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Electronic structure of charge transfer salts

E. Z. Kurmae\ A. Moewes? U. Schwingenschigl,® R. Claessen,M. I. Katsnelsort H. Kobayashf* S. Kagoshima,
Y. Misaki,® D. L. Ederer’ K. Endo® and M. Yanagihara
institute of Metal Physics, Russian Academy of Sciences-Ural Division, 620219 Yekaterinburg GSP-170, Russia
2Department of Physics and Engineering Physics, University of Saskatchewan, 116 Science Place, Saskatoon,
Saskatchewan S7N 5E2, Canada
3Experimentalphysik I, UniversitaAugsburg, D-86135 Augsburg, Germany
“Institute for Molecular Science, Okazaki 444, Japan
SDepartment of Basic Science, University of Tokyo, Komaba 3-8-1, Meguro, Tokyo 153-8902, Japan
%Department of Molecular Engineering, Graduate School of Engineering, Kyoto University Yoshida, Sakyo-ku, Kyoto 606-8501, Japan
7Department of Physics, Tulane University, New Orleans, Louisiana 70118
8Department of Chemistry, Faculty of Science, Kanazawa University, Kakuma-machi, Kanazawa, 920-1192 Japan
Research Institute for Scientific Measurements, Tohoku University, Sendai 980-77, Japan
(Received 22 June 2001; published 28 November 2001

Fluorescence carborKa x-ray emission spectraXES) of low-dimensional charge transfer salts
[(TMTSPF),PF;, (BETS,FeBr, and (CPDT-STH (TCNQ)] are presented. The Fermi energy positions are
determined for these spectra using XPS binding energies of the €brke level. The absence of metallic
Fermi edges in the carbola 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 cakbenXES of
(BEDT-TTF),[ (H30)Fe&(C,0,)3]CsHsN is attributed to strong cation-anion interaction in this organic super-
conductor.
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Charge transfer salts formed by linear chains of organigesolved photoemission spect®RPES have shown strong
molecules BETS [bis(ethylenedithgtetraselenafulvalede suppression of quasiparticle states near the chemical
(Ref. 1), BEDT-TTF [bis(ethylenedithp-tetrathiafulvaleng  potential’~* On the other hand, a decrease in photoemission
(Ref. 2, and TMTSF(tetramethyltetraselenafulvalen@ef.  intensity near the Fermi level can also result from extrinsic
3) display a rich variety of electronic properties from mag- changes in the electronic structure at the surface, reconstruc-
netic insulators to superconductors depending on the natuten, off-stoichiometry, or degradation. Additional measure-
of the donors or acceptors and their arrangement in the crysnents using bulk sensitive spectral techniques such as x-ray
tal structure. Most of these compounds are 2:1 cation radicamission spectroscopy are necessary to verify the validity of
salts such as thB,X systems (TMTSE)X, (BETS),X, and  observations resulting from photoemission experiments.
k-(BEDT-TTF),X, whereX stands for a monovalent anion  In the present work we report soft x-ray fluorescence
(X7). The average valence of the organic molecule becomemeasurements for charge transfer salts (TMJEBF;,
+1/2. The conducting properties are attributed to4#higand  (BETS),FeBr,, and (CPDT-STH (TCNQ) were carried out
with quarter filling. The on-site Coulomb interactiod  at Beamline 8.0 of the Advanced Light Source, Berkeley.
should be relatively small in the organic system due to thePhotoemission experimenfsltraviolet photoemission spec-
large size of the constituent organic molecules. On the otheroscopy (UPS and x-ray photoemission spectroscopy
hand, the transfer integratsbetween the neighboring mol- (XPS)] measurements of (TMTS§PFR; were performed at
ecules are also strongly reduced in comparison with typicathe University of Augsburg.
inorganic crystals, so that the ratiodft can reach values as It is widely accepted that catiofdonop 7z molecules
large as in strongly correlated transition metal oxides. provide the conductive properties of organic conductors.

Low dimensionality of charge transfer salts is of specialWe have therefore measured x-ray emission speXES)
interest due to the theoretical suggestion that the normal staté carbon belonging to donor moleculg$ig. 1). For
of these systems may be unusual. It is shown that onghe analysis we have also used the results of our
dimensional(1D) conductors are not Fermi liquids like nor- previous measurements of carb&m XES of BEDT-TTF
mal metals, but Luttingéror Luttinger-Emery liquids with  charge  transfer salts (BEDT-TJJHg,sfBrs and
distinct physical properties. Instead of a discontinuity jump(BEDT-TTF),[ (H;0)Fe(C,0,)3]CsHsN.*?
at the quasimomentuequal to the Fermi momentukg , Single crystals of these compounds used for our measure-
the one-electron distribution function displays a power-lawments were prepared under conditions described in Refs. 1,
singularity ng=~ng—C sgnk—kg)|k—kg|*, «>0. Corre- 13, and 14. All of these materials are organic conductors or
spondingly, the spectral densjpyE) at the Fermi energig superconductorésee Table)l
behaves a$E— Eg|* instead of displaying a metallic Fermi Nonresonant carbola (2p—1s transition) x-ray emis-
edge. Previous results do suggest this behavior for reaion spectra were recorded employing the soft x-ray fluores-
quasi-1D or even 2D materiais High-resolution angle- cence endstatiot?. Photons with an energy of 300 eV, well
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The carbon Ka soft x-ray emission spectra are

CPDT-STF presented in Fig. 2. A two-peak structuflabeled a-b)
is found for all compounds. The same energy separation

FIG. 1. Chemical structure of donor molecules in charge transfePf peaksa and b in C Ka (~2.8 eV) XES is found
salts. for all charge transfer salts indicating that the same struc-
ture of carbonw states in the valence band is present in
all spectra. The low-energy subband located around
258-263 eV is revealed only in CKa XES of
éBEDT—TTF)4[(H30)Fe(CZO4)3]CSH5N as well as in the
spectra of other organic superconductors containing Fe and
Cr oxalate layers (BEDT-TTR)(H30)Fe(C,0O,)3]CsHsCN
and (BEDT-TTF)[(H;0)Cr(C,0,)3]CsHCN.** Such low-

In the present case of nonresonant excitation, the spectrﬁpergy subbands have been found in x-ray emission spectra

shape of x-ray emission can be described with the emissiofl different elements with nonmetals and are attributedso

decoupled from the excitation. According to the dipole selecStates of nonmetal atombTherefore this subband can origi-

tion ruleAl =+ 1, the Is core level hole in carbon atoms can Nate from the hybridization of carbonp2states of BEDT-
only be filled byp-valence electrons. Therefore the intensityTTF molecule and Oxygen < states of oxalate Iayer
in nonresonant x-ray emission spectra of carbon maps the fHsQ)Fe(C;04)5] or nitrogen % states of benzonitrile
2p density at each particular atomic site. Since the final stat&ssCN. which is due to hybridization betweem-metal
of the x-ray emission process contains one hole in the Va@lgctrons of donon(BEDT—TTF)_ molecules _ands states of
lence band, XES spectra reflect the partial valence contrib @1Ons: On the other hand, this subband is absent KaC
tion to the single-particle spectral functidhXES is there- XES 0f (BEDT-TTF,Hg, gdrs where the anionic layer does

fore a useful tool for the study of such highly correlatedOt Consist of nitrogen or oxygen atoms. In most electron
systems as charge transfer salts. conduction models suggested for organic stack electrons, the

anion influence is attributed mainly to an external Coulomb

potential that may be eliminated for centrosymmetrical spe-

cies. In the case of noncentrosymmetrical anions—as the an-
ions in [ (H30)Cr(C,0,)3]C¢HsCN—the structural ordering

above the carboiK edge, were delivered to the endstation
via the spherical grating monochromator. The carlxom
spectra were obtained with a 600-lines/mm, 10-m radiu
grating and energy resolution of 0.3—0.4 eV. A diffraction
grating with 600 lines/mm an®&=10m was used for these
measurements.

TABLE |. Description of the samples.

Sample Electrical behavior can strongly modify the nature of the electronic states.
(TMTSF),PF; Superconducting at 12 kbar  Therefore the presence of an additional subband in the
(T.=0.9K) carbon Ka XES evidences a strong cation-anion inter-
k-(BETS),FeBy, Antiferromagnetic metal action in (BEDT-TTF)[(H30)F&(C,0,)3]CsHsN.  Some
(2.4K>T>1K), authors emphasize the possible role of anions in order
SuperconductingT.=1.1 K) to explain variations in the superconducting transition tem-
(ET)4HYs 8d s Superconducting .= 4.3 K) perature T.,*® the effect of pressure ornl, and on
(ET),CUN(CN),|Br SuperconductingT.=11.6K)  Shubnikov—de Haas oscillatioh$pr anomalies in the resis-
(ET),[(HsO)Fe(C,0,)3]CsHsN MI transition at 116 K tivity as a function of temperature ir salts®® It is worth-
(CPDT-STH (TCNQ) Metallic (>0.6 K) while mentioning that anion-cation induction interactions in

organic superconductors derived from Bechgaard salts have
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TABLE Il. XPS binding energies of C d.core level for charge
transfer salts.

Compound Cs%(ev)
(ET),Cu(NCS), 285.8
DMTSA-BF, 284.9
(TMTSF),PF; 284.8

%Reference 22.
bReference 23.
‘Reference 24

features near the Fermi level, one would need XPS binding
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FIG. 3. CKa XES of (BEDT-TTF)[ (Hs0)Fe(C,0,)3]CsHeN
and reference organic compoun(@mslymers: PVME[poly(vinil
methyl ethey], PAO [poly(aniline oligome)] PES (poly-1,4-
phenylene-ether-sulphone and polyimide

been evaluated within the framework of the valence-bon
Hartree-Fock formalism, recently.However, neither experi-
mental nor theoretical studies have clearly established t
role of the anions in the electronic properties of the organi
salts. To our knowledge this is the first direct spectroscopi
evidence of a cation-anion interaction in charge transfe
salts. It is necessary to point out, however, that carbo
Ka measurements of-(BEDT-TTF),CUN(CN),|Br and
x-(BEDT-TTF),Cu(NCS), (Ref. 25 did not evidence these

h

additional subbands, although anion-cation contacts are el

pected in these compounds as Véell.

In order to verify the origin of this additional subband,
we performed additional carbdfe measurements for some
reference organic compounds. Those were the polyme
PVME [poly(vinil methyl ethej], PAO [poly(aniline
oligomep], and PES poly-1,4-phenylene-ether-sulphone
having chemical structures(—CH,—CH(OCHg)—),,
CsHs—NH—CgH,—NH—CgHs, and
CeHs—0—CgH,—SO,—H, respectively. The data are dis-

played in Fig. 3. The emission of these polymers as well as

polyimide?” and PES (poly-1,4-phenylene-ether-sulphone
(Ref. 28 also exhibits the low-energy feature labetealt the
same emission enerd?262 e\) as found in the spectrum of
(BEDT-TTF),[ (H3O)F&(C,0,)3]CsHsN. In all these poly-
mers nitrogenPAO), oxygen(PVME and PE$ or both ni-
trogen and oxygeltPl) is present. The assumption that this
additional subband is displayed in carbéa XES as a sec-
ond order of oxygerKa XES with energy 524 eV is not
correct since our measurements ofk@ XES for Pl (Ref.

27) show that the emission energy of intensity maximum is
527.3 eV, which is 3.7 eV higher than it would be expected.
We finally attribute the origin of the feature labeledin
carbonKa XES of (BEDT-TTF)[ (H;0)Fe(C,0,4)3]CsHsN

to nitrogen and oxygen 2states of the anion layer which
arise from C »—N 2s and C 20—0 2s hybridization.

energies of the C 4 core levels. Unfortunately, such mea-
surements have been performed, up to now, only for few
charge transfer saltsee Table ). The binding energies vary
between 0.2 and 0.7 eV, allowing us to estimate the position
of the Fermi level in the carboka spectra displayed. Figure
4 shows carboiK @ XES in the vicinity of the Fermi level.
For carbon CKa XES two Fermi-level positions are indi-
cated (E;; and E;,) which correspond to the lower and
higher C s binding energies, respectivelgee Table ). All
pectra show almost linear tails in the vicinity of the Fermi
evel extending towards high emission energies and a sup-
ession of the spectral weight Bt . This pseudogap and

r
é%e absence of the Fermi edge are incompatible with the

sual spectroscopic behavior of normal 3D metals where the
ermi edges are definitely observed on spectral curves. Fig-
re 5 shows a comparison of photo- and soft x-ray emission
or carbon in (TMTSH,PF; on a binding energy scale. Here
C Ka XES of (TMTSPB,PF; is converted to this scale using
in XPS C & binding energy of 284.8 eV. Both spectra do
not show metallic Fermi edges. Peaks 1 and 2, well resolved
in UPS spectra, are smeared irk@ XES of (TMTSB,PF;
due to the limitation in energy resolution.
These observations are in contrast to the conventional

r O S
Eerml—llqwd picture of a metal where quasiparticle bands

cross the Fermi level. Therefore one can conclude that non-
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FIG. 4. CKa XES of charge transfer salts in the vicinity of the

In order to examine the behavior of the carbon emissiorFermi level.
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FIG. 5. Comparison of UPS andICa XES valence-band spec-
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able energy scale expected for Luttinger liquid behavior. In
fact, it is even larger than the conduction-band widths de-
rived for organic CT saltg0.5—-1 eV}. This problem also
exists in the non-Fermi-liquid interpretation of the photo-
emission spectra. The absence of spectral weight in the pho-
toemission spectrum at the Fermi level of quasi-1D organic
conductors could be related to a strong off stoichiometry in
the surface of these compounts.

To conclude, we have performed x-ray fluorescence mea-
surements of charge transfer saltsTMTSF),PF;,
(BETS),FeBr;, and (CPDT-STH(TCNQ). In all spectra the
intensity near the Fermi level is suppressed. This cannot only
be due to electron correlation effects, but also to high defect
concentration in the surface of these materials. The addi-

tra of (TMTSF),PF; near the Fermi energy on a binding energy tional low-energy subband found in carbdte XES of
scale. The UPS spectra are not corrected for an inelastic backBEDT-TTF),[ (H;0)F&(C,0,)3]CsHsN is attributed to a
ground, and the photon energy for the UPS spectrum is displayedstrong cation-anion interaction in charge transfer salts. The

absence of quasiparticle features near the Fermi level is

Fermi-liquid features are observed in x-ray emission Spec”i’ncompatible with a Fermi-liquid picture. An additional

of charge transfer salts. The accuracy of the data is not suj

ficient to obtain the exponent but qualitatively one can
conclude that it should be larger thand=*1). ARPES data
for (TMTSF),PF; give an estimatiom=1.25’ This is rather

ow-energy subband found in carboiKae XES of
(BEDT-TTF),[ (H30)F€&(C,0,)3]CsHsN can be attributed to
a strong cation-anion interaction in charge transfer salts.

unusual since simple models deduce significantly smaller The Russian Foundation for Basic Resear@hoject

values fora. For example, the Hubbard model yields:@
<1/82° larger values ofx are possibly a sign of the impor-
tance of long-range Coulomb interaction®ecent numerical

result$° demonstrate that can be larger than 1 in the spin-
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