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Spin density distribution and electronic states in (DMe-DCNQI),M (M=Li,Ag,Cu)

from high-resolution solid-state NMR
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We experimentally determined the spin density distribution to investigate the electronic states of the
(DMe-DCNQI),M systems, where M is Li, Ag, and Cu. The Knight shift is measured with solid-state high-
resolution NMR of 'H and *C and is analyzed together with the reported 5N data. The Knight shift data at
each atom of the DMe-DCNQI molecule give the mr-electron spin distribution of the Li salt, which might
correspond to the charge distribution in the insulating and localized spin system of the Li salt. The average
fraction of the spin susceptibility Xpcenoi/ Xo in the DMe-DCNQI molecule of the Ag and Cu salts relative to
that of the Li salt is obtained to be 0.82 and 0.71, respectively. Thus, if the valence of the Ag ion is unity, the
DMe-DCNQI molecule of the Ag salt has the missing spin fraction by 0.18. One possible origin of this missing
spin is a modification of the lowest unoccupied molecular orbital of the DMe-DCNQI molecule due to the m-d
hybridization with the Agd,, orbitals, which could be one of the origins for the difference of the physical
properties from the Li salt, as in the enhancement of the charge hopping rate between the neighboring DMe-
DCNQI columns in the Ag salt. In the Cu salt case, the missing spin fraction of 0.29 would correspond to the
d-spin hole number of 0.28 of the Cu d,, orbital. Finally, it is stressed that all the present results are consistent

with both the first-principles calculation and the X-ray photoelectron spectroscopy study.
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I. INTRODUCTION

The charge transfer salts (2,5-R;,R,-DCNQI),M, where
R, and R, is methyl group or halogen, and M is metal ion
such as Li, Ag, or Cu, have attracted much interest in their
peculiar physical properties based on the strong electron-
electron correlation effects between the molecules. Here,
DCNQI is dicyanoquinonediimine. Hereafter, these salts will
be abbreviated as R;,R,-M in general or M salt in the
DMe-M, for example, DMe-Li or Li salt. Metal ions in the
DMe-Li and the DMe-Ag have been known to be monoca-
tions providing one electron for two DCNQI molecules,
which results in a quarter-filled one-dimensional (1D)
Tr-electron band. Thus, these two salts have been understood
as a dimer-type Mott insulator with a phase transition from
4k charge density wave (CDW) state to a spin-Peierls
ground state at about 60 K for the DMe-Li and 80 K for the
DMe-Ag."? In contrast to these, the DMe-Cu with an aver-
age Cu valence of =+4/3 (Refs. 3 and 4) has a three-
dimensional metallic band structure in addition to a 1D band
because of a strong 7-d hybridization effect. This salt shows
a remarkably sharp metal-insulator reentrant transition under
the tiny physical pressure much less than 1 kbar or the
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chemical pressure caused by partial deuteration of hydrogens
in DMe-DCNQI molecule.® In the opposite limit, the Ag salt
of diiodo-DCNQI (DI-Ag) has a narrower band width along
the DCNQI stacking axis because of a larger ionic radius of
iodine anion than that of methyl group, giving rise to an
enhanced electronic correlation not only within the molecule
but also between the molecules. The Wigner-lattice-type
charge disproportionation dominated by the intermolecular
Coulomb repulsion has been found in this system by Hiraki
and Kanoda with *C NMR.°

There had been a remaining open question in the simple
systems, the DMe-Li and the DMe-Ag of the dimer Mott
insulators. These salts have insulating electronic states appar-
ently with a small 4k~-CDW gap. However, the charges ex-
cited over the gap would still be immobile because of the
intradimer repulsive Coulomb interaction of the order of ¢
+V, corresponding to the on-site Coulomb interaction U in
the half-filled Mott insulators, where ¢ is the transfer integral
and V is the intermolecular repulsive Coulomb interaction,
within the dimer. Thus, the question is the relatively high dc
conductivity of the order of 1-100 S/cm in these insulating
systems.!” Recent development in the spin dynamics study
with the EPR linewidth depending on the observed fre-
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quency between Q (34 GHz) and W (94 GHz) bands re-
vealed that, irrespective of the Coulomb correlation, the
charges can move by virtue of the hole solitons created ther-
mally in the 4k;-CDW gap as a pair of a hole soliton and a
charged soliton with possible fractional charges of e/2 and
—e/2, respectively.8-10

In the case of the DMe-Li, a situation seems to be the
simplest among the DCNQI systems, since the Li monoca-
tion has only a closed 1s shell, making bondings purely
ionic. However, the DMe-Ag has 4d electrons which form
directional bondings with the nitrogens of DCNQI mol-
ecules. Physical properties of the two salts are apparently
similar to each other, especially, spin susceptibility, dc con-
ductivity, and structure with the 4k, superlattice
scatterings.">!1"1* In more detail, the DMe-Ag differs from
the DMe-Li in several points, such as metallic temperature
dependence of the resistivity only in the DMe-Ag around RT,
the higher Tsp for the DMe-Ag in spite of the longer 1D
lattice constant than that of the DMe-Li, and the two peaks
of specific heat in the DMe-Ag, in contrast to the single peak
in the DMe-Li."> One of the possible origins of the differ-
ences between the DMe-Li and the DMe-Ag might be the
difference of the electronic structures caused by the presence
of 4d orbitals in the DMe-Ag. For example, on Tgp, a
d-orbital bonding between Ag ions could enhance the spin-
lattice coupling, because the reduced separation of the Ag
ions caused by dimerization increases the transfer integral
between Ag ions preferable to dimerization, in contrast to the
DMe-Li case where the Coulomb repulsion between the
neighboring two Li monocations destabilizes dimerization.
Furthermore, Miyazaki and co-workers have pointed out the
presence of a sizable contribution of 4d band at the Fermi
energy in the DMe-Ag with first-principles theoretical
studies.'®!7 However, none of the experimental study on this
issue has been reported yet.

In this paper, we demonstrate the spin density distribution
of the DCNQI molecule in the DMe-Li, and the fraction of
the spin susceptibility of the DMe-DCNQI molecule
Xpenor/ Xo for the DMe-Ag, and Cu, relative to that of the
DMe-Li, using the Knight shifts of 'H, '*C (the present
work), and °N (from Ref. 18) induced by the spin densities.
The obtained spin distribution of the DMe-Li is consistent
with that of the charge density estimated by the first-
principles studies.'®!” The most remarkable point found in
this paper is the missing fraction (xo—xpcngn)/Xo=0.18, in
the spin susceptibility of the DMe-Ag, relative to that of the
DMe-Li case. This observation suggests that the d band
should be taken into account to understand the nature of the
DMe-Ag correctly.

II. EXPERIMENT

A bundle of small needlelike crystals was used for solid-
state high-resolution NMR, and low frequency EPR to esti-
mate the spin susceptibility. The crystals were prepared with
the reported techniques.>!'! To achieve a definite site assign-
ment for the observed NMR peaks, two deuterated Li salts
were prepared; d2-Li and d6-Li, as shown in Fig. 1. The spin
susceptibility was measured with a homebuilt EPR-NMR
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FIG. 1. (Color online) Chemical structures for the partially deu-
terated DCNQIs; d2-DCNQI and d6-DCNQI. A label is shown to
specify each carbon or nitrogen site.

spectrometer at low frequency, typically at 50 MHz. The
high-resolution 'H magic angle spinning (MAS) and '*C
cross polarization (CP)/MAS NMR were carried out with
Brucker DSX 300 spectrometer at 7 T, corresponding to
300 MHz for 'H and 75 MHz for '*C. Resonance shift is
measured from tetramethylsilane (TMS) standard. Rotor
speed was changed from 9 to 11 kHz to discriminate spin-
ning sidebands (SSBs) from NMR signals. For the Ag and
Cu salts, the small crystals were mixed into alumina powder
to avoid radio frequency sample heating. Actually, without
alumina powder crystals of the Ag salt melted after a CP/
MAS experiment, resulting in a black melted solid without
original electrical conductivity and spin susceptibility. In this
paper, we use the terminology of Knight shift as the reso-
nance shift caused by the electron spins.
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FIG. 2. The peak separation (square) of 'H NMR doublet, cor-
responding to the powder patterns of anisotropic Knight shift (Ref.
19) as defined in the inset, along with the spin susceptibility (circle)
measured with ESR-NMR technique is plotted as a function of tem-
perature both for the DMe-Li (left) and the DMe-Ag (right). The
ESR-NMR technique provides purely the spin susceptibility, inde-
pendent of diamagnetic contribution (Ref. 20). Note a good coinci-
dence of those, suggesting that the peak separation is dominated by
the spin susceptibility. The temperature dependence of the spin sus-
ceptibility is dominated by the antiferromagnetic spin-spin correla-
tion between the neighbor molecular dimers in the one-dimensional
dimer Mott insulator. The isotropic Knight shifts will be obtained
from Figs. 3 and 4 taken with the magic angle spinning (MAS)
technique and will be discussed later quantitatively.
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FIG. 3. (Color online) '"H MAS NMR spectra for the three Li
salts with partially deuterated groups, along with the Ag and the Cu
salts. The chemical shifts of the neutral DMe-DCNQI molecule are
2 ppm for CH; and 7 ppm for CH, as shown in Fig. 4. The ob-
served shifts which are the sum of the chemical shift and the Knight
shift are much larger than the chemical shifts of the neutral mol-
ecule. Signs of the shifts in the CH3 and CH peaks are opposite to
each other because of the opposite sign of the coupling constants,
see the text for details. Note that the negative shift (right hand side)
corresponds to the high magnetic field. The marks * and # represent
spinning sidebands (SSBs) and impurity signals, respectively.

III. RESULTS AND DISCUSSION

A. '"H NMR (Reference 21)

All the observed proton NMR spectra in the M (M is Li,
Ag, or Cu) salt consist of two peaks with the negative (high
field) and the positive (low field) shifts. Figure 2 demon-
strates that the temperature dependence of the peak separa-
tion is proportional to the spin susceptibility. These peaks
originated from the powder patterns of the anisotropic
Knight shift for the protons of CH and CHj;, which is a sum
of the isotropic and the anisotropic shifts, along with the
chemical shift in Fig. 4. Thus, these separations are approxi-
mately proportional to the local spin susceptibility of the
m-electron density at the corresponding carbon site but are
not suitable for a quantitative analysis. The good coincidence
above 100 K in Fig. 2 suggests that the spin density distri-
bution is approximately independent of the temperature in
this range. This observation is accountable from the consid-
eration that the wave function, that is, the probability density
distribution of the r-electron molecular orbital, is deter-
mined by the intramolecular Coulomb interaction energy be-
tween the 7 electron and the ion charges of the molecule
which is much larger than kzT. Surely, the wave function
might be modified in part by the intermolecular Coulomb
interaction which depends on the crystal structure. Assign-
ment of each peak is carried out by comparison with the
MAS spectra of the deuterated samples, d2- and d6-Li in Fig.
3; the peak with the negative shift corresponds to the a pro-
ton in the C—H bond and the positively shifted peak is as-
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FIG. 4. (Color online) '"H MAS NMR spectra for the neutral
DMe-DCNQI molecules with two deuterated moieties, d2- and
d6-DCNQI’s.

signed to the 8 methyl protons. The "H NMR Knight shift is
measured from the chemical shifts of the neutral molecules;
7 ppm for the « proton and 2 ppm for the B proton, as
shown in Fig. 4. There are some advantageous points in
evaluation of the spin densities with 'H NMR; (1) The
m-electron densities at the proton and the methyl-carbon sites
are negligibly small, (2) the chemical shift of proton is very
small, and (3) then, the "H NMR shift usually reflects mainly
the m-electron spin density, i.e., Knight shift at the aromatic
carbon atom. A MAS NMR spectrum reflects only the iso-
tropic Knight shift, since the anisotropic part is averaged by
the magic angle spinning.?? It is known that the isotropic part
of the hyperfine coupling constant ZA;Zf/ 27h=-69.8 and
71.0 MHz for the « proton in C—H bond and the B proton in
methyl group, respectively, deduced from the EPR splittings
caused by the coupled proton nuclear spins.?* Here, note the
opposite signs for these coupling constants caused by the
different magnetization transfer mechanism,?® and the pref-
actor of 2, corresponding to the EPR splitting, that is, the
difference between the local fields by the nuclei with spin up
and down. With the interaction energy H=A;S-I;, where A;
is the hyperfine coupling energy, S the electron spin, and I;
the i nuclear spin, the Knight shift K; of the i nucleus is
obtained as

AH ALS.); A; i
K,:—:M——’L (1)

where x;=2N,7v,h(S.);/H, is the local spin susceptibility of
the i nucleus, AH the resonance field shift from H,, with no
m-electron spin, 7y, the gyromagnetic ratio for the i nucleus,
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TABLE 1. The total spin susceptibilities of one mole of
(DMe-DCNQI),M at RT for the three salts. Note that the same
values are used for the analysis of the charge transfer, see the text
for details.

Li Ag Cu?

Xspin (emu/mol) 490X 10 5.0x10*  5.1x107*

PHYSICAL REVIEW B 76, 035128 (2007)

TABLE II. The Knight shift of each nucleus of the DCNQI
molecule in the Li, Ag, or Cu salt, relative to the chemical shift of
the neutral DMe-DCNQI molecule. The ratio of the Knight shifts
for the Ag and Cu salts against that of the Li salt is shown in the
parentheses. Note that the 77-charge density at the carbon site with
asterisk mainly dominates the observed Knight shift. The second
row for the 'H nucleus represents the Knight shifts corrected for the
induced chemical shift, =3 ppm. See Sec. III D for details.

4Reference 18.

v, for the electron, (S.); the expectation value of the electron
spin at the i nucleus, and 7 the Planck constant. Here, note
that y is measured per one (DMe-DCNQI),M unit. In this
paper, the fraction of the m-electron spin susceptibility 7.,.(i)
is defined by the ratio yx;/xo, where x is the total spin sus-
ceptibility. Then, the observed Knight shift is written by the
fraction of the mr-electron spin susceptibility n (i) as

A Xo .
Ki - '}’i'yeﬁz 2NAn7r(l) . (2)
Thus, we can deduce the fraction of the 7r-spin susceptibility
at the i site of the DMe-DCNQI molecule with Eq. (2) and
Xo=4.90 X 10~* emu/mol (Fig. 2) at RT for the Li salt, pro-
vided that the Li ion is fully ionized. The total spin suscep-
tibility is shown in Fig. 2 and in Table I for the other salts.
The small scattering is found between the salts. Possible
sources of the scattering are (1) the difference in the charge
transfer from the metal ion to the DMe-DCNQI molecules,
combined with (2) the difference in the magnetic interaction
within the DCNQI column or the metal ion column, and (3)
systematic errors of the measurements. Actually, it is known
that the d-spin susceptibility of the metal ion column
strongly depends on the temperature, but the m-spin suscep-
tibility is almost independent of the temperature, as demon-
strated by the independent estimation of the d-spin suscepti-
bility in the Cu salt.'®
The obtained Knight shifts are summarized in Table II. It
is interesting to note that the Knight shift of "H NMR shows
a definite tendency to decrease from the Li to the Cu salt.
This tendency is also valid in the other data sets of '°C and
N NMR.'8

B. 13C NMR

The 'H NMR analysis of the 7-electron fraction has some
advantage over the 3C NMR case, as mentioned in the pre-
vious section. The best point in 'H case is simplicity, but a
number of available 'H sites are limited by the molecular
structure. This means that, 3C NMR in the organic sub-
stances could be advantageous (surely, this could be disad-
vantage, too; requires complex site assignment) if the Knight
shift were enough larger than the chemical shift which is
usually ten times larger than that of 'H NMR. Thus, it is
important to subtract the chemical shift from the observed
shift to extract the Knight shift by using the shift of neutral
molecules where there exist no m-electron spins which pro-
duce the Knight shift. In some cases, however, it should be
considered how the charge transfer affects the chemical shift.

Knight shift

(ppm)

Nucleus Nuclear site  Li salt Ag salt Cu salt
'H C*-H(a) -25  -205(0.82) —19.5(0.78)
C™H (corr)  -22  -17.5(0.80) —16.5 (0.75)

C"-CH,4 32 27 (0.84) 23 (0.72)
B¢ C-H(a) —48.4  —42.4(0.88) -29.4 (0.61)
C=N(8)  -454 -342(0.75) —289 (0.64)
C-BCH; -641 -529(0.83) -454(0.71)

Na Now 500 370 (0.74)
N 780 580 (0.74)

Ratio 1.00 0.82 0.71

2The figures for N are anisotropic Knight shift reported by Miya-
gawa et al. (Ref. 18).

1. Neutral DCNQI

Figure 5 shows the '3C CP/MAS NMR spectra for the
three DMe-DCNQI molecules. Five peaks are found corre-
sponding to the five chemically different carbon sites of the
neutral DMe-DCNQI molecule, as labeled in Fig. 1. The
labels represent the assignment of peaks on the basis of the
observed modification by CP, deuteration, and so on. The
expected effects of the deuteration are (1) a loss of intensity
enhancement due to the CP from 'H nuclear magnetization
to °C and (2) a loss of some line broadening caused by
proton nuclear dipole moments. Here, note that the peaks
without the CP effects by the deuteration, the “CD3” in the
d6 spectrum, and the “a” in the d2 spectrum in Fig. 5 have
the weaker integrated intensity and the narrower linewidth
than the other two spectra with the CP effect. The peak as-
signed to “CN” shows asymmetric line shape which is typi-
cal of a N cyanocarbon with S=1. Thus, the two leftmost
peaks should correspond to the 8 and v sites. These carbons
have no nearby protons and could not be assigned by these
effects. Thus, we tried to assign them on the basis of a data-
base with a pretty good dependence of the 'C chemical
shifts on the variety of chemical bondings.”* The present
assignment of the '°C chemical shifts for the neutral DMe-
DCNQI molecule agrees with that reported by Kongeter et
al.® The assigned chemical shifts of the neutral DMe-
DCNQI are summarized in Table III.

2. (DMe-DCNQI),Li

Figure 6 shows the spectra for the three Li salts. The same
policy as the neutral molecules is applied to the site assign-
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FIG. 5. (Color online) 13C CP/MAS NMR spectra in the neutral
DMe-DCNQI, DMe-DCNQI(d2), and DMe(d6)-DCNQI molecules,
which helps us to assign each peak to a corresponding carbon site.
See the text for details.

ment for these spectra. The rightmost asymmetric peak is
assigned to the cyanocarbon. The deuteration helps us assign
the methyl carbon to the second rightmost peak, the smallest
in the d6 spectrum, and the a carbon should correspond to
the third leftmost peak which is extremely narrow in the d2
spectrum. The present assignment is consistent with the re-
ported result by Helmle e al.?® Unfortunately, the two left-
most peaks cannot be assigned by the present policy. Then,
hereafter, we do not try to analyze these two peaks because
of this ambiguity and relatively small possible Knight shifts.
Unlike the simplicity of the 'H NMR analysis, the hyperfine
field felt by the carbon nucleus is quite complicated.”> The
reason is the multiple interaction paths with the m electrons
on the carbon itself and the neighboring carbons and/or ni-
trogens. The -electron spin polarizes ls and 2s electron
cores with two interaction paths through the exchange inter-
action. One is the direct path from 7 orbital to ls or 2s
orbital, A =SCpS, and the other is the indirect one from r to
three o orbitals and then to s cores, Aﬁdiergle,CT, where the

C represents carbon atom and the X the bonding atom, car-

TABLE III. The chemical shift for the neutral DMe-DCNQI
molecule in Fig. 5.

Chemical shift

(ppm)
a B y S(CN) CH;
128.4 150.2 179.3 114.0 16.4
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FIG. 6. (Color online) BC CP/MAS NMR spectra in
(DMe-DCNQI),Li. The partially deuterated spectra make it pos-
sible to assign CH; and « proton sites from the signal intensity and
linewidth. The asterisk marks represent the spinning sidebands
(SSBs). See the text for details.

bon, nitrogen, etc. The third path is the 7 orbitals of the
neighboring atoms which polarize the o orbital and then the
s cores, AL . =05 -pY. The signs of these couplings are
estimated to be neéative for SC and positive for Q’s with
comparable magnitudes to each other.??

Thus, it is almost impossible to estimate the 7r-electron
spin densities accurately with the analysis of the Bc Knight
shifts, since the delicate balance of these couplings controls
the total coupling constant, even in its sign, positive or nega-
tive. Therefore, we treat only the ratio of the Knight shift
between the Li salt and the other salts, provided that the
distribution function of 7 electron on the DMe-DCNQI mol-
ecule is independent of a species of the metal ions. To this
purpose, the averages of the ratios listed in Table II will be
utilized to discuss the missing local spin susceptibility of the
DCNQI molecule in these salts.

A characteristic point of Fig. 6 or Table II is that the
largest negative (high field) deviation is found in the CN
peak. The tricky reason of this large shift is the absence of
the hyperfine field cancellation through the multiple coupling
paths. The local field at the N—-C=N carbon site is addi-
tively produced by the m-electron spins on both the neigh-
boring nitrogen atoms because of the small 7r-electron den-
sity on the CN carbon atom itself.!”

3. Ag and Cu salts

Figure 7 shows the CP/MAS spectra for the Li, Ag, and
Cu salts, together with the chemical shifts of the neutral
DMe-DCNQI molecule for comparison. Note that the same
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FIG. 7. (Color online) '*C CP/MAS NMR spectra for
(DMe-DCNQI),M. Here, M is Li, Ag, and Cu. The shifts for the
neutral DMe-DCNQI molecule are indicated by the arrows.

tendency as in the '"H NMR case of Fig. 3 is found; the
largest Knight shift in the Li salts and the smallest in the Cu
salts, typically in the CN peaks. Since these salts carry the
spin susceptibility of the same orders of magnitude as listed
in Table I, it is suggested that the number of spins on the
DMe-DCNQI molecule is smaller in the Ag salt than in the
Li salt and the smallest in the Cu salt. Generally, it should be
considered that the chemical shift could be affected by the
m-electron charge transfer to the DMe-DCNQI molecule.
Fortunately, it is expected that the CN spectra contain the
smallest effect caused by the charge transfer, since the CN-
carbon site has small m-electron density suitable for the ori-
gin of the chemical shift. Actually, the estimated Knight shift
of 454 ppm (Table II) at RT relative to that of the neutral
DMe-DCNQI molecule agrees well with 465+ 10 ppm deter-
mined relative to the zero Knight shift in the spin-Peierls
state below 50 K.'® This means that the Knight shift at the *
CH;” site with low 7 charge density!” could also provide
good ratios for the m-electron spin fraction at the aromatic
carbon, “C—CH;” site. In contrast, that of « site (“CH”)
could be affected with the chemical shift change due to the
m-charge transfer from the metal ions.

Contrary to these three sites, CN, CHs, and CH, no such
systematic tendency is found in the rest of the sites, “£” and
“y.” This might result from a metal ion dependence of the
charge distribution which causes the change of the hyperfine
field standing on a delicate balance of the multiple path in-
teractions, as discussed in Sec. III B 2.

C. >N NMR (Reference 18)

Estimation of the m-electron spin fraction at the nitrogen
sites is important to determine the distribution of the local
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ar-spin susceptibility of the (DMe-DCNQI),M systems. To
this purpose, we analyzed the reported data of "N NMR by
Miyagawa et al.'® The isotropic hyperfine interaction of the
5N is greatly complicated than that of the carbons and is
difficult to give a systematic interpretation because of the
unshared electron pair in the valence shell of the nitrogen. It
is known that the extent of the s-o hybridization strongly
depends on the molecular systems.?* On the other hand, for-
tunately, the anisotropic hyperfine coupling of the dipolar
field produced by the 7 orbital can be utilized as a reliable
analysis of the spin density instead of the isotropic one.
Miyagawa et al. reported the >N NMR spectrum broad-
ened more than 1000 ppm at 80 K and the temperature de-
pendences of the isotropic and anisotropic Knight shifts in
the systematic study of the >N enriched (DMe-DCNQI),M (
M=Li and Cu) systems.' In Table II, the anisotropic Knight
shifts are listed for both the nitrogen sites of the Li and Cu
salts. Thus, we can estimate the m-electron fraction at both
the nitrogen sites with the anisotropic hyperfine coupling
constant of the "N known to be Bjf"*’/2fi=67 MHz.>?

D. r-electron spin distribution

We can estimate the 7r-electron spin fraction at the «- and
B-carbon sites and the two “in-nitrogen” and “out-nitrogen”
sites with the isotropic Knight shifts of the '"H NMR and the
anisotropic one of the >N NMR, respectively, and Eq. (2).
The Knight shifts of the '>*C NMR will not be discussed here
but are utilized as the ratio only for comparison of the local
spin susceptibility of the DMe-DCNQI molecule between the
salts. The estimated fraction of the m-electron spin is listed in
Table IV. To estimate the n(i) for the y and the “&” sites
which are not available in Table IV, we assumed that the
valence of the Li ion is +1, that is, the whole spin suscepti-
bility x, resides on the DMe-DCNQI molecule. Thus, n,(y
+0)=(1-2n_la+B+N;,+ N+ (H+CH;)])/2=0.15  does
hold. Since the n,[8+(H+CHs;)] is reported to be small,!”
we assumed n,(y)=0.15 and zero for the rest in the Li salt.
Figure 8 represents the obtained 7-electron spin distribution
n(i) which is proportional to the area of the circles. It is
interesting to note that the result is quite similar to the dis-
tribution of the m-electron density obtained by the first-
principles calculation,'” except for the smaller fraction of the
spin susceptibility n,(Ny,). The other characteristic point is
that almost 50% of the 7r-electron spin locates in the C=N;,,
double bonds. These features are similar to that of the DBr-
DCNQI molecule calculated on the HF/STO-3G level.”’ To
our knowledge, there is no systematic experimental determi-
nation of the m-electron spin distribution in this system to
compare with the present result.

Finally, we discuss the possible contribution of the in-
duced chemical shift caused by the wr-charge injection to
DMe-DCNQI molecule. This issue is always present in the
quantitative estimation of the Knight shift. In the '"H NMR
case, the chemical shift is less than 10 ppm in almost cases,
except for the C—OH bonds which might give less than
20 ppm. The order of —6 ppm/electron of the induced chemi-
cal shift is suggested from our study on the '"H NMR of the
C—H group in the K-TCNQ system where one electron
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TABLE IV. The estimated 7r-electron spin fraction n (i) at the i-carbon site in (DMe-DCNQI),Li, derived
from the Knight shift K, the isotropic Ay and anisotropic By, hyperfine coupling constants, and the spin
susceptibility x, in Table I with Eq. (2). The column “corrected” represents the induced chemical shift

correction. See Sec. III D for details.

Isotropic 'H

Anisotropic 5N

a(C™H) B(C*-CH3) Ni, Nout
K; (ppm) =25 32 5002 7802
Corrected =22
Al 27h (MHz)® -69.8 71.0
Bj,;/2mh (MHz)" 67
n,(i) 0.072 0.088 0.114 0.074
Corrected 0.064

4Reference 18.
PReference 23.

transfers from the K to the TCNQ molecule. If this is the
case in the present study with 0.5 electrons in DMe-DCNQI
molecule, the order of —3 ppm of the induced chemical shift
might be subtracted from the Knight shift for C—'H site of
the three salts in Table II. This would correspond to around
—10% of the deviation in the « carbon of the C—H group as
shown in Table IV, which suppresses the n,(a) and enhances
the n.(y). The anisotropic Knight shift of '>’N NMR is not
affected by the chemical shift, since it originates from the
electron dipolar field. Thus, in total, the induced chemical
shift might cause the order of +5% error in the n_(7y).

E. Missing 77-spin susceptibility of DMe-DCNQI molecules

In this section, we focus on the missing fraction (x,
= Xpenan)/ Xo of the spin susceptibility in the Ag and Cu salts,
using the average ratios of the Knight shifts relative to that of
the Li salt in Table II. In this paper, we assume the charge

FIG. 8. (Color online) The m-electron spin distribution of
(DMe-DCNQI),Li molecule, determined with the observed Knight
shifts. Area of circles represents the m-electron spin fraction at a
carbon (blue) or a nitrogen (ocher) site.

transfer of one electron from the Li to the two DCNQI mol-
ecules in the Li salt.

The average Knight shift ratio of 0.71 relative to that of
the Li salt is obtained for the Cu salt, as shown in Table II.
Taking account of the total spin susceptibility nearly inde-
pendent of the salts with Li, Ag, and Cu as shown in Table I,
this fraction of 0.71 less than unity means the presence of the
missing fraction (xo—Xpcnagr)/ Xo=0.29 for the spin suscep-
tibility of the DMe-DCNQI molecule in the Cu salt. This
figure can be compared with the 0.28 holes in the Cud or-
bital derived from the x-ray photoelectron spectroscopy
(XPS) study,*> which has been understood in relation to the
CDW state of Cu*—Cu*—Cu?* periodic sequence.” It has
been pointed out that the deviation of the observed number
of 1.28 from 4/3~1.33 expected for the CDW state stabi-
lizes the metallic states down to low temperatures. Thus, we
conclude that the missing fraction of 0.29 from the DMe-
DCNQI molecule in the spin susceptibility is ascribable to
the spin susceptibility of the 0.28 hole in the Cu d orbital, as
reported with the NMR analysis.'8

In the Ag salt, the ratio of 0.82 is obtained. This figure is
significantly smaller than the unity for the Li salt, which is
expected for the spin-Peierls ground state along the c¢ axis
below =80 K.%° However, the first-principles calculation by
Miyazaki and co-workers reported the charge state of Ag to
be 1.19 because of the weak m-d hybridization, while its
formal value is unity.'®!” Thus, it is interesting to compare
the missing fraction from the DCNQI molecule (x,
—Xpeno)/ Xo=0.18 with the difference from the formal
charge state. This observation suggests that the missing spin
susceptibility is caused by the modification of the 7r-electron
wave function of the molecular orbital due to the weak but
finite 7r-d hybridization effect in the (DMe-DCNQI),Ag.
One possible interpretation of the missing susceptibility is
that the largest change induced by the 7r-d hybridization lo-
cates in between the outer nitrogen and the Ag ion. As a
result, both of the 7 electron on the DMe-DCNQI molecule
and the d,, electron reduce their amplitude by 0.18-0.19.
This scenario is consistent with the fourfold periodicity of
the nesting vector in the 7 band by the first-principles
calculation.!®!7
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The other possible interpretation is the actual charge
transfer by 0.18-0.19 electrons from the Ag d,, orbital to the
7 band of the DMe-DCNQI molecule, which provides the
net number of 0.82 spins on the DMe-DCNQI molecule,
consistent with the present experimental observation. How-
ever, in this case, the 2k nesting condition required for the
established spin-Peierls ground state below 80 K is not ful-
filled. One possibility is a temperature dependence of the
charge transfer from the Ag ion; the charge transfer of 0.18 at
300 K changes to 0.0 around 100 K where the 4k diffuse
scattering changes into the satellite reflections.? In contrast,
however, the recent study on the electronic states of the Li
and Ag salts deduced from the frequency dependence of EPR
linewidth is consistent with the presence of the 4k, Peierls
gap resulting in the dimer Mott insulating state of this salt
even above 80 K.>'0 In this context, the 4k satellite reflec-
tions fade into the diffuse scattering because of the thermal
excitation of the spin and hole soliton pairs from the DCNQI
dimers.”!? The hole solitons provide the hole sites essential
for the intercolumn charge transport in the strongly corre-
lated dimer Mott systems which carry a relatively high elec-
trical conductivity from 1 to 100 S/ cm.! Thus, the band near
the Fermi energy should be filled up to a quarter, whereas the
DCNQI molecule has apparently 0.82 7 electrons, as ful-
filled in the first possible scenario.

Thus, it is suggested that the m-d hybridization effect
should be taken into account for the physical properties of
this system, as observed in the strongly enhanced charge
hopping rate between the neighboring DMe-DCNQI col-
umns via the Ag ion in the Ag salt more than that via the Li
ion in the Li salt.>!0

IV. CONCLUSION

The r-electron spin distribution of the DCNQI molecule
in the Li salts is determined experimentally. The result is

PHYSICAL REVIEW B 76, 035128 (2007)

consistent with the charge density distribution predicted by
the first-principles calculation reported by Miyazaki and
co-workers.!®!7 The fraction of the spin susceptibility at the
several carbon and nitrogen sites of the Li salt is compared
with that in the Ag and Cu salts. The definite differences
from the Li salt are found in the average fraction of the local
spin susceptibility, which are consistent with the reports on
the XPS study*> and the calculation.'®!7 This good consis-
tency with the two experimental studies and the theoretical
prediction strongly supports the finite hybridization between
the DCNQI 7 band and the Ag d band, which is not recog-
nized well because of really similar physical properties of the
Li and the Ag salts, in strong contrast to the Cu salt case. The
apparent metallic temperature dependence of the conductiv-
ity in the Ag salt can be well accounted for with the present
conclusion of the finite d- hybridization. That is, the recent
spin dynamics study with the frequency dependent EPR line-
width proportional to the number of thermally activated hole
solitons successfully and systematically reproduces the ob-
served temperature dependence of the conductivity for both
the salts.>!928 The Knight shift of '’ Ag NMR and the x-ray
analysis of the charge distribution help to confirm the pro-
posed scenario, which is planned in the near future.
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