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13C NMR study of the metal-insulator transition in „DMe-DCNQI …2Cu systems
with partial deuteration
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The electronic states of a series of~DMe-DCNQI!2Cu systems with nondeuterated and partially deuterated
methyl groups in a DMe-DCNQI molecule have been investigated by13C NMR measurements at the cyano
carbon sites. The Knight shift of the nondeuterated specimen, which is metallic in the whole temperature range,
is not scaled to the total spin susceptibility, demonstrating that the metallic state has several electronic bands
with different local spin susceptibility due to thep-d hybridization. In the insulating phases of the partially
deuterated specimens,13C NMR spectra are split into two lines, one of which has a nearly zero shift and the
other has a large positive shift with the Curie-Weiss temperature dependence. The former line comes from the
cyano group coordinated to the nonmagnetic Cu1 ion, while the latter comes from the cyano group coordinated
to the magnetic Cu21 ion. The sign of the shift and intensity analysis provide an evidence that, in the insulating
phase, spin is localized exclusively at one-third of the Cu sites without any population on the DCNQI mol-
ecule. This is considered as a manifestation of strong electron correlation in the Cu sites. The low-temperature
reentrant metallic state in the partially deuterated system is found to be just the same as the stable metallic state
in the nondeuterated system through the shift and relaxation rate behaviors. No fluctuations are observed in the
vicinity of the metal-insulator and insulator-metal reentrant transitions, showing that the transitions are of the
first order.@S0163-1829~98!01628-2#
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I. INTRODUCTION

The (R1 ,R2-DCNQI)2Cu ~where R1 ,R25CH3, CH3O,
Cl, Br, I, etc.! systems have given frontiers for the study
the charge-transfer complexes containing organic molec
and metallic ions.1 TheR1 ,R2-DCNQI molecules make uni
form one-dimensional columns along thec axis and the Cu
ions are coordinated to the N atoms in theR1 ,R2-DCNQI
molecules.2 These salts are interesting with respect to
so-calledp-d interaction between the one-dimensional co
ducting p band of theR1 ,R2-DCNQI molecules and thed
orbitals of the Cu counter ions. The (R1 ,R2-DCNQI)2Cu
family shows a variety of conducting behaviors such as
metallic state in the whole temperature range~group I!, the
metal-insulator transition with an antiferromagnetic order
at a low temperature~group II!, and the reentrant~metal-
insulator-metal! transition ~group III!.3 While
~DMe-DCNQI!2Cu (R1 ,R2 ,5CH3) belongs to the group I a
ambient pressure, this salt comes to show the group II
group II property by applying pressure.4,5 The pressure-
temperature phase diagram for the system withR1 ,R2 ,
5CH3 is depicted in Fig. 1.6 It is widely accepted that the
partial deuteration of DMe-DCNQI molecules is equivale
to the fine tuning of pressure.7 The control of this ‘‘chemical
pressure’’ can be made by alloying the nondeuterated
fully deuterated DMe-DCNQI molecules7,8 or by the selec-
tive deuteration among the eight protons in the DMe-DCN
molecule. In particular, the latter affords a method to con
PRB 580163-1829/98/58~3!/1243~9!/$15.00
es

e
-

e

r

t

d

I
l

the system without inhomogeniety inevitable in th
alloying.6 Besides, the alloy systems of the metal
~DMe-DCNQI!2Cu and the insulating Cu salt such a
~MeBr-DCNQI!2Cu are demonstrated to span the critical
gion of the metal-insulator transition.9

Most interesting among the phenomena in this family
p-d electronic systems is the mechanism of the me
insulator transition. The insulating phase is characterized
formation of the threefold superstructure and appearanc
the charge ordering in the Cu sites, which gives a Cu
Weiss type of susceptibility.3 The metal-insulator transition
is proposed to result from cooperation between the Pei
transition in the quasi-one-dimensionalp bands and the Mott
transition in the strongly hybridizedp-d bands with half-
filling nature due to the superstructure formation,10 which
explains the extremely discontinuous transition with a la
hysteresis. Several theoretical treatments show the role
electron-phonon interaction, electron correlation, and dim
sionality in the metal-insulator transition.11,12

On the other hand, interest had been directed to the me
insulator boundary in expectation of the electronic sta
where the itinerant electrons interact with the localized Cu21

spins such as the heavy electron systems. The resistivit
~DMe-DCNQI!2Cu under pressure4,5 and the alloy
systems, @(DMe-DCNQI)12x(MeBr-DCNQI)x#2Cu and
@(DMe-DCNQI)12x(DBr-DCNQI)x#2Cu ~Ref. 3!, was stud-
ied with attention to the quadrature temperature depende
and the coefficient was discussed in the light of correlat
1243 © 1998 The American Physical Society
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1244 PRB 58A. KAWAMOTO, K. MIYAGAWA, AND K. KANODA
with the electronic specific heat coefficient, which was
ported to be enhanced near the metal-insulator transitio
the alloy systems.3 As mentioned above, the partially deute
ated systems of~DMe-DCNQI!2Cu also have access to th
metallic region near the insulating transition with inhomog
neity minimized; interestingly, the residual resistance ratio
the reentrant metallic state of the partially deuterated sys
is larger than that of the nondeuterated system.6 Although the
susceptibility of the reentrant metallic phase was reporte
be enhanced over the nondeuterated metallic value,13 the
subsequent measurements performed after a time enou
relax the supercooled state showed that there is no susc
bility difference between them.14 The specific-heat study o
this system is desirable, but unfortunately an excess ent
associated with symmetry breaking of the methyl group d
to the partial deuteration gives a low-temperature giant p
of specific heat,15 which overwhelms the electronic contribu
tion.

The NMR serves as a microscopic characterization of
electronic states through the Knight shift and the line sha
which probe the static magnetic properties, and the s
lattice relaxation rate,T1

21, which reflects the dynamic spi
susceptibility. If electron mass or spin fluctuations are
hanced in the metallic phase near the insulator transition
in the reentrant metallic state, they can be detected thro
the NMR measurements.

The macroscopic quantities such as specific heat and m
netic susceptibility reflect the total contribution from th
sample volume and therefore are not capable of charact
ing each phase if several phases coexist in the sample, w
may be the case in the vicinity of the metal insulator tran
tion. Because of the spectroscopic feature of NMR, it c
identify and examine each electronic phase separately.

Moreover, NMR is a site-sensitive probe. To date, t
NMR measurements at the Cu~Refs. 16 and 17! and H~Ref.
18! sites were made for the present system. However,
behavior ofT1

21 is different in these two sites. In order t
clarify the electronic state of the DMe-DCNQI site in mo

FIG. 1. Conceptual phase diagram of~DCNQI!2Cu systems. The
vertical axis represents the effective~or chemical! pressure. AF
denotes the antiferromagnetically ordered phase.
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detail and thep-d interaction between DMe-DCNQI mol
ecules and Cu atoms, the NMR measurement at each si
5N-CN in the DMe-DCNQI molecule is desired. Howeve
the natural abundance of the13C(I 51/2) isotope is too smal
and NMR signals from other carbon sites complicate res
ant spectra. Therefore, as the first step of our research
replaced the carbon site of5N-CN in the DMe-DCNQI mol-
ecule to the13C isotope and measured the13C spin-lattice
relaxation rate and Knight shift for a series of partially a
nondeuterized~DMe-DCNQI!2Cu salts in order to examine
the metallic state, the insulating state, and the transition
tween them.

II. EXPERIMENT

We prepared three kinds of nondeuterated and parti
deuterated DMe-DCNQI molecules with the13C isotope in
the cyano ~CN! group as shown in Fig. 2; ~a!
DMe-DCNQI-h8, which has no deuterium, ~b!
DMe-DCNQI-d6@3,3;0#, where all of the hydrogen in the
methyl groups are replaced by deuterium, and~c!
DMe-DCNQI-d2@1,1;0#, where only one hydrogen in eac
methyl group is replaced by deuterium. These notations
low Ref. 6.

These DMe-DCNQI molecules were synthesized fro
partially and nondeuteratedp-phenylene-diamine using th
isotope-labeled K13CN.1 The Cu salts were prepared by th
chemical oxidation method. In order to characterize the m
netism and check paramagnetic impurities, static suscept
ity was measured. As shown in Fig. 3, our sample
(DMe-DCNQI-h8)2Cu showed Pauli-like susceptibility in
the whole temperature range,19 (DMe-DCNQI-
d2@1,1;0#)2Cu showed a reentrant transition typical
group II and (DMe-DCNQI-d6@3,3;0#)2Cu showed a tran-
sition from Pauli-like to Curie-Weiss behavior, followed b
an antiferromagnetic transition at 7 K. The present res
reproduce the previous ones in the literature so that th
specimens can be situated in the generic phase diagra
shown in Fig. 1.

The 13C NMR measurements were performed for po
dered samples at an applied field of 8 T. The NMR spec
were obtained by the fast Fourier transformation~FFT! of the
echo signal in the metallic state. In the insulating sta
where the spectra are split into two sets of lines with a se
ration of the order of MHz, all of the spectra were co
structed by measuring the echo intensity as a function
frequency at a fixed field. The relaxation rate was measu
by the saturation recovery method.

FIG. 2. DMe-DCNQI molecules with and without partial deu
teration;~a! DMe-DCNQI-h8, ~b! DMe-DCNQI-d6@3,3;0# and~c!
DMe-DCNQI-d2@1,1;0#. The 13C substitution of the cyano carbo
is for NMR measurements.
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III. RESULTS AND DISCUSSION

A. „DMe-DCNQI- h8…2Cu „Group I …

In order to determine the absolute values of Knight sh
of the ~DMe-DCNQI!2Cu systems, we used~DMe-
DCNQI!2Li as the reference system that gives the origin
the shift. The Li salt, where Li is monovalent and diama
netic, has nop-d interaction in spite of the same cryst
structure as~DMe-DCNQI!2Cu and therefore the spin su
ceptibility originates from LUMO~lowest unoccupied mo
lecular orbital! of DMe-DCNQI. This is in contrast with the
case of~DMe-DCNQI!2Cu, where the susceptibility come
from the DMe-DCNQIp electrons and the Cud electrons.
The Li salt is known to undergo the~spin! Peierls transition
at 60 K, well below which the paramagnetic susceptibil
vanishes. Therefore, the resonance frequency of this l
temperature state serves as the origin of the13C Knight shift
for the ~DMe-DCNQI!2Cu systems. The low-temperatu

FIG. 3. Magnetic susceptibility of~DMe-DCNQI-h8)2Cu,
~DMe-DCNQI-d2@1,1;0#)2Cu, and~DMe-DCNQI-d6@3,3;0#)2Cu.
The core-diamagnetic contribution is corrected.
t

f
-

-

spectra showed a powder pattern of the chemical shift ten
with uniaxial symmetry, of which the anisotropic terms a
characterized by principal values of 70, 70, and2140 ppm.
As the origin of the shift, we defined the center of gravity
the spectrum, namely, the first moment. Thus the determi
value of the Knight shift of (DMe-DCNQI-h8)2Cu is, for
example, at room temperature,2300 ppm, which is in
agreement with the previous report.20

From the orbital point of view, the hyperfine field at th
13C site is generated by the electron spins on LUMO anddxy
orbitals. The LUMO contribution is further divided into tw
contributions. One is a hyperfine field from the spin on t
on-site ~carbon! 2pz orbital, which exclusively participates
in LUMO on the carbon site, if any. There, the cor
polarization gives the isotropic term and the dipole fie
gives the anisotropic term. The other is from the spins on
neighboring nitrogen sites, which give isotropic and anis
tropic fields at the13C site via the through-bond polarizatio
and the dipole field, respectively. On the other hand, thedxy
contribution to the hyperfine field at the13C site is mainly an
isotropic field via the through-bond polarization with the a
isotropic dipole term playing a secondary role, being
from the carbon sites. The observed shift results from
these contributions.

Turning our attention to the experimental results in Fig.
one can observe symmetrical line shapes, which seemi
indicate the isotropic nature of the shift tensor in the meta
state. Considering that the chemical shift has the ne
uniaxial symmetry as mentioned above, the observed s
metry in the Cu salt should be due to the cancellation of
asymmetry in the chemical and spin shifts. Thus, the s
shift tensor at13C site is approximated as

T5S a2B
0
0

0
a2B

0

0
0

a12B
D , ~1!

with B;70 ppm. At room temperature, the isotropica term
is 300 ppm, which overwhelms theB term. According to the
first-principles band calculation,21 the carbon site is a node o
LUMO of DCNQI, which means little participation of the

FIG. 4. 13C NMR spectra of (DMe-DCNQI-h8)2Cu.
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1246 PRB 58A. KAWAMOTO, K. MIYAGAWA, AND K. KANODA
carbon 2pz orbital to LUMO. This explains why the aniso
tropic term, which is otherwise dominant due to the 2pz
dipole, is quite small.~In the case of the BEDT-TTF com
pounds, the anisotropic term is comparable to the isotro
one.22! In what follows, we discuss the isotropic shiftK,
which is expressed as

K5adxd1aLUMOxLUMO. ~2!

Here,aLUMO andad are the isotropic hyperfine coupling con
stants defined by the fields generated by one spin on LU
and one spin ondxy orbital, respectively, andxLUMO andxd

are local spin susceptibility on each orbital. The experim
tally observed total spin susceptibility,x total5xLUMO1xd, is
temperature insensitive as seen in Fig. 3~a!. On the other
hand, as shown in Fig. 5, the absolute value ofK shows a
monotonous decrease from 300 ppm at room temperatu
170 ppm at the low-temperature limit. The difference b
tween thex total and K behaviors indicates a significant di
ference in the temperature dependence of the local spin
ceptibility on the two sites as well as in the magnitude
aLUMO andad. This fact is evidence that the present mater
is a multiband system since any single-band system sh
have the same temperature dependence in local suscepti
at any site.

The unit cell contains four DCNQI molecules and two C
ions, of which thedxy level is below the Fermi level, result
ing in four Fermi surfaces with LUMO nature. According
the band structure calculations, two of the four are appre
bly hybridized with thedxy orbital. As the spin fluctuations
are incoherent between the bands in the multiband systemK
is rearranged as

K5(
i 51

2

~aLUMOx i
LUMO1adx i

d!1(
i 53

4

aLUMOx i
LUMO , ~3!

where the indexi denotes the band~i 51 and 2 specify the
hybridized bands!, andx i

LUMO andx i
d are thei th band com-

FIG. 5. Temperature dependence of13C isotropic Knight shift of
(DMe-DCNQI-h8)2Cu.
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ponents of the local spin susceptibilities,xLUMO and xd;
namely,xLUMO5( i 51

4 x i
LUMO andxd5( i 51

2 x i
d . Equation~3!

is reformed into

K5(
i 51

2

~aLUMOr i
LUMO1adr i

d!x i1(
i 53

4

aLUMOx i , ~4!

wherex i is the spin susceptibility of thei th band, andr i
LUMO

andr i
d are fractions of electron on each constituent orbita

the i th hybridized band. Then, the nuclear spin-lattice rela
ation rate is expressed as

1

T1T
5

2kBg I
2

ge
2\2 F(

i 51

2

~aLUMOr i
LUMO1adr i

d!2

3(
q

x i9~q,vN!

vN
1(

i 53

4

~aLUMO!2(
q

x i9~q,vN!

vN
G .

~5!

As seen in Eqs.~4! and~5!, the hyperfine field from each
band is additive in the Knight shift, while its square is add
tive in the spin-lattice relaxation rate. Therefore, comparis
of the observed shift and relaxation rate is not straightf
ward in such a multiband system. However, we can get so
insight into the relaxation rate in each band, taking into co
sideration the Cu-NMR results by Ishidaet al.,16 who ob-
served that (T1T)21 at the Cu site is insensitive to temper
ture with a slight enhancement above 100 K. The Cu s
probes the spin fluctuations in thei 51 and 2 bands, namely
the first two terms in Eq.~5! although the hyperfine coupling
constant is different from the above. These two bands ha
three-dimensional nature due to the hybridization. In co
trast, the present results of (T1T)21 at the carbon site, which
is given in Eq.~5!, show a remarkably positive temperatu
dependence, as seen in Fig. 6; from (T1T)21

50.023 s21 K21 at low temperatures to 0.09 s21 K21 at
room temperature. Since the terms ofi 51 and 2 should have

FIG. 6. Temperature dependence of13C nuclear spin-lattice re-
laxation rate of (DMe-DCNQI-h8)2Cu. Inset shows temperatur
dependence of (T1T)21.
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PRB 58 124713C NMR STUDY OF THE METAL-INSULATOR . . .
such a temperature dependence as in the Cu NMR, this
culiarity is attributable to the two terms ofi 53 and 4;
namely, the contributions from the nonhybridized on
dimensional LUMO bands.

Such a positive temperature-dependence of (T1T)21 is
also seen in the quasi-one-dimensional metallic system
~TMTSF!2ClO4 and pressurized~TMTSF!2PF6 above 30 K,
where TMTSF stands for tetramethyltetraselenafulvale
Below this temperature, however, these salts show a rem
able enhancement in (T1T)21 due to antiferromagnetic spi
fluctuations because the systems are situated near the
density-wave~SDW! phase.23 The absence of such a precu
sor in the present system is indicative of the qualitative d
ference between the present system and the TMTSF syst

B. „DMe-DCNQI- d6†3,3;0‡…2Cu „group II …

Figures 7 and 8 show13C NMR spectra and Knight shif
of (DMe-DCNQI-d6@3,3;0#)2Cu. Above 80 K, where the
metal-insulator transition occurs, the line shape and shift
nearly identical to those of (DMe-DCNQI-h8)2Cu, showing
that the metallic phases of the two salts are indistinguisha
in nature. Below 80 K, the spectrum is changed into
broader line~denoted by line 1! around the 0 ppm position
which implies the decrease or vanishing of local spin susc
tibility, giving the isotropic shift while the broadness reflec
an increase in the anisotropic dipole field. The insulat
phase is known to carry localized spins with the Curie-We
susceptibility, which is considered to be the origin of t
dipole field. Curiously, the NMR signal intensity below 80
is two-thirds of that in the metallic state above 80 K. The
fore, we searched for the missing NMR signal in a wid
range of frequency and found it~denoted by line 2! with a
large positive shift of the order of percent in the insulati
phase, as shown in Fig. 9. It is noted that the sign of the s
is opposite to that of the metallic phase, suggesting that
hyperfine field at this carbon site in the insulating phase
a different origin from that of the metallic phase. The te
perature dependence of the shift shown in Fig. 10 is cha

FIG. 7. 13C NMR spectra of (DMe-DCNQI-d6@3,3;0#)2Cu.
Below 80 K, an additional line with a large shift beyond this sca
~line 2!, as shown in Fig. 9, appears.
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terized by the Curie-Weiss law with a Weiss temperature
215.6 K, which is just the behavior of the spin susceptib
ity. The intensity ratio of line 1 to line 2 is about 2:1. In wh
follows, we discuss the origins of lines 1 and 2 appearing
the insulating state.

In the insulating state, the threefold superstructure w
c853c appears24 and at the same time the charge separat
into Cu1 and Cu21 with a population ratio of 2:1 is consid
ered to occur.3 The 1H-NMR spectral profiles of a single
crystal (DMe-DCNQI-d7@3,3;1#)2Cu in the magnetically
ordered state were consistent with thec-axis spin arrange-
ment of Cu1Cu1Cu21Cu1Cu1Cu21 ~Ref. 25!. Moreover, the
consideration of the compatibility of the threefold valen
period with the crystal structure leads to the nearly uniq

FIG. 8. Temperature dependence of13C isotropic Knight shift of
(DMe-DCNQI-d6@3,3;0#)2Cu. d represents data in the metalli
phase andh represents data of line 1~see text! in the insulating
phase.

FIG. 9. 13C NMR spectra of (DMe-DCNQI-d6@3,3;0#)2Cu in a
wide range of shift. A line with a large shift~line 2! appears in the
insulating phase below 80 K. For convenience, the vertical axis
line 2 is expanded.
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1248 PRB 58A. KAWAMOTO, K. MIYAGAWA, AND K. KANODA
determination of the interchain charge arrangement as sh
in Fig. 11~Ref. 3!. Since the structural analysis of the supe
structure is not available, the crystallographical symme
cannot be determined perfectly. From the magnetic poin
view, however, there are expected to appear two kinds
DMe-DCNQI molecules, I and II, with a 1:2 population a
shown in Fig. 11, where molecule II is coordinated by o
Cu21 and one Cu1, while molecule I is coordinated by two
Cu1. Consequently, the carbon sites are divided into th

FIG. 10. Temperature dependence of13C isotropic Knight shift
of line 2. d for (DMe-DCNQI-d6@3,3;0#)2Cu and h for
(DMe-DCNQI-d2@1,1;0#)2Cu.

FIG. 11. A model of the Cu charge ordering in the insulati
phase of~DMe-DCNQI!2Cu, proposed in Ref. 3. The DCNQI-I i
coordinated by two Cu1(C) and DCNQI-II is coordinated by
Cu1(B) and Cu21(A). The C(A), C(B), and C(C) stand for in-
equivalent13C sites due to the Cu charge ordering.
n
-
y
f

of

e

nonequivalent sites and the Cu sites also into the three s
C(A) and C(B) in molecule II are located near Cu21(A) and
Cu1(B), respectively, and two C(C)’s on molecule I coor-
dinated to Cu1(C) are equivalent. In this situation, we ca
make two possible site assignments of lines 1 and 2; on
that line 1 is from C(C) on molecule I and line 2 is from
C(A) and C(B) on molecule II, while the other is that line
is from C(B) and C(C) coordinated to nonmagnetic Cu1 and
line 2 is from C(A) coordinated to Cu21. The former picture
is based on the assumption that the finite spin density
extended from Cu21(A) into molecule II, which gives a large
hyperfine field of line 2, while, in the latter picture, the Cu21

spin makes the isotropic hyperfine field at the C(A) site by
the through-bond polarization. In the former picture, the
tensities of lines 1 and 2 should be in a ratio of 1:2 and
sign of the shift of line 2 is expected to be negative as in
metallic phase. The experimental intensity ratio of 2:1 a
the positive shift observed are obviously against this pict
but are consistent with the latter assignment, which gives
intensity ratio of 2:1. Therefore, it is concluded that the lar
local field giving line 2 comes from the through-bond co
polarization along the pathway of CwN-Cu due to the
strong covalent bond of CwN and that there is no spin frac
tion on DCNQI molecules because both of the C(B) and
C(C) turned out to give line 1 with vanishing shift. More
over, the latter fact confirms that the Cu(B) and Cu(C) sites
coordinated to the cyano group with C(B) and C(C) carries
no spin. These are microscopic evidence that the spin is
calized exclusively at one-third of the Cu sites in the ins
lating phase. At the lowest temperature, the broadening
the spectra becomes prominent, as seen in Figs. 7 and 9.
is a manifestation of freezing of the dipole field due to t
antiferromagnetic spin ordering.

Figure 12 shows a plot of the shift versus spin susce
bility ~so-calledK-x! for line II. Here, x is redefined per
mole of Cu21. The relation is well fitted to a straight line
with a slope of 1.4 mol~Cu21!/emu, from which one gets the
through-bond hyperfine coupling constant between the C21

spin and13C nucleus asad58.0 kOe/mB(Cu21).

FIG. 12. TheK-x plot for line 2 ~see text!. d for ~DMe-
DCNQI-d6@3,3;0#)2Cu andh for ~DMe-DCNQI-d2@1,1;0#)2Cu.
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PRB 58 124913C NMR STUDY OF THE METAL-INSULATOR . . .
The mixed valency or charge transfer,d, in Cu11d comes
from the mixing of thedxy orbital to the LUMO orbital at the
Fermi level. Therefore, the hybridized band may well ha
spin density in the DCNQI molecule as well as in the C
sites even after the disappearance of the nonhybridized
dimensional Fermi surfaces due to Peierls instability. T
present observation of absence of electron spins on
DCNQI molecules in the insulating phase clearly shows
localization of spins in one-third of the Cu sites exclusive
This spin location is not trivial in the above context b
demonstrates that the threefold superstructure gives se
modifications in the band structure through splitting of t
dxy level due to the modulation of the tetrahedral coordin
tion angle (/N-Cu-N) and that the electron correlation e
fect is enhanced by narrowing and possibly half-filling of t
hybridized band after the Peierls transition. Such a dec
pling between thed orbital and LUMO due to the correlatio
effect is postulated in the theoretical treatment.26

As shown in Fig. 13, the spin-lattice relaxation rateT1
21

in the metallic phase above 80 K is also identical to that
(DMe-DCNQI-h8)2Cu. These results again indicate no a
preciable difference between the metallic states of the
systems. In the insulating phase below 80 K, the relaxa
rate was measured in lines 1 and 2 separately. The magn
of T1

21 is different by three orders of magnitude between
two lines, reflecting the difference in the amplitude of loc
field fluctuations. However, their temperature dependenc
nearly the same, which means that the two lines share
same source of the local field; namely, the Cu21 spin. The
T1

21 keeps constant down to 10 from 80 K, as expected
system of localized spins well above the Ne´el temperature. In
the case of the powdered samples,22 T1

21 is expressed as27

T1
215

A2pg2gn
2@~ad!212~Bd!2#S~S11!

3vex
, ~6!

where

FIG. 13. Temperature dependence of13C nuclear spin-lattice
relaxation rate of (DMe-DCNQI-d6@3,3;0#)2Cu. ~d for the metal-
lic phase,h for line 1 ands for line 2 in the insulating phase! The
dotted line represents the data of the metallic phase shown in Fi
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8zJ2S~S11!

3\2 and TN5
uJuzS~S11!

3kB
.

Here g is the averagedg value of the Cu21 spins28

(;2.19),gN is the gyromagnetic ratio of the13C nuclei,J is
the exchange interaction energy between the spins ofS, and
z is the coordination number. Thez is 4 in the present cas
where the interaction between Cu21 is via the tetrahedrally
coordinated DMe-DCNQI molecules by the superexchan
mechanism. The direct exchange between Cu21 spins is neg-
ligible since there is no overlap between the neighboringd
orbitals. TheJ is evaluated from the Ne´el temperature of
TN58 K. ~The three dimensionality of the present spin n
work justifies theJ evaluation fromTN .! Thead andBd are
isotropic and anisotropic parts of the hyperfine coupling c
stant between13C site and Cu21 spin.

For the C(B) and C(C) sites,ad is nearly zero, as dis-
cussed above, and theBd term is dominant. Calculation o
dipole field from the nearest neighbor Cu21 ion gives the
values of Bd5180 Oe/mB(Cu21) for C(B) and Bd

544 Oe/mB(Cu21) for C(C), which has an appreciabl
second-neighbor contribution ofBd528 Oe/mB(Cu21). Us-
ing these values,T1

21 is evaluated at 2.84 sec21 for C(B) and
0.25 sec21 for C(C). Since the measured relaxation rate
line 1 corresponds to an average of the two values becaus
the T2 coupling of the two sites, the value to be compar
with the experiment is 1.55 sec21, which gives a reasonabl
explanation to the observed value of 2.0 sec21. For the C(A)
site giving line 2, the calculation gives a value ofB
5300 Oe/mB(Cu21) while the isotropic term is ad

58.0 kOe/mB(Cu21), which is dominant for C(A). The
evaluation with Eq.~6! yields T1

2152950 sec21, of which
the agreement with the experimental value of 2900 sec21 is
fairly good.

The Cu21 dipole field at the C(A) site @Bd

5300 Oe/mB(Cu21)# corresponds to a spectral width give
by ;Bdx/N, where the susceptibilityx is defined per molar
Cu21 andN is the Avogadro number. For example, at 40
at the present field of 80 kOe, the width is evaluated
0.05%, which is too small to reproduce the observed wi
of about 0.3% in full width at half maximum. On the othe
hand, the anisotropy of the spin susceptibility
Dx/x̄'0.25~Ref. 14!, which is also seen through the aniso
ropy in theg value.28 This anisotropy should give a width in
shift of 0.3% as the isotropic shift at 40 K is 1.2%. Th
explains the observed magnitude of the linewidth.

It is noted that there is observed no critical enhancem
of T1

21 near theM -I transition around 80 K. This clearly
shows that the change of the spin dynamics is discontinu
and therefore the metal-insulator transition is of the first
der. Below 10 K,T1

21 exhibits a small enhancement an
forms a sharp peak at 8 K, below whichT1

21 shows a steep
decrease. This behavior is typical of the antiferromagne
ordering.

C. „DMe-DCNQI- d2†1,1;0‡…2Cu „group III …

The (DMe-DCNQI-d2@1,1;0#)2Cu with one deuterium in
each methyl group of DCNQI shows a reentrant~metal-
insulator-metal! transition. The NMR measurements we

6.
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made at descending temperatures. Figure 14 shows the N
spectra of (DMe-DCNQI-d2@1,1;0#)2Cu at several tempera
tures. Above theM -I transition (;50 K), the line shape is
nearly identical to those observed in the metallic states of
previous two systems. In the intermediate temperature ra
between 17 and 50 K, where the system is postulated to
insulating, a broad line with the same character as in
insulating state of the (DMe-DCNQI-d6@3,3;0#)2Cu ap-
pears with a smaller fraction of the metal-phase signal
maining. The coexistence of metallic and insulating pha
in the intermediate temperature region was seen
63Cu-NMR as well.17 This is due to supercooling of part o
the sample or to inhomogeneous internal pressure. Below
K, the broader line suddenly merges into the narrower li
indicating that the metallic phase is stabilized in the wh
volume. As shown in Fig. 15, the isotropic Knight shift o
the metallic phases of the (DMe-DCNQI-d2@1,1;0#)2Cu is
identical to the previous ones. In the temperature range
tween 17 and 50 K, we observed an additional NMR sig
with a large positive shift as in the case of th
(DMe-DCNQI-d6@3,3;0#)2Cu salt. The position of the sig
nal, which is plotted as a function of temperature in Fig.
and as a function of spin susceptibility in Fig. 12, follows t
behavior of the (DMe-DCNQI-d6@3,3;0#)2Cu salt exactly.

The T1
21 is plotted in Fig. 16. The high-temperatu

(.50 K) and low-temperature (,17 K) metallic phases
show quantitatively similar behavior to the metall
(DMe-DCNQI-h8)2Cu. The relaxation rate of the insulatin
phase appearing in the intermediate temperatures traces
of the insulating phase of the (DMe-DCNQI-d6@3,3;0#)2Cu
salt. These results of the shift and relaxation rate of
(DMe-DCNQI-d2@1,1;0#)2Cu salt clearly indicate that th
metallic and insulating states have no critical behavior e
in the vicinity of the metal-insulator transition and that th
transition is of the first order.

IV. CONCLUDING REMARKS

In the present study, we have investigated the metallic
insulating states and the transition between them

FIG. 14. 13C NMR spectra of (DMe-DCNQI-d2@1,1;0#)2Cu. In
the insulating phase between 17 and 50 K, an additional line wi
large shift~line 2!, which is not shown here, appears.
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~DMe-DCNQI!2Cu with different degrees of deuteration b
13C-NMR at the cyano-site of the DMe-DCNQI molecul
By comparison of the total spin susceptibility and13C Knight
shift in the metallic phase, this system is shown to ha
several electronic bands with different temperature dep
dence of spin susceptibility. In the insulating phase, the e
tron spins are found to be localized at one-third of the
sites exclusively without appreciable population at t
DCNQI sites, while they are distributed over the DCNQ
sites and Cu sites in the metallic phase. This fact, which
difficult to understand in the band picture of thep-d hybrid-

a
FIG. 15. Temperature dependence of13C isotropic Knight shift

of (DMe-DCNQI-d2@1,1;0#)2Cu. ~d are for the single line in the
metallic phase, andh andn are for the two lines observed in th
intermediate temperature range, as shown in Fig. 14!.

FIG. 16. Temperature dependence of13C nuclear spin-lattice
relaxation rate of (DMe-DCNQI-d2@1,1;0#)2Cu. ~d are for the
metallic phase,n are for metallic component,s andh are for line
1 and line 2 observed in the insulating phase, respectively.! The
dash-dotted and solid lines represent the data
(DMe-DCNQI-d6@3,3:0#)2Cu and the solid line represents the da
of (DMe-DCNQI-h8)2Cu.
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ization, is a manifestation of the electron correlation in t
family of materials.

The present13C-NMR study also shows that the meta
insulator transition is discontinuous. The metallic and in
lating phases have no critical fluctuations in the shift a
relaxation rate even in the vicinity of the transition. The r
entrant metallic phase is found to have the same charact
the metallic phase far from the metal-insulator bounda
These findings provide microscopic evidence that the me
insulator transition is of the first order.
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