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Electronic structure of charge transfer salts
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Fluorescence carbonKa x-ray emission spectra~XES! of low-dimensional charge transfer salts
@(TMTSF!2PF6, (BETS!2FeBr4, and ~CPDT-STE! ~TCNQ!# are presented. The Fermi energy positions are
determined for these spectra using XPS binding energies of the C 1s core level. The absence of metallic
Fermi edges in the carbonKa XES data is reminiscent of Luttinger-liquid behavior predicted for one-
dimensional metals, but the observed suppression of spectral weight near the Fermi level occurs on a
surprisingly large energy scale. An additional low-energy subband found in carbonKa XES of
(BEDT-TTF)4@(H3O!Fe~C2O4)3#C5H5N is attributed to strong cation-anion interaction in this organic super-
conductor.
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Charge transfer salts formed by linear chains of orga
molecules BETS @bis~ethyleneditho!tetraselenafulvalene#
~Ref. 1!, BEDT-TTF @bis~ethyleneditho!-tetrathiafulvalene#
~Ref. 2!, and TMTSF~tetramethyltetraselenafulvalene! ~Ref.
3! display a rich variety of electronic properties from ma
netic insulators to superconductors depending on the na
of the donors or acceptors and their arrangement in the c
tal structure. Most of these compounds are 2:1 cation rad
salts such as theD2X systems (TMTSF)2X, (BETS)2X, and
k-(BEDT-TTF)2X, whereX stands for a monovalent anio
(X2). The average valence of the organic molecule beco
11/2. The conducting properties are attributed to thep band
with quarter filling. The on-site Coulomb interactionU
should be relatively small in the organic system due to
large size of the constituent organic molecules. On the o
hand, the transfer integralst between the neighboring mo
ecules are also strongly reduced in comparison with typ
inorganic crystals, so that the ratio ofU/t can reach values a
large as in strongly correlated transition metal oxides.

Low dimensionality of charge transfer salts is of spec
interest due to the theoretical suggestion that the normal s
of these systems may be unusual. It is shown that o
dimensional~1D! conductors are not Fermi liquids like no
mal metals, but Luttinger4 or Luttinger-Emery5 liquids with
distinct physical properties. Instead of a discontinuity jum
at the quasimomentumk equal to the Fermi momentumkF ,
the one-electron distribution function displays a power-l
singularity nk'nF2C sgn(k2kF)uk2kFua, a.0. Corre-
spondingly, the spectral densityr(E) at the Fermi energyEF
behaves asuE2EFua instead of displaying a metallic Ferm
edge. Previous results do suggest this behavior for
quasi-1D or even 2D materials.6 High-resolution angle-
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resolved photoemission spectra~ARPES! have shown strong
suppression of quasiparticle states near the chem
potential.7–11On the other hand, a decrease in photoemiss
intensity near the Fermi level can also result from extrin
changes in the electronic structure at the surface, recons
tion, off-stoichiometry, or degradation. Additional measur
ments using bulk sensitive spectral techniques such as x
emission spectroscopy are necessary to verify the validity
observations resulting from photoemission experiments.

In the present work we report soft x-ray fluorescen
measurements for charge transfer salts (TMTSF!2PF6,
(BETS!2FeBr4, and ~CPDT-STF! ~TCNQ! were carried out
at Beamline 8.0 of the Advanced Light Source, Berkel
Photoemission experiments@ultraviolet photoemission spec
troscopy ~UPS! and x-ray photoemission spectrosco
~XPS!# measurements of (TMTSF!2PF6 were performed at
the University of Augsburg.

It is widely accepted that cation~donor! p molecules
provide the conductive properties of organic conducto
We have therefore measured x-ray emission spectra~XES!
of carbon belonging to donor molecules~Fig. 1!. For
the analysis we have also used the results of
previous measurements of carbonKa XES of BEDT-TTF
charge transfer salts (BEDT-TTF!4Hg2.89Br8 and
(BEDT-TTF)4@(H3O!Fe~C2O4)3#C5H5N.12

Single crystals of these compounds used for our meas
ments were prepared under conditions described in Refs
13, and 14. All of these materials are organic conductors
superconductors~see Table I!.

Nonresonant carbonKa ~2p→1s transition! x-ray emis-
sion spectra were recorded employing the soft x-ray fluor
cence endstation.15 Photons with an energy of 300 eV, we
©2001 The American Physical Society07-1
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BRIEF REPORTS PHYSICAL REVIEW B 64 233107
above the carbonK edge, were delivered to the endstati
via the spherical grating monochromator. The carbonKa
spectra were obtained with a 600-lines/mm, 10-m rad
grating and energy resolution of 0.3–0.4 eV. A diffractio
grating with 600 lines/mm andR510 m was used for thes
measurements.

In the present case of nonresonant excitation, the spe
shape of x-ray emission can be described with the emis
decoupled from the excitation. According to the dipole sel
tion ruleD l 561, the 1s core level hole in carbon atoms ca
only be filled byp-valence electrons. Therefore the intens
in nonresonant x-ray emission spectra of carbon maps th
2p density at each particular atomic site. Since the final s
of the x-ray emission process contains one hole in the
lence band, XES spectra reflect the partial valence contr
tion to the single-particle spectral function.16 XES is there-
fore a useful tool for the study of such highly correlat
systems as charge transfer salts.

FIG. 1. Chemical structure of donor molecules in charge tran
salts.

TABLE I. Description of the samples.

Sample Electrical behavior

~TMTSF!2PF6 Superconducting at 12 kbar
(Tc50.9 K)

k-~BETS!2FeBr4 Antiferromagnetic metal
(2.4 K.T.1 K),

Superconducting (Tc51.1 K)
~ET!4Hg2.89I8 Superconducting (Tc54.3 K)

~ET!2Cu@N~CN!2#Br Superconducting (Tc511.6 K)
~ET!4@~H3O!Fe~C2O4!3#C5H5N MI transition at 116 K

~CPDT-STF! ~TCNQ! Metallic ~.0.6 K!
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The carbon Ka soft x-ray emission spectra ar
presented in Fig. 2. A two-peak structure~labeled a-b!
is found for all compounds. The same energy separa
of peaks a and b in C Ka ~;2.8 eV! XES is found
for all charge transfer salts indicating that the same str
ture of carbonp states in the valence band is present
all spectra. The low-energy subbandc located around
258–263 eV is revealed only in CKa XES of
(BEDT-TTF)4@(H3O!Fe~C2O4)3#C5H5N as well as in the
spectra of other organic superconductors containing Fe
Cr oxalate layers (BEDT-TTF)4@(H3O!Fe~C2O4)3#C6H5CN
and (BEDT-TTF)4@(H3O!Cr~C2O4)3#C6H5CN.13 Such low-
energy subbands have been found in x-ray emission spe
of different elements with nonmetals and are attributed tons
states of nonmetal atoms.17 Therefore this subband can orig
nate from the hybridization of carbon 2p states of BEDT-
TTF molecule and oxygen 2s states of oxalate laye
@(H3O!Fe~C2O4)3# or nitrogen 2s states of benzonitrile
C6H5CN, which is due to hybridization betweenp-metal
electrons of donor~BEDT-TTF! molecules ands states of
anions. On the other hand, this subband is absent in CKa
XES of (BEDT-TTF!4Hg2.89Br8 where the anionic layer doe
not consist of nitrogen or oxygen atoms. In most electr
conduction models suggested for organic stack electrons
anion influence is attributed mainly to an external Coulom
potential that may be eliminated for centrosymmetrical s
cies. In the case of noncentrosymmetrical anions—as the
ions in @(H3O!Cr~C2O4)3#C6H5CN—the structural ordering
can strongly modify the nature of the electronic stat
Therefore the presence of an additional subband in
carbon Ka XES evidences a strong cation-anion inte
action in (BEDT-TTF)4@(H3O!Fe~C2O4)3#C5H5N. Some
authors emphasize the possible role of anions in or
to explain variations in the superconducting transition te
perature Tc ,18 the effect of pressure onTc and on
Shubnikov–de Haas oscillations,19 or anomalies in the resis
tivity as a function of temperature ink salts.20 It is worth-
while mentioning that anion-cation induction interactions
organic superconductors derived from Bechgaard salts h

r

FIG. 2. CKa XES of charge transfer salts in the entire valenc
band region.
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BRIEF REPORTS PHYSICAL REVIEW B 64 233107
been evaluated within the framework of the valence-bo
Hartree-Fock formalism, recently.21 However, neither experi-
mental nor theoretical studies have clearly established
role of the anions in the electronic properties of the orga
salts. To our knowledge this is the first direct spectrosco
evidence of a cation-anion interaction in charge trans
salts. It is necessary to point out, however, that carb
Ka measurements ofk-(BEDT-TTF!2Cu@N~CN!2#Br and
k-(BEDT-TTF!2Cu~NCS!2 ~Ref. 25! did not evidence these
additional subbands, although anion-cation contacts are
pected in these compounds as well.26

In order to verify the origin of this additional subban
we performed additional carbonKa measurements for som
reference organic compounds. Those were the polym
PVME @poly~vinil methyl ether!#, PAO @poly~aniline
oligomer!#, and PES poly-1,4-phenylene-ether-sulpho
having chemical structures„uCH2—CH~OCH3)u…n ,
C6H5—NH—C6H4—NH—C6H5, and
C6H5—O—C6H4—SO2—H, respectively. The data are dis
played in Fig. 3. The emission of these polymers as wel
polyimide27 and PES ~poly-1,4-phenylene-ether-sulphon!
~Ref. 28! also exhibits the low-energy feature labeledc at the
same emission energy~262 eV! as found in the spectrum o
(BEDT-TTF)4@(H3O!Fe~C2O4)3#C5H5N. In all these poly-
mers nitrogen~PAO!, oxygen~PVME and PES!, or both ni-
trogen and oxygen~PI! is present. The assumption that th
additional subband is displayed in carbonKa XES as a sec-
ond order of oxygenKa XES with energy 524 eV is no
correct since our measurements of OKa XES for PI ~Ref.
27! show that the emission energy of intensity maximum
527.3 eV, which is 3.7 eV higher than it would be expect
We finally attribute the origin of the feature labeledc in
carbonKa XES of (BEDT-TTF)4@(H3O!Fe~C2O4)3#C5H5N
to nitrogen and oxygen 2s states of the anion layer whic
arise from C 2p– N 2s and C 2p– O 2s hybridization.

In order to examine the behavior of the carbon emiss

FIG. 3. C Ka XES of (BEDT-TTF)4@~H3O!Fe~C2O4!3#C5H5N
and reference organic compounds„polymers: PVME@poly~vinil
methyl ether!#, PAO @poly~aniline oligomer!# PES ~poly-1,4-
phenylene-ether-sulphone and polyimide!….
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features near the Fermi level, one would need XPS bind
energies of the C 1s core levels. Unfortunately, such mea
surements have been performed, up to now, only for f
charge transfer salts~see Table II!. The binding energies vary
between 0.2 and 0.7 eV, allowing us to estimate the posi
of the Fermi level in the carbonKa spectra displayed. Figure
4 shows carbonKa XES in the vicinity of the Fermi level.
For carbon CKa XES two Fermi-level positions are indi
cated ~Ef 1 and Ef 2! which correspond to the lower an
higher C 1s binding energies, respectively~see Table II!. All
spectra show almost linear tails in the vicinity of the Fer
level extending towards high emission energies and a s
pression of the spectral weight atEf . This pseudogap and
the absence of the Fermi edge are incompatible with
usual spectroscopic behavior of normal 3D metals where
Fermi edges are definitely observed on spectral curves.
ure 5 shows a comparison of photo- and soft x-ray emiss
for carbon in (TMTSF!2PF6 on a binding energy scale. Her
C Ka XES of (TMTSF!2PF6 is converted to this scale usin
an XPS C 1s binding energy of 284.8 eV. Both spectra d
not show metallic Fermi edges. Peaks 1 and 2, well resol
in UPS spectra, are smeared in CKa XES of (TMTSF!2PF6
due to the limitation in energy resolution.

These observations are in contrast to the conventio
Fermi-liquid picture of a metal where quasiparticle ban
cross the Fermi level. Therefore one can conclude that n

TABLE II. XPS binding energies of C 1s core level for charge
transfer salts.

Compound C 1s ~eV!

~ET!2Cu~NCS!2 285.5a

DMTSA-BF4 284.9b

~TMTSF!2PF6 284.8c

aReference 22.
bReference 23.
cReference 24

FIG. 4. CKa XES of charge transfer salts in the vicinity of th
Fermi level.
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BRIEF REPORTS PHYSICAL REVIEW B 64 233107
Fermi-liquid features are observed in x-ray emission spe
of charge transfer salts. The accuracy of the data is not
ficient to obtain the exponenta but qualitatively one can
conclude that it should be larger than 1 (a>1). ARPES data
for (TMTSF!2PF6 give an estimationa>1.25.7 This is rather
unusual since simple models deduce significantly sma
values fora. For example, the Hubbard model yields 0,a
,1/8.29 larger values ofa are possibly a sign of the impor
tance of long-range Coulomb interactions.7 Recent numerica
results30 demonstrate thata can be larger than 1 in the spin
less fermion model with competing nearest-neighbor- a
next-nearest-neighbor interactions. However, we need
point out that the drop of spectral weight in the XES spec
stretches over almost 2 eV, which is larger than any reas

FIG. 5. Comparison of UPS and CKa XES valence-band spec
tra of ~TMTSF!2PF6 near the Fermi energy on a binding ener
scale. The UPS spectra are not corrected for an inelastic b
ground, and the photon energy for the UPS spectrum is displa
m
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able energy scale expected for Luttinger liquid behavior.
fact, it is even larger than the conduction-band widths
rived for organic CT salts~0.5–1 eV!. This problem also
exists in the non-Fermi-liquid interpretation of the phot
emission spectra. The absence of spectral weight in the p
toemission spectrum at the Fermi level of quasi-1D orga
conductors could be related to a strong off stoichiometry
the surface of these compounds.31

To conclude, we have performed x-ray fluorescence m
surements of charge transfer salts~TMTSF!2PF6,
~BETS!2FeBr4, and ~CPDT-STF!~TCNQ!. In all spectra the
intensity near the Fermi level is suppressed. This cannot o
be due to electron correlation effects, but also to high de
concentration in the surface of these materials. The a
tional low-energy subband found in carbonKa XES of
(BEDT-TTF)4@~H3O!Fe~C2O4!3#C5H5N is attributed to a
strong cation-anion interaction in charge transfer salts. T
absence of quasiparticle features near the Fermi leve
incompatible with a Fermi-liquid picture. An additiona
low-energy subband found in carbonKa XES of
(BEDT-TTF)4@~H3O!Fe~C2O4!3#C5H5N can be attributed to
a strong cation-anion interaction in charge transfer salts.
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