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A comparative study of the electronic structure of in situ synthesized quasi-one-dimensional organic
conductors (DMe-DCNQI)2Cu and (MeBr-DCNQI)~Cu has been carried out using various techniques of
electron spectroscopy, where DMe-DCNQI and Me Br-DCNQI are 2,5-dimethyl-S, N'-

dicyanoquinonediimine and 2,5-methylbromine-S, S-dicyanoquinonediimine, respectively. From the
photon-energy dependence of the valence-band photoemission spectra obtained using synchrotron radia-
tion, the origins of each observed feature are unambiguously characterized. While the feature at the Fer-
mi level is primarily derived from m.-bonded C and N 2p states, the contribution of Cu 3d states at the
Fermi level is larger in the (MeBr-DCNQI)2Cu compared to the (DMe-DCNQI)2Cu. X-ray photoemis-
sion spectra of the valence band imply extensive hybridization of the Cu 3d states with C and N 2p states
near the Fermi level. Line-shape analyses of the Cu 2p core-level spectra show that the ratio of Cu + to
Cu is higher in (MeBr-DCNQI)2Cu compared to (DMe-DCNQI)2Cu, with the ratio being closer to 1:2
for (MeBr-DCNQI)2Cu. From a comparison of C XVV and Cu LVV Auger spectra with the self-
convolution of the valence-band spectra, it is found that the effective on-site Coulomb correlation ener-
gies between the valence electrons are high on C sites as well as Cu sites in both salts, with U(pp) =6.5
eV and U(dd)=8. 0 eV, respectively. In conjunction with core-level spectra, the spectra indicate that
the on-site Coulomb correlation, the hybridization strength, and the charge-transfer energy between the
Cu 3d and N 2p ligands are very similar in the two salts. The metal-insulator transition in (MeBr-
DCNQI), Cu at 160 K is then facilitated by the proximity of the Cuz+-to-Cu+ ratio to 1:2 supporting
charge disproportion, while deviation from it stabilizes the metallic phase in (DMe-DCNQI)~Cu down to
very low temperatures.

I. INTRODUCTION

The series of organic conductors (2,5-
R „R2DCNQI)zCu, where DCNQI is N, N'-di ycan -o
quinonediimine and R&,R2=CH3, CH30, Br, Cl, etc.,
have attracted much attention because of their interesting
structural, electrical, and magnetic properties. ' In
these organic conductors, the m.-acceptor DCNQI inole-
cules are stacked along the tetragonal c axis and form the
one-dimensional pm conduction bands. Cu atoms are
tetrahedrally coordinated by terminal N atoms of N-
cyano group in DCNQI molecules, so that one-
dimensional DCNQI columns are connected three dimen-
sionally through Cu atoms. Therefore, some deviations
from characteristic properties of a simple one-
dimensional material are expected due to the interaction
between pn. orbitals of DCNQI molecules and d orbitals
of Cu ions. In fact, (DMe-DCNQI)2Cu, where DMe is
dimethyl (R i, R z =CH3, CH3), exhibits metallic behavior
even at considerably low temperature (-50 mK), being
free from the metal-insulator (MI) or Peierls transition
usually observed in one-dimensional materials. Along

with other DCNQI-Cu salts which retain metallic
behavior down to considerably low temperatures, it is
classified as group I. In contrast, (MeBr-DCNQI)2Cu,
where MeBr is methyl-bromine (R i,R z

=CH3, Br),
shows a sharp MI transition at 160 K accompanied by a
tripling of the unit cell along the c axis. The DCNQI-Cu
salts which show this characteristic charge-density-wave
(CDW) formation at the MI transition are categorized as
group II. An important difference in the salts belonging
to these two groups is that the group-I salts show Pauli
paramagnetism down to low temperatures, while the
group-II salts exhibit local-moment formation at the MI
transition which quite often results in magnetic ordering
at still lower temperatures. ' Another interesting proper-
ty of (DMe-DCNQI)2Cu is the appearance of a reentrant
MI transition (metal-insulator-metal transition) as a func-
tion of temperature, due to the selective replacement of
hydrogen sites with deuterium atoms. "'

In this work, we have carried out a comparative study
of (DMe-DCNQI)2Cu and (MeBr-DCNQI)zCu as proto-
types of group-I and group-II salts using various electron
spectroscopic techniques. Photoemission spectroscopy
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has been used to study the electronic structure and chem-
ical states (valence) of Cu ions in these salts by other
groups, but to our knowledge there is no report of a com-
parative study to date which highlights the di6'erences be-
tween group-I and group-II salts. In this paper, we re-
port the results of ultraviolet photoelectron spectroscopy
(UPS), x-ray photoelectron spectroscopy (XPS), and
Auger electron spectroscopy (AES) for (DMe-
DCNQI)zCu and (MeBr-DCNQI)2Cu. Since the photo-
electron spectroscopy is very surface sensitive, we syn-
thesized the DCNQI-Cu salts in situ and carried out the
electron spectroscopies without exposing the samples to
air. From these results, we discuss the di6'erences in elec-
tronic structure between group-I and group-II salts that
lead to their diferent electrical and magnetic properties.

II. EXPERIMENT

(DMe-DCNQI)2Cu and (MeBr-DCNQI)2Cu samples
for photoemission measurements with synchrotron radia-
tion were synthesized in a vacuum glove box filled with
nitrogen gas and connected directly to the photoemission
measurement system. XPS, UPS (using a He I resonance
line), and AES measureinents were carried out on sam-
ples made in a nitrogen-filled glove bag connected to the
fast entry 1ock of the photoelectron spectrometer. The
prepared samples were then transferred into the photo-
emission analysis chamber without exposure to air. The
x-ray-di6'raction measurements of our synthesized black
fiberlike crystals showed patterns identical to those of
single crystals of (DMe-DCNQI)2Cu and (MeBr-
DCNQI)2Cu grown by the diff'usion method. The details
of the sample synthesis and characterization have been
reported recently. '

Photoemission measurements using synchrotron radia-
tion were carried out at UVSOR, Institute for Molecular
Science, Okazaki, Japan. The synchrotron radiation
from the UVSOR ring is monochromatized by a plane-
grating monochromator. The exciting photon energy
used in this experiment ranged from 20 to 75 eV. The
base pressure of the analysis chamber was better than
8—9 X 10 ' Torr. The total-energy resolution was about
150 meV.

XPS, AES, and additional UPS measurements were
performed using a ESCALAB Mk II (VG Scientific Co.)
photoelectron spectrometer with Al Ka (h v= 1486.6 eV)
and the He I resonance line (h v=21.2 eV) as the excita-
tion sources. The base pressure of the analysis chamber
was 8—9X 10 ' Torr. The total-energy resolutions for
XPS and UPS measurements were about 1.1 eV and 100
meV, respectively.

All measurements reported here were recorded at room
temperature. The spectra showed no change in the
course of the measurements but broadened considerably
on air-exposure oxidation. Thus the contamination of
the sample surface was monitored by the presence of O 1s
signal which was negligible throughout the measure-
ments, as well as the width of the Cu 2p core-level spec-
tra, which is narrower than spectra reported to date. The
Fermi level of the sample was determined by comparison

with a gold or silver reference. Part of the results have
been reported recently by us. '

III. RESULTS AND DISCUSSIGN

A. Valence-band spectra

Figure 1 shows the photon-energy dependence
(h v =20—75 eV) of the valence-band spectra obtained us-
ing synchrotron radiation for (DMe-DCNQI)2Cu. The
photoemission spectra show two major structures, posi-
tioned around 3—4 and 7.5-eV binding energy. All spec-
tra in Fig. 1 have been normalized by the intensity of the
feature at 7.5-eV binding energy. The relative intensity
of these two features changes systematically as a function
of the photon energy. This systematic change of the rela-
tive intensity of the two bands is due to the photon-
energy dependence of the photoionization cross section of
the constituent atomic orbitals. The relative photoioniza-
tion cross section of Cu 3d electrons to C or N 2p elec-
trons increases with increasing photon energy. ' This in-
dicates that the band around 3—4 eV in the valence-band
spectra is primarily derived from Cu 3d states, while that
around 7.5 eV originates in the C and N 2p-derived
states. This assignment of bands is consistent with ex-
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FIG. 1. Valence-band photoemission spectra of (DMe-
DCNQI)2Cu measured at room temperature as a function of in-

cident photon energy using synchrotron radiation. Photon en-

ergies used are indicated on each spectrum. All spectra are nor-
malized by the intensity of the feature of 7.5-eV binding energy.
The inset shows the photoemission spectrum in the vicinity of
the Fermi level measured by the He? resonance radiation
(h v=21.2 eV) at room temperature. Valence-band spectra with
h v=20 and 75 eV for {MeBr-DCNQI)2Cu are superimposed as
solid line spectra.
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tended Hiickel molecular-orbital calculations, ' which
predict that the Cu 3d-derived states appear at about 3—4
eV while the C and N 2pcr-derived states originating in
the quinone ring are located at about 7.5 eV. It is noted
that the band around 3—4 eV, which is attributed to the
Cu 3d states, appears in the spectra at a sufBciently low
photon energy of 20 eV, though the photoionization cross
section of Cu 3d electrons is considerably reduced at that
energy. This is because the band around 3—4 eV in the
low-photon-energy spectra receives substantial contribu-
tions from the C and N 2p-derived states of the cyano
group in a DCNQI molecule, as is known from the ex-
tended Huckel molecular-orbital calculations. ' The
valence-band photoemission spectra for (MeBr-
DCNQI)2Cu show similar features as well as photon-
energy dependence, and the above discussion holds equal-
ly well for it.

The existence of a clear metallic Fermi edge in the pho-
toemission spectra of low-dimensional inorganic and or-
ganic systems is an issue of major current interest. For
the DCNQI salts, Schmeil3er and co-workers' ' report-
ed a sharp rise in the photoemission intensity near the
Fermi level, which they ascribed to the metallic Fermi
edge similar to that in ordinary metals, while Inoue
et ah. reported a smooth increase of photoemission in-
tensity for the Fermi level in DCNQI-Cu salts which is
characteristic of one-dimensional conductors like TTF-
TCNQ (Refs. 21 and 22) and Ko 3Mo03. In the inset of
Fig. 1, we plot the photoemission spectra near the Fermi
level obtained with a high signal-to-noise ratio on an ex-
panded energy scale for (DMe-DCNQI)2Cu. The spec-
trum was obtained using the He I resonance line
(h v=21.2 eV) with a total-energy resolution of about 100
meV. The photoemission spectrum near the Fermi level
for (MeBr-DCNQI)2Cu is almost identical to that of
(DMe-DCNQI)2Cu. A low intensity feature within 1 eV
of the Fermi level is clearly observed with a small but
finite intensity at the Fermi level. This feature is derived
from C and N 2pm-bonded states and straddles the Fermi
level, causing the metallic behavior in these systems. An
important point to note is that the leading edge in the
spectra is not the Fermi edge, with the midpoint of the
steep slope being away from the Fermi level. This prob-
ably indicates that the quasi-one-dimensionality of the
metallic phase modifies the spectral function at the Fermi
level, as is well known in other quasi-one-dimensional
systems mentioned above. However, if there is a three-
dimensional Fermi surface originating in Cu 3d orbitals
in addition to the one-dimensional Fermi surface of the
DCNQI molecules stacks as reported in recent de
Haas —van Alphen measurements, ' a sharp Fermi-edge
cutoff should exist to account for the three-dimensional
Fermi surface. High-resolution with low-temperature
photoemission measurements would be necessary to es-
tablish this possibility for the DCNQI-Cu salts.

Despite the above-described similarities in the
valence-band spectra for (DMe-DCNQI)2Cu and (MeBr-
DCNQI)2Cu, there are two important differences in the
spectra. To highlight these differences, we have superim-
posed the valence-band spectra with hv=20 and 75 eV
for (MeBr-DCNQI)2Cu as solid lines in Fig. 1. The

valence-band spectrum with h v=20 eV for (MeBr-
DCNQI)2Cu exhibits an additional structure centered
around 4.5 eV which is absent in (DMe-DCNQI)2Cu.
Also, it quickly reduces in intensity on increasing the
photon energy, and is not observed for a photon energy
of 40 eV. This additional structure in (MeBr-
DCNQI)2Cu is ascribed to the Br 4p states, since the pho-
toionization cross section of the Br 4p electrons is compa-
rable or larger than that of the C or N 2p electrons at this
photon energy. The more important difference is the en-
ergy position of the Cu 3d-derived band, which is about
4.0 eV for (DMe-DCNQI)2Cu and about 3.0 eV for
(MeBr-DCNQI)2Cu. This would imply a larger contribu-
tion of Cu 3d states at the Fermi level, and the higher
amount of charge transfer from the Cu ions to the
DCNQI molecules stacks in the (MeBr-DCNQI)2Cu
compared to the (DMe-DCNQI)zCu. As will be dis-
cussed further below, this is consistent with the
differences obtained in the valence-band XPS and Cu 2p
core-level XPS spectra of the two salts.

Figure 2 shows the valence-band XPS spectra mea-
sured at room temperature for (DMe-DCNQI)2Cu (lower)
and (MeBr-DCNQI)2Cu (upper) excited by Al Ea radia-
tion (h v= 1486.6 eV). These spectra are normalized by
the maximum intensity. The spectrum for (DMe-
DCNQI)2Cu shows a low intensity feature at about 7.5
eV corresponding to the C and N 2pa-derived states as
seen in the spectra with low photon energies. The broad
peak with higher intensity centered at about 2 eV is de-
rived from primarily Cu 3d states, though the valence-
band spectra at lower photon energies consist of two
features around 4 and 0.5 eV. The larger width (nearly 4
eV) in the XPS spectrum compared to the UPS spectra
indicates that Cu 3d states are strongly hybridized with
the C and N 2p states. In the valence-band XPS spec-
trum for (MeBr-DCNQI)zCu, an additional feature at
about 4-eV binding energy is observed, and is ascribed to
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FIG. 2. Valence-band x-ray photoemission (XPS) spectra of
(DMe-DCNQI)2Cu (lower) and (Mear-DCNQI)2Cu (upper)
measured with Al Ka radiation (h v=1486.6 eV) at room tem-
perature. Both spectra are normalized by the maximum intensi-

ty.
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the Br 4p-derived states as is also seen in the UPS spec-
tra. This is because the relative photoionization cross
section of Cu 3d and Br 4p electrons to C or N 2p elec-
trons is large at this high photon energy, and thus result
in dominating the valence-band XPS spectra. If we nor-
malize the spectra at the primarily Cu 3d-derived feature,
we obtain the higher intensity at the Fermi level in the
(MeBr-DCNQI)zCu, implying higher charge transfer.
Contribution of the Cu 3d orbitals to the density of elec-
tronic states at the Fermi level plays a crucial role in the
valence fluctuation model, as the MI transition is accom-
panied by a sharp change of the magnitude susceptibility
in group-II salts. SchmeiPer and co-workers' ' per-
formed photon-energy-dependent photoemission studies
for various DCNQI-Cu salts with and without d orbitals
at the central atoms, and thereby concluded that the top-
most bands in the vicinity of the Fermi level in metallic
DCNQI-Cu salts consists of a mixture of C and N 2p-
derived states with negligible contribution from the Cu
3d orbitals. On the other hand, Inoue et al. proposed a
significant contribution from the Cu 3d orbitals to the
Fermi-edge states based on their photon-energy-
dependent photoemission study of (DMe-DCNQI)zCu,
supporting the valence fluctuation model. Our results
show that the intensity at and near the Fermi level is not
enhanced strongly for low photon energies in both salts,
while the feature around 3—4-eV binding energy reQects
the photon-energy dependence of the photoionization
cross section of Cu 3d electrons. This difference in the
photon-energy dependence of the intensity shows that the
states near the Fermi level have primarily C and N 2pm
character, with the tail of the primarily Cu 3d-derived
states extending into the m-bonded states. However, at
hv=1486. 6 eV of Al Ka photon energy, the hybridiza-
tion between the Cu 3d and C and N 2p states results in a
broad feature nearly 4 eV wide with higher intensity at
the Fermi level in the (MeBr-DCNQI)2Cu. This
difference should also reflect in the Cu 2p core-level XPS
spectra and is discussed below.

B. Core-level spectra

Core-level XPS spectroscopy is a fairly straightforward
technique compared to UPS spectroscopy in determining
the valence states of atoms in materials, since the binding
energies and/or the characteristic satellite structures of a
specific core level give a direct indication of the valence
states of atoms. Figure 3 shows the Cu 2p core-level XPS
spectra measured at room temperature for (DMe-
DCNQI)2Cu (lower) and (MeBr-DCNQI)zCu (upper) ex-
cited by Al ICa radiation (h v=1486.6 eV). In order to
check the oxidation effect due to air exposure, the spec-
trum of (DMe-DCNQI)2Cu exposed to air for one day is
superimposed on the spectrum of clean sample in Fig. 3.
The spectrum of the sample exposed to air becomes much
broader, and additional intensity appears around 942 eV
in binding energy. All previous XPS studies of DCNQI-
Cu salts ' ' ' used Mg Ka radiation (hv=1253. 6 eV)
as an excitation source. However, the XPS spectrum ex-
cited by Mg Xa radiation produces the C XVV Auger
structure in the Cu 2p core-level region, making it

V)

0)

C0
~~
CO
40

~~
E
(D0
0

CL

970 960 950 940
Binding Energy (eV)

I

930

FIG. 3. Cu 2p core-level spectra of (DMe-DCNQI)zCu
(lower) and (MeBr-DCNQI)zCu (upper) measured with Al Ka
radiation (hv=1486. 6 eV) at room temperature. The dotted
spectrum shows the spectrum of (DMe-DCNQI)zCu obtained
after exposure to air.

dificult to carry out a quantitative analysis of the spec-
tra, particularly in the Cu 2p &&2 region. In order to avoid
this uncertainty due to the superposition of the C KVV
Auger signal, we used Al Ku radiation as the excitation
source. In spite of the slightly poor natural width of the
Al Ka radiation ( —830 meV) compared to Mg Ea radia-
tion (-680 meV), the FWHM of the Cu 2p3&2 core level
is narrower than earlier reports. ' '

In DCNQI-Cu salts which exhibit a MI transition at
low temperature, x-ray-diffraction patterns for the insu-
lating phases show a threefold superlattice structure, in-
dicative of the existence of a threefold CDW. This
period gives direct evidence of the mixed valence of Cu
(Cu +); [Cu +]: [Cu+]=1:2. However, a similar ex-
periment (temperature dependence of x-ray diffraction)
cannot yield the valence of Cu in (DMe-DCNQI)2Cu
which is free from the MI/CDW transition. Schmeiger
et al. ' reported that there is no satellite structure due to
the Cu + configuration in the Cu 2p core-level spectrum
of in situ prepared (DMe-DCNQI)zCu. Furthermore,
they found that the samples exposed to air after synthesis
showed a satellite structure in the Cu 2p core-level spec-
tra characteristic of Cu +, and thereby concluded that
the satellite structure observed in the Cu 2p core-level
spectra in a previous report may be due to the surface
contamination produced by oxidation. On the other
hand, Inoue and co-workers ' proposed that the ratio
of Cu + to Cu+ is nearly 1:2 even in the metallic phase
from a line-shape analysis of the Cu 2p core-level spec-
trum for a scraped single crystal of (DMe-DCNQI)zCu.

As shown in Fig. 3, the Cu 2p core-level spectra for
both salts prepared in situ exhibit a narrow and slightly
asymmetric peak at about 932 eV. The slight asymmetry
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suggests that the Cu 2p3/2 peak consists of two
components —2p3/23d' (Cu+) and 2p3/23d' L (Cu +)
final states —as has been well known. Only the Cu +

component is accompanied by a satellite structure origi-
nating from the 2p3/z3d (Cu +) final state. While the
satellite intensity seems negligible for (DMe-DCNQI)zCu,
it is clearly larger in the spectrum of (MeBr-DCNQI)2Cu.
In order to estimate the precise contribution of each com-
ponent for both salts, we carried out line-shape analyses
of the Cu 2p core-level spectra by a least-squares method.
Figures 4(a) and 4(b) show the results of line-shape analy-
ses of Cu 2p core-level spectra for (DMe-DCNQI)zCu and
(MeBr-DCNQI)zCu, respectively. We decomposed the
Cu 2p core-level spectra into a Cu+ component and a
Cu + component consisting of the main peak and a satel-

lite. Each peak was described by a convolution of a
Lorentzian due to lifetime broadening and a Gaussian
due to the instrumental broadening. Furthermore, it was
found necessary to include a plasmon loss satellite at
21.4-eV higher binding energy [estimated froIp the
electron-energy-loss spectroscopy (EELS) spectrum re-
ported by Inoue et al. ] to reproduce the experimental
spectrum in the Cu 2p»2 region. In Figs. 4(a) and 4(b),
the long dashed lines represent the Cu+ spectra, and the
short dashed and dotted lines represent the main peak
and satellite of the Cu + spectra, respectively. The
difference between the observed spectra and the sum of
decomposed components are also shown at the bottom.
The parameters obtained from the line-shape analyses are
listed in Table I for the fairly good fits shown in Figs. 4(a)
and 4(b).

From the line-shape analyses of Cu 2p core-level spec-
tra for (DMe-DCNQI)2Cu and (MeBr-DCNQI)2Cu,
we find that the Cu + configurations in (DMe-
DCNQI)2Cu and (MeBr-DCNQI)2Cu are about
27% [(Cu + ]:[Cu+]-0.76 2) and about 32%
([Cu + ]:[Cu+ ]-0.93:2) in integrated intensity, respec-
tively. These findings suggest that the ratio of Cu + to
Cu+ configurations in (DMe-DCNQI)2Cu is significantly
smaller than the ratio 1:2 concluded from an earlier re-
port, ~ ' and that the ratio in (MeBr-DCNQI)2Cu is
closer to 1:2. We believe that our results about the
differences in the amount of Cu + configuration for both
salts is precise due to the in situ preparation, resulting in
sharper peaks and negligible contamination of the sam-
ples. This shows that the amount of charge transfer from
Cu ions to the DCNQI molecules stacks in the (MeBr-
DCNQI)zCu is larger than that in the (DMe-
DCNQI)zCu. While the energy difference between the
main peak and the satellite of Cu + (10.6 eV) is slightly
less than that reported earlier (11.2 eV), it is the same for
both salts. Also, I, /I (I, is the satellite intensity and
I is the main peak intensity of Cu +) is identical [0.42
and 0.43 for (DMe-DCNQI)zCu and (MeBr-DCNQI)zCu,
respectively] for both salts. This implies that the parame-
ters which determine the XPS spectrum in a cluster mod-
el, namely, hybridization strength and charge-transfer en-

ergy between the Cu 3d and N 2p ligand states should
have similar values for both salts, provided, of course,
that the on-site Coulomb correlation energy on the Cu
site is identical for both salts. This will be shown to be
the case from the following analysis of the AES of both
salts.

C. Auger electron spectra
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FIG. 4. (a) Result of line-shape analysis for Cu 2p core-level
spectrum of (DMe-DCNQI)zCu. The observed spectrum is
decomposed into Cu+ (long dashed line) and Cu components
(the short dashed and dotted line represent the main peak and
satellite of Cu +, respectively). The bottom is the difference be-
tween the observed spectrum and the sum of the decomposed
components. (b) Same as (a) but for (MeBr-DCNQI)2Cu.

In order to study the electron correlation of the
valence electrons on Cu and C sites, we measured the Cu
L, VV and C XVV Auger spectra of both salts. Figure 5
shows the Cu L, VV Auger spectra excited by Al Ka radi-
ation ( h v = 1486.6 eV) for (DMe-DCNQI) 2Cu (lower
panel) and (MeBr-DCNQI)2Cu (upper panel). Similarly,
Fig. 6 shows the C XVV Auger spectra excited by Al Ea
radiation (h v=1486. 6 eV) for (DMe-DCNQI)2Cu (lower
panel) and (MeBr-DCNQI)2Cu (upper panel). The exper-
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TABLE I. Fitted parameters for the line-shape analyses of the Cu 2p core-level XPS spectra of
(DMe-DCNQI)2Cu and (MeBr-DCNQI)2Cu. I, is the satellite intensity, and I is the main peak inten-
sity of Cu +.

Binding Spin-orbit
energy splitting

(eV) (eV)

2p3/p Lorentzian 2p &/& Lorentzian
width width

(FWHM) (FWHM)
(eV) ,(eV)

Gaussian width
(FWHM)

(eV)

(DMe-DCNQI) zCu
Cu+
Cu + (main)
Cu + (satellite)

931.16
932.75
943.40

19.85
19.95
19.95

0.48
0.48

1.00
1.00

1.23
1.80
5.45

(MeBr-DCNQI)zCu
CU
Cu + (main)
Cu (satellite)

931.30
932.61
943.30

19.75
19.85
19.85

0.48
0.48

0.99
0.99

1.38
1.66

(DMe-DCNQI) 2Cu
(MeBr-DCNQI)zCu

0.43
0.42

U(dd)
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FIG. 5. Comparison of the experimental Cu LVV Auger
spectra (dots) with the self-convolution (solid line) of the
valence-band XPS spectrum with hv=1486. 6 eV (Fig. 2) for
(DMe-DCNQI)zCu (lower panel) and (MeBr-DCNQI)2Cu
(upper panel). The efFective on-site Coulomb correlation energy
of Cu 3d electrons [ U(dd ) ] is estimated to be 8 eV.

imental spectra are displayed using dotted lines as a func-
tion of the kinetic energy of the Auger electron, refer-
enced to the Fermi level.

Using a three-step model for the Auger transition pro-
cess, the kinetic energy of an Auger electron produced
through the (jkl ) transition, Ez (jkl ), is expressed as

Eq (jkl ) =E~(j )
—E~(k ) E~(i )—U—(kl ),

where Ez(i ) is the binding energy of level i ( =j,k, 1 ), and
U(kl) is the two-hole interaction energy, which is the

effective on-site Coulomb correlation energy between the
electrons in levels k and I. ' It is clear that, in the
case of the Cu LVV (and C XVV) Auger process, the k
and I levels correspond to valence-band states. Conse-
quently, the second and third terms in Eq. (1) can be re-
placed by the self-convolution of the Cu 3d (C 2p)
valence-band partial density of states (DOS), and
represents the two-hole spectrum without correlation
effects.

The Cu LVV Auger spectra in Fig. 5 shows the L3 VV
and L2VV features due to 2p3/p and 2p]/2 core-level
spin-orbit splitting separated by about 20 eV. The L3 VV
spectrum consists of an intense feature around 916-eV
kinetic energy due to the 'G atomic multiplet correspond-
ing to the localized two-hole d final state, as has also
been well known for Cu metal. The weak feature at
higher kinetic energy is due to the P, 'D, and I" multi-
plets, and that at lower kinetic energy is the 'S multiplet.
It is noted that a straightforward assignment is an
oversimplification because the Auger spectra would be a
composite of Cu+ and Cu + contributions which show a
difference in kinetic-energy positions. However, since the
Cu+ contribution is dominant, we proceed with the
analysis, as we are interested in obtaining an effective on-
site Coulomb interaction only as a comparison between
the two salts. The self-convolution calculation was car-
ried out using the valence-band XPS spectrum excited by
Al Ka radiation (h v= 1486.6 eV) shown in Fig. 2, which
is dominated by Cu 3d partial DOS due to the large pho-
toionization cross section of Cu 3d electrons. The two-
hole spectrum for (DMe-DCNQI)2Cu thus obtained is
displayed as a solid line with respect to the zero of the
two-hole energy corresponding to the Cu 2p3/p core-level
binding energy in the lower panel of Fig. 5. We find that
the main peak observed in the Cu L3 VV Auger spectrum
is positioned at about 8-eV lower kinetic relative to that
of the calculated two-hole spectrum in (DMe-
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DCNQI)2Cu, and that there is negligible intensity in the
experimental spectrum for the delocalized two-hole
states. This energy difference of about 8 eV corresponds
to the effective on-site Coulomb correlation energy of Cu
3d electrons, U(dd), in (DMe-DCNQI)zCu. However,
for the (MeBr-DCNQI)2Cu, the valence-band XPS spec-
trum receives a large contribution from Br 4p-derived
states which we could not subtract out meaningfully.
Since the Cu 3d-derived states occur at the same energy
position in the XPS spectrum, and the 1.3 VV main peak
position is identical to the (DMe-DCNQI)2Cu, we can
safely estimate U(dd ) for the (MeBr-DCNQI)2Cu also to
be the same.

For the analyses of C K VV Auger spectra for (DMe-
DCNQI)zCu and (MeBr-DCNQI)zCu, the self-
convolution calculations were performed using valence-
band UPS spectra of h v=30 eV, which can be considered
to be most representative of the C 2p valence-band partial
DOS because of the relatively large photoionization cross
section of the C 2p electrons at low photon energy. We
did not use the UPS spectra for hv=20 eV due to the
considerably larger background from inelastic losses,
which makes it difficult to extract the intrinsic spectrum.
The self-convolution calculations of the valence-band
spectra of h v=30 eV were carried out after subtracting a
linear inelastic background. The thus-calculated two-
hole spectra for (DMe-DCNQI)zCu and (MeBr-
DCNQI)zCu are displayed as solid lines in the lower and
upper panels of Fig. 6, respectively, and are plotted with
respect to the zero of the two-hole energy corresponding
to the C 1s core-level binding energy. As shown in Fig. 6,
the observed C ECVVAuger spectra for both salts exhibits
a two-peak structure, with the higher kinetic feature
matching well with the peak in the calculated two-hole

(MeBr-DCNQI) Cu

C KVV Auger
I i ~ I

V) U(vv)I

(DMe-DCNQI), Cu

C KVV Auger

250
I

260 270
Kinetic Energy (eV)

280

FICx. 6. Comparison of the experimental C XVV Auger spec-
tra (dots) with the self-convolution (solid line) of the valence-
band spectrum with hv=30 eV for (DMe-DCNQI)zCu (lower
panel) and (MeBr-DCNQI)2Cu (upper panel). The effective on-
site Coulomb correlation energy of C 2p electrons [ U(pp ) ] is es-
timated to be 6.5 eV.

spectra. The lower-kinetic-energy feature is then derived
from atomiclike two-hole final states due to electron-
electron correlations on the C site. The energy interval
between the lower-kinetic-energy feature observed in the
Auger spectrum and the calculated two-hole spectrum is
almost the same for both salts. It represents the effective
on-site Coulomb correlation energy of C 2p electrons,
U(pp), and is about 6.5 eV for both salts. This value of
6.5 eV for U(pp) in both salts is rather large, but then
U(pp ) for the oxygen 2p states in many oxides, including
the high-T, superconductors, is also known to be about
the same value. To our knowledge, this is probably the
first report identifying strong on-site correlations in the C
2p electrons of DCNQI systems using Auger spectrosco-
py. In contrast, we would like to mention that recent
studies on DCNQI-Ag salts have emphasized that long-
ranged Coulomb interactions play an important role in
those systems.

As described above, it is found for both salts that the
effective on-site correlation energies between the valence
electrons are fairly high on C and Cu sites, and have simi-
lar values for both salts. Our Cu LVVand C EVVAuger
measurements then show that the DCNQI-Cu systems
can be categorized as strongly correlated electron sys-
tems, and point to an electronic origin contributing to the
MI transition in DCNQI-Cu systems. In fact, recent
theoretical work has shown that the MI transition in
the DCNQI-Cu salts can be considered as a cooperative
CDW transition in the quasi-one-dimensional DCNQI
molecules and a Mott transition in the Cu 3d-derived
states. Our results indicate that the MI transition takes
place only when the carrier concentration facilitates a
charge disproportion to support a CDW. The mecha-
nism probably originates in a superexchange-type interac-
tion operative between nearest-neighbor Cu ions on adja-
cent chains through a DCNQI molecule stacks, but stabi-
lizes the local moment on Cu sites in the insulating phase
only when the system has a Cu+:Cu + ratio of 2:1. The
carrier concentration or amount of charge transfer from
the Cu ions to the DCNQI molecules is controlled pri-
marily by distortion of tetrahedral coordination around
Cu ions, leading to higher charge transfer in (MeBr-
DCNQI)2Cu compared to (DMe-DCNQI)zCu. This is
consistent with recent studies on (DMe-DCNQI-
d7)&Cut „Mx (M=Li and Zn), which show that the MI
transition can be suppressed with Li+ substitution while
Zn + substitution increases the MI transition tempera-
ture. This is exactly the situation for (DMe-DCNQI)2Cu
and (MeBr-DCNQI)zCu. Recent optical measurements
have also shown that (DMe-DCNQI)2Cu retains metallic
conductivity along the c axis as well as in the plane per-
pendicular to it. It contrast, (MeBr-DCNQI)2Cu, as a
function of temperature, shows a sharp change in
reAectivity from the plane perpendicular to the c axis,
and a gradual change along the c axis due to a gradual
CDW formation along the c axis established earlier.

IV. CONCLUSION

We have performed photoelectron and Auger electron
spectroscopies for in situ synthesized (DMe-DCNQI)~Cu
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and (MeBr-DCNQI) 2Cu. From the photon-energy
dependence using synchrotron radiation, we could suc-
cessfully assign each observed feature in the valence-band
photoemissio~ spectra: the C and N 2p states originating
in the quinone ring appear around 7.5 eV, and the pri-
marily Cu 3d states mixed with the C and N 2p states of
the cyano group are located around 3—4 eV in binding
energy. The Br 4p states in (MeBr-DCNQI)2Cu is also
observed around 4.5 eV in binding energy. While the
feature at the Fermi level is primarily derived from +-
bonded C and N 2p states, the Cu 3d contribution at the
Fermi level is larger in (MeBr-DCNQI)zCu compared to
(DMe-DCNQI)2Cu. X-ray photoemission spectra of the
valence band imply extensive hybridization of the Cu 3d
states, with C and N 2p states near the Fermi level.
Line-shape analyses of the Cu 2p core-level spectra show
that the ratio of Cu + to Cu+ is higher in (MeBr-
DCNQI)zCu compared to (DMe-DCNQI)zCu, with the
ratio being closer to 1:2. From a comparison of Cu I.VV
and C XVV Auger spectra with the self-convolution of
the valence-band spectra, it was found that the effective
on-site Coulomb correlation energies between the valence
electrons are high on C as well as Cu sites in both salts,

with U(pp)=6. 5 eV and U(dd)=8. 0 eV, respectively.
In conjunction with core-level spectra, the spectra indi-
cate that the on-site Coulomb correlation, the hybridiza-
tion strength, and the charge-transfer energy between the
Cu 3d and N 2p ligands are very similar in both salts.
The MI transition in the (MeBr-DCNQI)zCu is then fa-
cilitated by the proximity of the Cu + to Cu+ ratio to 1:2
supporting charge disproportion, while deviation from it
stabilizes the metallic phase in the (DMe-DCNQI)zCu
down to considerably low temperatures.
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