will give further insight into the nature of the low-
temperature magnetism.

These two superconductors (X= Cu[N(CN)z]Br and

Cu(NCS)2) are situated very close to the antiferromagnetic
insulator (X=Cu[N(CN)2]C1). A depression of the anomaly
and the value of (Ti T) '

by pressure for the

Cu[N(CN)z]Br salt was reported by Mayaffre et al. These
results suggest that pressure tends to suppress the effect of
electron correlation and leads the system to a usual metal
that obeys the Korringa law.

Concerning the nature of the AF phase of the
Cu[N(CN)2]C1 salt, our previous analysis of the 'H NMR
line shape of a single crystal suggested that the amplitude of
the AF order is large (0.4—1.0 of p, ii/dimer) and Q is
commensurate. These two characteristics of the AF states
are quite different from those of conventional spin-density
wave (SDW) as in the TMTSF compounds. Thus we con-
sider that the origin of the AF transition is not the nesting of
open Fermi surfaces, but a strong correlation of electrons.

We make a brief comment on the connection of structural
modulation to the (TiT) ' anomaly around 50 K. From a
crystallographic study, the appearance of a superstructure be-
low 200 K for the Cu[N(CN)z]Br salt was reported by
Nogami et al. Considering that such a structural anomaly is
not observed for the other two salts, it is unlikely that the
formation of a superstructure is responsible for the present
NMR relaxation results.

V. CONCLUSION

So far the two salts, a-(BEDT-TTF)2X (X=Cu(NCS)2
and Cu[N(CN)2]Br), have been paid particular attention to,
partia11y owing to the highest T, among the organic super-
conductors, and since the importance of electron correlation
in these materials was often inferred in several experimental
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results. In the present work, we performed a ' C NMR study

on an antiferromagnetic insulator with the same structure, the

Cu[N(CN)z]C1 salt, as well as the two superconducting salts.
A comparison of results for the three salts and a quantitative

analysis of them provided unambiguous evidence of the

presence of antiferromagnetic spin fluctuations in this family.
We conclude that the ~-phase compounds are strongly corre-
lated electronic systems.

Formulations for the NMR analysis given in this paper are
available for general molecular conductors with p~ elec-
trons.
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APPENDIX

Considering not only the core polarization and on-site 2p, dipole field but also the off-site dipole field from one neighbor-

ing carbon and two neighboring sulfur sites (Sl and S2), we can approximate Eq. (14) as follows:

(+k'ITI+k)=Akk'E+ ~M 2 e' " " " 2 D"'" D"'"(lct3cl &plsc, o .t IBIp&sc, o t )+ lct3cl (ptsc, off 'i IBlp&3c,off ~ )
n m

+ lcsl &Psl IBIPsl)+ lcsl (PS21B Ps2))

f Ak ki —B1k ki

~k, k'+ B1 k, k'+ B2k,k'

(Al)

NM m r
2px 3px

1 —cos 8,+ Ic., l'

=—Bk k~+B1k k, , (A2)

NM m I"

2pz 3pz

2
1 cos t y+lc, l'

,„,)

Bk,k'+ B (A3)

where 8 and Oy are angles between r and x, y axes, respectively, and B1„k, and 82„'„, are off-site terms.

By numerical integration on the 2p, orbital of C and 3p, orbital of S, and using Ic, l
=0.17 (Ref. 18), we estimate

B1k k, IBk k and B2„k,/Bk k as —0.08 and —0.11, respectively. Therefore, the hyperfine coupling tensor on the central
' C atom in BEDT-TTF happens to be of nearly uniaxial symmetry.

In general, the anisotropic term in the hyperfine coupling tensor does not have a uniaxial symmetry as described above. The
angular-dependent Knight shift K(H, cp) and the spin-lattice relaxation rate T, (H, y) are given

K(8, y) =g [Ak„+(Bl„„+B2„k)cos 20—(Bl„k cos y+B2kk sin y) sin 8]
0

(A4)
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27', kaT (8 1 «B2 «+Bi «B2«)(1 —cos 28)
T, '(8y)= 2 2 AP q+

'Y, &

(A «B 1 q+ A «B 1 «) (1 + 3 cos2 8—cos2 tp+ cos2 8 cos2 y)
8

(A«B2 q+A——«B2«)(1+3 cos28+cos2y cos28 cos2y) BlqB1 —«(5 cos28 cos2tp+cos28 cos2q)
8 8

B2 B2 (5 —cos2 8+ cos2rp —cos2 8 cos2tp) ~ gI (q, co)
+

8 CO

respectively. From Eq. (A5), a relationship between T, and the dynamic susceptibility for the powder is also given as

(A5)

1 k~7tT 2(2BlqB1 q+BlqB2 q+B2qB1 q+2B2qB2 q)~ y (q co)
(A6)

In the case of a pair of dipolar-coupled nuclear spins with different hyperfine coupling tensors, T, (8, q) and T, of the
system are given by averages of the above formulas at each site.
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