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Ultraviolet photoemission spectra near the Fermi level of quasi-one-dimensional organic conductors,
(DMe-DCNQI)zCu and (Me, Br-DCNQI)zCu, where DMe is dimethyl, have been studied using undulator
radiation. We have found no evidence for sharp Fermi edges in both salts, as was observed in other
one-dimensional conductors; the existence of Cu 3d character was found near the Fermi level in (DMe-
DCNQI)zCu. This indicates that, in the metallic DCNQI-Cu systems, 3d electrons are hybridized with

the p conduction band at the Fermi level, which is consistent with the valence-fluctuation picture of
Cu. We have also observed the gap opening in (Me, Br-DCNQI)zCu, where Me is methyl, below the criti-
cal temperature of the metal-insulator transition.

In recent years, (2,5-R „Rz-DCNQI)zCu, where
DCNQI is N, N -dicyanoquinonediimine and R &,R z

=CH3, CH30, Cl, Br, I, etc. , has provoked a great deal
of interest for its intriguing electric, magnetic, and
structural properties. ' DCNQI's are zr-acceptor mole-
cules which are stacked along a certain axis forming the
one-dimensional p n-conduction band. Cu salts show
metal-to-insular (MI) transitions accompanied by a three-
fold periodical lattice distortion through the formation of
a charge-density wave along the stacking axis. There-
fore, the mean valence of the Cu ion has been considered
to be 4 for the degenerate p m. conduction band of
DCNQI which is —,

' filled. Some of the DCNQI-Cu salts,
e.g. , (DMe-DCNQI)zCu, where DMe is dimethyl, do not
show a MI transition down to the lowest temperature
studied, but under pressure, they show a reentrant-type
MI transition.

In a previous paper, we have reported an x-ray photo-

emission spectroscopy (XPS) study of (DMe-DCNQI)zCu
and concluded that the [Cu+]:[Cu +] ratio is nearly 2:1.
This result has been confirmed by a subsequent infrared
absorption study of (Me,Br-DCNQI)zCu. Based on the
analysis of the XPS spectra, we have suggested that the
Cu 3d electrons are basically localized and the system can
be viewed as a valence-fluctuating material. The ques-
tion that we must address now is the nature of the elec-
tronic states near the Fermi level of these Cu salts. In
this paper, we report on the results of an ultraviolet pho-
toemission spectroscopy (UPS) study of (DMe-
DCNQI)zCu and (MeBr-DCNQI)zCu to provide new in-
formation on the electronic states of these organic sys-
tems.

The UPS measurements were performed at beam line
BL-19A of Photon Factory (PF), National Laboratory for
High Energy Physics (KEK), using undulator radiation
from a 2.5-GeV positron storage ring. ' '" The maximum
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FIG. 1. Valence-band UPS spectra of (DMe-DCNQI)2Cu
measured at liquid-nitrogen temperature.

photon Aux at the focal point amounts to -7X10'
photons/(sec/mm ) at the photon energy of 90 eV and
the ring current of 300 mA. In this experiment, the reso-
lution was 220 meV for the pass energy of an electron-
energy analyzer (a PHI-15-2356 double-stage cylindrical
mirror analyzer) of 20 eV. All the UPS spectra reported
here were normalized to the incident photon flux. The
undulator radiation never hangs out of a very thin, nee-
dlelike sample prepared by the difFusion method [reaction
with Cul in acetonitrile (CH3CN)] whose width was -0.4
mm for (DMe-DCNQI)2Cu and -0.1 mm for (MeBr-
DCNQI)2Cu. This was made possible because the undu-
lator radiation was so collimated that the front-end slit of
the beam line could be narrowed without significant loss
of intensity to such an extent that the beam was found to
be an almost rectangular spot of —50 pmX-2 mm at
the sample position. The samples were introduced to the
spectrometer via an airlock and were mounted on a
liquid-nitrogen cryostat. As in the XPS measurements,
we could obtain fresh, clean surfaces by gently scraping
the samples with a diamond file in an ultrahigh vacuum
chamber (with a base pressure of (8 X 10 "Torr) to re-
move the surface layers.

The valence-band UPS spectra obtained in this way
(Fig. 1) show almost the same profiles as the recent UPS
spectra measured on E'n situ prepared thin films by
Schmeisser et al. ' In both spectra, roughly six structures
are identified. We could see two additional structures in
the higher binding-energy region —15—25 eV. ' Further-
more, as reported, ' the resonance effects at the Cu 3p
threshold were not pronounced also in our measure-
ments. In this paper, we concentrate on the photon ener-

gy and temperature dependence of the UPS spectra near
the Fermi level.

The UPS spectra near the Fermi level of (DMe-
DCNQI)2Cu taken for several photon energies at liquid-
nitrogen temperature are shown in Fig. 2. Since (DMe-
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FIG. 2. UPS spectra of (DMe-DCNQI)2Cu near the Fermi
level measured at liquid-nitrogen temperature. The centers of
the emission edges are located -400 meV below the Fermi lev-
el. For details, see text.

DCNQI)2Cu is metallic down to low temperatures, one
would expect that the valence band extends to the Fermi
level and a Fermi edge will be observed. However, the
center of each emission edge, i.e., the midpoint of the
steeply rising slope, is shifted to higher binding energy
from the Fermi level determined by subsequent UPS mea-
surernent on a gold film evaporated on the sample, and is
considerably broadened. These shifts were -400+20
meV for all the photon energies studied, and the widths
of the emission edges were about 1.5 —3.0 times larger
than the instrumental resolution (220 meV). Therefore,
we believe that these broad emission edges are not ori-
ginated from an experimental artifact such as charging,
but from an intrinsic property of the disappearance of the
Fermi edges in quasi-one-dimensional systems. On this
subject, Dardel et al. ' have recently carried out high-
resolution photoemission experiments on typical quasi-
one-dimensional metallic compounds, and have shown
that Fermi edges are not observed even above the Peierls
transition temperatures. In addition to the previous ex-
planations such as large Peierls fluctuation effects' and
the excitations of high-energy phonons in the photoemis-
sion process due to strong electron-phonon coupling, '

they proposed another possibility to account for this
unusual property from the viewpoint of a Tomonaga-
Luttinger liquid. ' Since the conduction electrons of the
DCNQI salts actually exhibit a sign of electron correla-
tion, i.e., 4k+ lattice instability in addition to the 2k+ one
in the salts of monovalent cations, ' we have also to keep
that proposal in mind when we discuss the UPS spectra
around the Fermi level of the DCNQI salts.

Figure 3 shows the UPS spectra near the Fermi level of
(MeBr-DCNQI)2Cu, which shows a MI transition at
TM, =160 K, at room temperature and liquid-nitrogen
temperature. The center of the emission edge is seen to
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FIG. 3. UPS spectra of (Me, Br-DCNQI)zCu (TM, =160 K)
near the Fermi level at room temperature and at liquid-nitrogen

temperature (-80 K). Below TMI, the photoemission intensity
at the emission edge is decreased and that around 0.8 eV is
enhanced.

be shifted and broadened also in this salt. As the temper-
ature is lowered from room temperature to liquid-
nitrogen temperature (-80 K), the photoemission inten-
sity at the emission edge is decreased. This phenomenon
would be related to the creation of a Peierls gap at the
Fermi level which leads to the MI transition. In addi-
tion, we observe that the density of states disappearing
from the emission edge is piled up around 0.8 eV associ-
ated with the formation of the Peierls gap. It is interest-
ing to note that the spectral change occurs down to -0.8
eV below EI;, which is one to two orders of magnitude
larger than TM& or the activation energy in the insulating
state. "

Since the photon-energy dependence of the photoion-
ization cross section for copper 3d electrons is very
different from that for nitrogen and carbon 2p electrons, '

to investigate the photon energy dependence of the pho-
toemission intensity at the emission edge clarifies the
character of the conduction electrons at the Fermi level.
As shown in Fig. 2, the photoemission intensity at the
emission edge in (DMe-DCNQI)2Cu increases as the pho-
ton energy decreases from 90 to 50 eV; this tendency is
common to both the 3d electrons and the 2p electrons.
However, for further decrease of the photon energy, the
intensity reaches a maximum at 40—50 eV and then drops
toward -30 eV. This type of behavior is what is expect-
ed for the photoionization cross section of the 3d elec-
trons but not for the 2p electrons. Therefore, it seems
reasonable to suppose that the "nearly localized" Cu 3d
electrons are hybridized into the p~ electrons around the
Fermi level and are involved in the formation of the Fer-
mi surfaces; in this case, the Fermi surfaces are con-
sidered to be no longer those of typical quasi-one-
dimensional metals due to the hybridization between the
pm electrons of different DCNQI columns mediated by

the intervening Cu 3d electrons. This 3d-p~ hybridiza-
tion in the metallic phase is consistent with the result of
an optical conductivity study, which shows finite optical
conductivity perpendicular to the c axis only in the me-
tallic state. It should be noted that in the UPS spectra
shown in Fig. 2, the Cu 3d character is apparently
enhanced due to the large o(3d)/o. (2p) relative cross
sections (

—10). The spectral weight of Cu 3d character
at the Fermi level is actually small and the Fermi surfaces
are considered to be still dominated by the one-
dimensional p ~ character.

Therefore, we may consider that electrons near the
Fermi level are inAuenced by two different characters:
one is the electron correlation within the one-dimensional

p ~ conduction- electrons, which- causes the-ermssion- edges
to be shifted away from the Fermi level and become
broader, and the other is that due to hybridization be-
tween the itinerant p~ conduction electrons and the near-
ly localized 3d electrons. Through these correlation
effects, a narrow quasiparticle band may be formed at the
Fermi level, leading to the observed enhancement of the
electronic specific coefficient, ' namely, to the high quasi-
particle density of states at the Fermi level N(E~). How-
ever, the photoemission intensity near the Fermi level
generally remains unenhanced since the photoemission
spectral function p(EF ) is given by

p(EF)=ZXN(EF),

where Z( (1) is the bandwidth renormalization factor.
As we have discussed previously, the hybridization

Vd between the localized Cu 3d electron and the pm
conduction electron is weak in comparison with the ener-

gy difference between the two relevant 3d configurations
(3d and 3d ' on a Cu ion). On the other hand, we have
also discussed that in the DCNQI-Cu systems, there ex-
ists a strong p -d hybridization (d ~-d' L rr, where vr

denotes an electron at the Fermi level of the p~ conduc-
tion band, and Lrr denotes a ligand hole on po. orbitals)
in the Cu-N4 local complex, which lowers the energy
of the Cu + ground state 4 (Cu +)=cos8~3d m)
—sin8~3d' L ~), relative to that of the Cu+ ground
state 4s (Cu+ ) = ~

3d ' ), and leads to the near degeneracy
of 4 (Cu +) and 4 (Cu ). When the energy difference
between these two states 6 is of order V d„, valence Auc-

tuation between them will take place, and a "singlet"
ground state, which is stabilized by the energy of
-k~ Tz, is realized. Tz is a Kondo temperature given by

5
T& -exp

N, (E, ) I I;„.Ii'
where No(E~) is the bare p -electron density of state at
the Fermi level. If the ground state is such a singlet, we
can understand the Pauli paramagnetic behavior of this
salt even in the presence of Cu + states as well as the
mass enhancement of the conduction electrons. There-
fore, when the temperature is low enough compared with

the ground state is a nonmagnetic mixed-valence
state between Cu+ and Cu +; and above Tz, the Curie-
Weiss magnetic susceptibility is recovered. In this pic-
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ture, (DMe-DCNQI)zCu would be characterized by a
large Tz, which is at least larger than room temperature,
and the salt is in the so-called mixed-valence regime of
valence fluctuation. The resistivity of (DMe-DCNQI)~Cu
and (DMeO-DCNQI) 2Cu at low temperatures under
pressure has previously been attributed to a dense Kondo
efFect with smaller Tz ( —100 K), but recently it has alter-
natively been explained as a result of competition be-
tween the Peierls instability in the Luttinger liquid and
the three dimensionality due to the coupling between the
DCNQI chains. Actually, that the mass of the conduc-
tion electrons is not so extremely enhanced [y =45
mJ/(mol/K ) (Ref. 21)] is consistent with the relatively
large T~. In a recent theoretical study starting from
the band picture of the d electrons, it has been shown
that the [Cu+]:[Cu +] ratio is forced to be 2:1 in the me-
tallic state as a natural consequence of strong correlation
among the Cu 3d electrons.

In conclusion, the strong and collimated undulator ra-

diation has made it possible to perform the UPS measure-
ments on such thin, needlelike samples of (DMe-
DCNQI)2Cu and (Me, Br-DCNQI)zCu with in situ surface
cleaning. The UPS spectra of these salts did not show
such sharp emission edges at the Fermi level as those of
ordinary three-dimensional metals; this phenomenon is
considered as due to the intrinsic properties of quasi-
one-dimensional conductors. The Cu 3d character near
the Fermi level was observed in (DMe-DCNQI)2Cu; this
result leads us to consider that the DCNQI-Cu salts are
valence-fluctuating materials with large Tz. We also ob-
served the gap opening in (Me,Br-DCNQI)zCu below the
critical temperature TM&.

We would like to thank Professor H. Fukuyama for
helpful discussions, and the staff of the Synchrotron Ra-
diation Laboratory, Institute for Solid State Physics, Uni-
versity of Tokyo for technical support.

*Present address: Electrotechnical Laboratory, Umezono,
Tsukuba, Ibaraki 305, Japan.

A. Aumuller, P. Erk, G. Klebe, S. Hiinig, J. U. von Schutz, and
H.-P. Werner, Angew. Chem. Int. Ed. Engl. 25, 740 (1986).

~For a recent review from the chemical point of view, see S.
Hiinig and P. Erk, Adv. Mater. 3, 225 (1991).

3R. Moret, Synth. Met. 27, B301 (1988).
For example, see P. Erk, S. Hunig, J. U. von Schutz, H.-P.

Werner, and H. C. Worf, Angew. Chem. Int. Ed. Engl. 27,
267 (1988)~

~T. Mori, K. Imaeda, R. Kato, A. Kobayashi, H. Kobayashi,
and H. Inokuchi, J. Phys. Soc. Jpn. 56, 3429 (1987).

S. Tomic, D. Jerome, A. Aumuller, P. Erk, S. Hiinig, and J. U.
von Schutz, Europhys. Lett. 5, 553 (1988).

7H. Kobayashi, A. Miyamoto, R. Kato, A. Kobayashi, Y.
Nishio, K. Kajita, and W. Sasaki, Solid State Commun. 72, 1

(1989).
~I. H. Inoue, A. Kakizaki, H. Namatame, A. Fujimori, A.

Kobayashi, R. Kato, and H. Kobayashi, Phys. Rev. B 45,
5828 (1992); I. H. Inoue, A. Kakizaki, A. Kobayashi, H.
Kobayashi, R. Kato, H. Namatame, and A. Fujimori, Physica
C i85-189, 2691 (1991).

H. Kobayashi, A. Miyamoto, H. Moriyama, R. Kato, and A.
Kobayashi, Chem. Lett. 1991,863 (1991).
I. H. Inoue, Master's thesis, University of Tokyo, 1992.
A. Kakizaki, T. Kinoshita, A. Harasawa, H. Okuma, T. Ishii,
M. Taniguchi, M. Ikezawa, K. Soda, and S. Suzuki, Nucl. In-
strum. Methods A 311,620 (1992).

' D. Schmeisser, A. Gonzales, J. U. von Schutz, H. Wachtel,
and H. C. Wolf, J. Phys. I (Paris) i, 1347 (1991).

' B. Dardel, D. Malterre, M. Grioni, P. A'eibel, Y. Baer, and F.
Levy, Phys. Rev. Lett. 67, 3144 (1991).
M. J. Rice and S. Stra.ssler, Solid State Commun. 13, 1389
(1973).

~5W. D. Grobman, R. A. Pollak, D. E. Eastman, E. T. Maas,
and B. A. Scott, Phys. Rev. Lett. 32, 534 (1974); P. Nielsen,
A. J. Epstein, and D. J. Sandman, Solid State Commun. 15,
53 (1974).

6For a recent review, see H. J. Schulz, Int. J. Mod. Phys. 5, 57
(1991).
R. Moret, P. Erk, S. Hiinig, and J. U. von Schutz, J. Phys.
(Paris) 49, 1925 (1988).

Recently, a similar phenomenon was reported in the UPS
study of Ko 3MoO3. see B. Dardel, D. Malterre, M. Grioni,
P. Weibel, Y. Baer, C. Schlenker, and Y. Petroff, Europhys.
Lett. 19, 525 (1992).
J. J. Yeh and I. Lindau, At. Data Nucl. Data Tables 32, 1

(1985).
K. Yakushi, A. Ugawa, G. Ojima, T. Ida, H. Tajima, H.
Kuroda, A. Kobayashi, R. Kato, and H. Kobayashi, Mol.
Cryst. Liq. Cryst. 181,217 (1990).
Y. Nishio, K. Kajita, R. Kato, A. Kobayashi, H. Kobayashi,
and W. Sasaki, Physica B 173, 300 (1991).
F. Patthy, J. M. Imer, W.-D. Schneider, H. Beck, Y. Baer, and
B.Delley, Phys. Rev. B 42, 8864 (1990).
H. Fukuyama, J. Phys. Soc. Jpn. 61, 3452 (1992).


