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Temperature-dependent core-level x-ray photoemission spectroscopy of the organic conductors
„MeCl-DCNQI …2Cu, „MeBr-DCNQI …2Cu, and „DI-DCNQI …2Cu
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We study the quasi-one-dimensional~1D! organic conductors~MeCl-DCNQI!2Cu, ~MeBr-DCNQI!2Cu, and
~DI-DCNQI!2Cu using x-ray photoemission spectroscopy. We observe negligible change of the Cu 2p core-
level spectra of~DI-DCNQI!2Cu and~MeBr-DCNQI!2Cu as a function of temperature, in the metallic phase. In
contrast, Cu 2p spectra of~MeCl-DCNQI!2Cu, which has a charge-density-wave/metal-insulator transition at
210 K exhibits clear changes across the transition. The spectral shape change occurring across the transition
indicates charge transfer from Cu 3d states to the 1-D DCNQIpp conduction band. A line-shape analysis
shows that the average valence of Cu ions follows a systematic trend related to the tetrahedral anglea between
N-Cu-N, i.e., a more distorted tetrahedral angle corresponds to lesser charge transfer from the Cu ions to the
pp band. The results also provide direct evidence for coupling of the electronic states involved in charge-
ordering with the charge-density-wave formation.@S0163-1829~98!09719-7#
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In charge-transfer compounds, electrons transferred f
the donor to acceptor complex determine the electronic p
erties of the system. Recently, the quasi-one-dimensio
~1D! organic salts containingR1,R2-DCNQI ~R1 ,R25CH3,
Cl, Br, I, etc.; DCNQI5N, N8-dicyanoquinonediimine! mol-
ecules as an acceptor and metal ions~Li, Cu, Ag, etc.! as a
donor have been studied extensively because of their in
esting properties.1–7 In the Cu-based systems, electrons a
transferred from Cu atoms tetrahedrally coordinated to
cyano groups of DCNQI molecules constituting the quasi-
2pp lowest unoccupied molecular orbital~LUMO! band
formed by stacking of DCNQI molecules along thec axis.
Within this series of compounds,~DMe-DCNQI!2Cu, ~with
R15R25methyl group, CH3! remains metallic down to 50
mK. Such metallic compounds that do not show an el
tronic transition are classified as belonging to ‘‘group I
When pressure is applied on these compounds,2,3 a halogen
ion is substituted for a methyl group,4,5 or deuterium is
substituted for hydrogen,6,7 they exhibit charge-density
wave/metal-insulator (CDW/M -I ) transitions. The transition
is understood to be a mixed Peierls transition and Mott tr
sition occurring on decreasing temperature,8 with a three-
fold CDW on the quasi-1D chain of DCNQI molecules9

Furthermore, the ratio of amount of Cu1:Cu21 is estimated
to be 2:1, and the charge on Cu ions also orders along
quasi-1D direction10–12 with the same period as the CDW
i.e., (̄ -Cu1-Cu1-Cu21-Cu1-¯). This is also consisten
with magnetic susceptibility studies that follow a Curi
Weiss law with a Curie constant corresponding to1

3 mol of
Cu atoms.10,11 These systems belong to ‘‘group II.’’ Com
pounds returning to a metallic phase~reentrant metal! below
the M -I transition on further decreasing temperature13,14 are
classified as belonging to ‘‘group III.’’ Thus, we can contr
transition temperatures by appropriately choosingR1 andR2
in these compounds, corresponding to ‘‘chemical pressu
by substitution, or by physical pressure.
570163-1829/98/57~19!/11846~4!/$15.00
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In this work, we study the Cu 2p core levels of
~DI-DCNQI!2Cu, ~MeCl-DCNQI!2Cu, and
~MeBr-DCNQI!2Cu using x-ray photoemission spectrosco
~XPS! as a function of temperature.~DI-DCNQI!2Cu belongs
to group I and possesses the most stable metallic state am
DCNQI-Cu salts. This is because of the experimental f
that the critical pressurePc required for theM -I transition is
the largest (;15 kbar) for ~DI-DCNQI!2Cu among group-I

compounds.3 Also, anisotropy of electrical resistivity is
about 3:1~parallel:perpendicular to the 1D axis!,3 differing
from 10:1 for ~DMe-DCNQI!2Cu. In contrast,
~MeBr-DCNQI!2Cu and ~MeCl-DCNQI!2Cu have a
CDW/M -I transition temperature,Tc5160 and 210 K,
respectively,7 and thus belong to group II. We observ
temperature-dependent changes across the CDW/M -I transi-
tion in the Cu 2p core-level spectra indicative of the charg
transfer across the transition. From a line-shape analysi
the core-level spectra, we estimate the average valence o
ions. A systematic relation of the tetrahedral N-Cu-N an
to the transition temperature and the average Cu valenc
obtained.

We synthesized polycrystalline samples in a glove b
filled with nitrogen gas and directly connected to the pho
emission spectrometer. As-prepared samples were wash
pure CH3CN, mounted on a sample holder within the glo
box, and transferred to the analysis chamber. The pow
x-ray diffraction pattern of the sample synthesized as ab
is the same as that of a powdered single crystal and has
reported for the case of~DMe-DCNQI!2Cu earlier.15 The
XPS spectra were measured in a VG ESCALAB Mk II in th
Institute for Molecular Science using an AlKa (hn
51486.6 eV) source. The vacuum in the analysis cham
was ;8310210 Torr, and the total energy resolution wa
1.1 eV. The sample was cooled using flowing liquid N2,
down to 170 K, and the temperature was measured usin
11 846 © 1998 The American Physical Society
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calibrated thermocouple. Since the existence of the Os
signal is a good measure of the sample surface quality a
already known,16 we monitored the sample quality by chec
ing the same, and it was found to be negligible in every ca

Figure 1 shows the XPS spectra of the Cu 2p core levels
in ~DI-DCNQI!2Cu measured at 300 and 170 K. Main pea
corresponding to the spin-orbit split core levels of Cu 2p3/2
and Cu 2p1/2 occur at the binding energy of about 931 a
951 eV, respectively, and theI M 4N4,5N4,5 Auger signals
occur at a binding energy of about 968 eV. The Cu 2p core-
level spectral shapes are similar to that of~DMe-DCNQI!2Cu
and ~MeBr-DCNQI!2Cu reported in earlier studies,16–18 ex-
cept for the presence of theI M 4N4,5N4,5 Auger peak. It is
known that the Cu 2p3/2 main peak consists of Cu 2p3/23d10

(Cu1) and Cu 2p3/23d10LI (Cu21) final states, in whichLI
represents a ligand hole, and the satellite peak is made o
2p3/23d9 (Cu21) finalØ state.19,20 In order to estimate the
valence of Cu ions in~DI-DCNQI!2Cu, we do a line-shape
analysis of the spectrum at 300 K and the results are sh
in Fig. 2. The spectra are decomposed into a Cu1 peak, Cu21

main peak, and the Cu21 satellite peak for the spin-orbit spl
core levels. Each peak is a convolution of a Lorentzian d
to lifetime broadening and a Gaussian due to the instrum
tal broadening. Following previous studies,16,18an additional
plasmon loss satellite at 21.4 eV higher binding energy
been included, but is not shown here for clarity. The res
indicate that the intensity ratio of Cu1: Cu2152:0.56, and
the average valence of Cu ions is11.22, i.e., about13.66/3.
This reduced average valence of Cu ions implies a m
smaller charge transfer of electrons from Cu 3d states to the
2pp band of DCNQI molecules compared to all oth
DCNQI-Cu systems. Comparing the spectrum at 300 K w
that obtained at 170 K, we observe negligible difference

FIG. 1. Cu 2p core-level spectra of~DI-DCNQI!2Cu at 300 K
~circle! and at 170 K~solid line! obtained using AlKa excitation.
In the inset, Cu 2p3/2 region is plotted on an expanded scale to sh
negligible change as a function of temperature.
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the spectra as shown in the inset of Fig. 1, where the
2p3/2 region is plotted on an expanded scale.
~DI-DCNQI!2Cu, we thus conclude that negligible charg
transfer occurs on decreasing temperature. This is in con
to results on~MeCl-DCNQI!2Cu for which we observe clea
spectral changes across theM -I transition at 210 K.

Figure 3 shows the XPS spectra of Cu 2p core level of
~MeCl-DCNQI!2Cu at 300 and 170 K, which is above an
below the transition temperature ofTc5210 K, respectively.
The spectrum obtained at 300 K is also superimposed on
of the 170 K spectrum so as to make it easy to observe
temperature-dependent spectral changes. We observe th
170 K, the peak widths become broader only on the h
binding-energy side and the intensity seems weaker for b
Cu 2p3/2 and Cu 2p1/2 features. These changes are reversi
and hence intrinsic, because a temperature cycling above
transition at 210 K resulted in reverting the low-temperatu

FIG. 2. Results of line-shape analysis of Cu 2p core-level spec-
trum of ~DI-DCNQI!2Cu. The spectrum~circle! is composed of a
Cu1 component~dotted line! and two Cu21 components for the
main peak~dashed line! and satellite peak~dashed-dotted line!.

FIG. 3. Cu 2p core-level spectra of~MeCl-DCNQI!2Cu at 300
K ~circle! and at 170 K~dotted line! obtained using AlKa excita-
tion. The 300 K spectrum is superimposed on the 170 K spect
as a solid line to show temperature-dependent spectral change
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spectrum to the room-temperature spectrum. A line-sh
analysis of Cu 2p spectra as discussed above clarifies
changes across the transition temperature on a quantit
basis. Figure 4 show the fitting curves at 300 and 170
respectively. The line-shape analysis results show that
ratio of Cu ions is Cu1: Cu2152:0.9 at 300 K and Cu1:
Cu2152:1.0 at 170 K, respectively, i.e., the average vale
are13.9/3 and14.0/3. It is to be noted that the fit for th
low-temperature spectrum has slight discrepancies comp
to the metallic-phase spectrum and we could not improve
the fit. The values of the average valence are reasona
because the metallic phase at 300 K indicates a smaller
lency than 1 4

3 , consistent with an earlier study o
~DMe-DCNQI!2Cu and~MeBr-DCNQI!2Cu.16 Also, for the
insulating phase at 170 K, a valence of1 4

3 is expected from
an x-ray diffraction study,21 which shows the existence o
threefold superstructure along thec axis, and from the mag
netic susceptibility11 that follows the Curie-Weiss law with a
Curie constant corresponding to1

3 mol of Cu21.
In order to confirm that charge transfer occurs only acr

the transition, we have also studied the Cu 2p XPS spectra
of ~MeBr-DCNQI!2Cu at 170 and 300 K. We do not observ
any change in the spectra between 300 and 170 K, whic
still above the transition temperature,Tc5160 K. The above
results suggest that the Cu1 component in the spectrum a
300 K decreases, and simultaneously the Cu21 component
increases, only below the transition temperature. Thus,
infer that charge transfer from Cu ions to thepp conduction
band made of DCNQI molecular chain occurs across
M -I transition. This charge transfer has been expected7,22,23

within the following picture for the electronic states
DCNQI-Cu salts: in the crystal field of tetrahedrally coord

FIG. 4. Results of line-shape analysis of Cu 2p core-level spec-
trum of ~DI-DCNQI!2Cu at 300 and 170 K.
e
e
ive
,

he

e

ed
n
le,
a-

s

is

e

e

nated DCNQI molecules~Td symmetry!, the Cu 3d elec-
tronic state is split into triply degeneratet2g ~dxy , dyz , and
dzx! and doubly degenerateeg ~dz

2 anddx22y2!. A distortion
of the tetrahedron results in thet2g state being further split
with the dxy state higher in energy level and thedyz anddzx
states lower in energy. The degree of distortion is rep
sented by the bond angle N-Cu-N~a!. It has been reported
thata increases very slightly on decreasing temperature,
jumps at the transition temperature.7,22,23 Owing to increas-
ing a, i.e., raising thedxy state, the charge transfer from C
ions to thepp band of DCNQI molecules increases on low
ering the temperature. Therefore, the occupieddxy state
straddling the Fermi level interacts with the LUMO, formin
mixed valent Cu ions. It is considered that such a cha
transfer leads to the change of the XPS spectra of Cu 2p core
levels as in Fig. 3.

To corroborate this hypothesis, we list in Table I the a
erage valence of four~DCNQI!2Cu salts to understand th
systematics of charge transfer in these compounds. The
erage valence of~DI-DCNQI!2Cu is much smaller than the
other compounds. It suggests that it is more difficult to ha
a M -I transition in a salt having the average valence farth
away from 1 4

3 . Furthermore, the data of the tetrahed
anglea between N-Cu-N at room temperature indicate a
rect relation of the average valence with the anglea, i.e., the
average valence differs more from the value4

3 for a more
distorted tetrahedron.

A recent first-principles theoretical study24 of the band
structures of DCNQI systems supports our results. Thepp-d
hybridization in the DI salt is reduced in comparison wi
that in the DMe salt, since the energy difference between
bottom of LUMO and the top ofdxy for DI salt is larger than
that for DMe salt. These changes lead to a decrease of ch
transfer from the Cudxy orbital to the LUMO band, i.e., a
decrease of the average valence of Cu atoms.

If the change of anglea corresponds directly to the charg
transfer of Cu 3d electrons, it may seem contradictory th
there is no temperature dependence of the XPS spectra i
metallic phase. This is becausea has a small temperatur
dependence in the metallic phase, and then the average
lence should have temperature dependence. We conside
following two possibilities: Since it is known that the chang
in a as a function of temperature in the metallic state is mu
smaller than the sudden change at the transit
temperature,22,23 it is possible that the instrument resolutio
is not enough to see the spectral changes, though there

TABLE I. Transition temperature (TM -I), average valence of Cu
ions, and angle between N-Cu-N~a! in four compounds with dif-
ferentR1 andR2 .

Compound TM -1 ~K! Average valence a ~°!

~MeCl-DCNQI!2Cu 210 11.31 (13.93/3) 126.2a

~MeBr-DCNQI!2Cu 160 11.32 (13.95/3)b 125.3a

~DMe-DCNQI!2Cu Metallic 11.28 (13.83/3)b 124.5a

~DI-DCNQI!2Cu Metallic 11.22 (13.66/3) 122.3c

aFrom Ref. 22.
bFrom Ref. 16.
cFrom Ref. 3.
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small charge transfer due to temperature in the meta
phase. The other possibility is that, not onlya, but other
parameters, affect the charge transfer. Although Tabl
shows that the value ofa is related to the amount of charg
transfer, behavior of other parameters such as the elec
phonon coupling, may be different for changes in tempe
ture compared to changes due to pressure. Then charge t
fer may not have temperature dependence in the met
state, i.e., there is actually no change in the core-level spe
of ~DI-DCNQI!2Cu. It is not yet clear what is the real reaso
for negligible changes of the XPS spectra in the meta
phase and this needs further study.

In conclusion, x-ray photoemission spectroscopy of
quasi-one-dimensional organic conductors~DI-DCNQI!2Cu
and ~MeBr-DCNQI!2Cu shows negligible change of the C
2p core-level spectra as a function of temperature in
ci
ic
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metallic phase. In contrast, the Cu 2p spectra of
~MeCl-DCNQI!2Cu, which has a CDW/M -I transition at
210 K, exhibits clear changes across the transition. The s
tral shape change occuring across the transition indic
charge transfer from Cu 3d states to the 1D DCNQIpp
conduction band across the transition. A line-shape anal
shows a systematic dependence of the average valence o
ions to the tetrahedral N-Cu-N bond anglea. The results
provide direct evidence for a coupling of the electronic sta
involved in charge ordering with the CDW formation.
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