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Valence-band spectra of BEDT-TTF and TTF-based magnetic charge-transfer salts
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The electronic structure of BEDT-TTF liethylenedithigtetrathiafulvalene, and TTF, tetrathiafulvalene,
based ferrimagnetic insulating and paramagnetic semiconducting charge-transfer salts have been studied by
X-ray emission spectrosco}ES) and photoelectron spectroscop¢PS). The counterions for the salts are the
d-transition-metal complex anior[<Cr(NCS),(phen)], [Cr(NCS)(Me,phen)™ and [ Cr(NCS)(isoq),] ™
where Mephen=4, 7-dimethyl-1, 10-phenanthroline, phet, 10-phenanthroline and isog isoquinoline
=CgH-N. The distribution of partial and total density of states was determined by comparing the XES spectra
of the constituentécarbon and nitrogeK « and CrL , ) with XPS valence-band spectra on the binding-energy
scale. Splitting in the XPS Ndland S 2 spectra was attributed to contributions from nonequivalent atoms,
i.e., N in the NCS and phen based ligands, S in NCS and BEDT-TTE-XES measured at the,-threshold
display an unusually high, to L3 intensity ratio, which is discussed in terms of Coster-Kronig transitions and
a different excitation of_3 andL, levels at thel, threshold.
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I. INTRODUCTION The lattice structures of compounds 1-3 have been deter-
mined by single-crystal x-ray diffractich’ The structures of

Charge-transfer salts of organic donors such as TTRompoundg1) and(3) consist of stacks of alternating TTF
tetrathiafulvalene, and BEDT-TTF, bethylene- or BEDT-TTF cations and [Cr(NCS)(phen)™ or
dithio)tetrathiafulvalene, show a wide range of transport Cr(NCS)(isoq),]” anions. In both salts the closest inter-
properties: from insulating and semiconducting to metallicactions between electron donor and acceptor moieties are
and even superconductifiguntil recently the focus of re- S --S atomic contacts ofr-stacking overlap. However, there
search into these and similar salts has been solely concernade no significant interanion or intercation contacts and, in
with their transport properties, although emphasis has moveparticular, there are ng---S close contacts between donors,
to the possibility of preparing materials with mixed conduct-as typically seen in highly conducting charge-transfer salts.
ing and magnetic properties. The magnetic properties ar€ompound(2) has a more typical structure of alternating
typically introduced via anionic complexes such &eCl, |~ layers of anions and cations with numerous interac8onS
(see Ref. 2 [Fe(CNx]*~ (see Ref. 3 contacts.
[Cr(NCS)(NH,),]~ (see Ref. 4 and[Cr(C,0,)3]°  (see
Ref. 5, which containd-transition elements with unpaired (1) TTFICK(NCS),(phen)]
and localized electron density. Recently, TTF and

BEDT-TTF salts of complex anions with ligands containing (2) (BEDT-TTF),[CI(NCS)(Me,phen)l,

delocalized = systems have been prepared and exhibit (3) BEDT-TTFICH(NCS), (is00),]
long-range magnetic ord@f,In the present paper we report
on results of the x-ray emission and photoelectron spectra (4) BEDT-TTFICr(NCS) (phen)]

measurements of four magnetic charge-transfer salts:

(1) TTHC(NCS)4(phen], TTF= [}:{] pERTTE = [SI}:{:[SJ
s S

(2) BEDT-TTR;[CH(NCS),4(Me,phen],,
CH, CH,
(3) BEDT-TTHCr(NCS),(isog),], and ohen = CQ? Mephen = %Qig
/
(4) BEDT-TTF,[Cr(NCS),(phen], N N \ N/ \N %

where the ligands and donors are given in Fig. 1. In our o | =
previous papérx-ray emission spectroscopy was used to eoa= N
study the electronic structure of BEDT-TTF molecular con-
ductors and superconductors containing paramagnedic 3 FIG. 1. Constituents of the charge transfer sft3—(4)] inves-

ions (Cr and Fé. tigated in this work.
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The magnetic properties of compoun@s and (3) are 10000 e AAsasasasissonseans
characteristic of bulk ferrimagnets exhibiting long-range
magnetic order below @Ref. 7) and 4.2 K(Ref. 6), respec- E, =300V

tively. By contrast, plots of magnetic susceptibility vs tem-
perature for compound€&) and (4) are typical of simple
paramagnets. From the structural data we find that salts with
magnetic order have strong cation-anion interactions
whereas the paramagnetic s@j does not and we can as-
sume that compoun@), being paramagnetic, also does not.
We find that an interionr-stacking interaction is important
in promoting long-range magnetic order. Furthermore, small
coercive fields have been measured for the ferrimagnetic
compounds, the largest of which is 338 (Ref. 6 for com-
pound(3), BEDT-TTH Cr(NCS),(isoq),]. .
Since the structures of compounds and (3) have iso- HOPG - L
lated donor molecules they predictably proved to be insula- 55 363 550 575 550 o T m0 3o 30 s e 0s
tors. Compound(2) and most likely compound4), have Emission Energy [V] Emission Energy [eV]
closeS --S interdonor contacts and both show semiconduct-
ing behavior. For further details of the syntheses, x-ray- FIG. 2. Nonresonant carbdi@) and nitrogen(b) Ka emission
diffraction studies and magnetic and transport properties, sespectra of compoundd)—(4).
Refs. 6 and 7.
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measurements on copper and iron sulfides. The pressure in
the vacuum chamber during the measurements was below
5x 10" ° mbar and before measurement the samples were

The constituents of compound$)—(4) are given in Fig. fractured in the ultrahigh vacuum. All the investigations were
1. All charge-transfer salts were preparedibgitu oxidation ~ then performed at room temperature on the freshly cleaved
of the relevant donoTTF or BEDT-TTH placed in the surface. The XPS spectra of the semiconducting saitle
anode arm of ai-shaped electrochemical cell. The remain-Wwere calibrated using Au foil to obtain photoelectrons from
der of the cell was filled with a filtered solution of either the Au-4f7;, subshell where the binding energy for the
[isogH][ Cr(NCS),(isoq),], [(C,Hs)4N][Cr(NCS),(phen)] Au-4f,, electrons is 84.0 eMRef. 10. The spectra for
or [(C4Hg)4NJ[Cr(NCS),(Me,phen)] in purified dichlo- sample 1 were calibrated by taking into account the position
romethane solvent. LA was applied across each cell for up of the N line for the NCS ligand398.4 eVj.
to 1 week until suitable crystals grew on the anode. Since
each cell produces just 1-3 mg of crystals, the product from [1l. RESULTS AND DISCUSSION
several identical cells, for each salt, was used for the mea-
surements in this work.

The nonresonant carbon and nitrogén (2p—1s tran- The nonresonant carbon and nitrogen X-ray emission
sition) x-ray emission spectréXES) were recorded at the spectra are recorded by exciting above tsecare ionization
Advanced Light SourcéBeamline 8.0.1employing the soft threshold. In nonresonant excitation, x-ray emission can be
x-ray fluorescence end statidrPhotons with an energy of described with the emission decoupled from the excitation.
300 eV (for carbon spectpaand 410 eV(for nitrogen spec- That is, emission occurs when an electron undergoes a tran-
tra), which is well above the carbon and nitrog€nedges, sition from an occupied valence level to fill the core hole that
were delivered to the end station via a spherical gratings created during the absorption of the incident photon. Ac-
monochromator. The carbon and nitrogéa spectra were cording to the dipole selection ruléy|==*1, the 1s core
obtained with a 600 lines/mm, 10-m. radius grating provid-level hole in carbon and nitrogen atoms can only be filled by
ing an energy resolution of 0.5 eV for carbon and 0.9 eV forp-valence electrons and, therefore, the intensity in the non-
nitrogen. Furthermore, we have measured the chroniiggn  resonant x-ray emission spectra of carbon and nitrogen maps
(3d4s—2py» 3 transition XES for the pure metal and the 2p density at each particular atomic site. In the case of
compoundg1)—(4) in both the resonant regimeearL, and  chromiumL, 3 spectra(3d4s— 2py, 3/, transition, the 2p
L, edge$ and also far from thresholdsonresonant specjra core-level hole is filled by 84s valence electrons and the
using a 1200 lines/mm diffraction grating that provides anintensity distribution is then related to the occupied43
energy resolution of 0.8 eV. For this the excitation energystates. Since the final state of the x-ray emission process
was varied from 574.3 to 620 eV. contains a hole in the valence band, one can expect the XES

The x-ray photoelectron spectrosco}PS) measure- spectra to reflect the partial valence-orbital-resolved contri-
ments were performed with a Physical Electronics ESCAbution to the single-particle spectral functtbiXES is thus a
spectrometefPHI 5600 ci, with monochromatized Af-« powerful tool for the study of highly correlated systems such
radiation of 0.3 eV full width at half maximumThe energy as charge-transfer salts.
resolution of the analyzer was 1.5% of the pass energy. The Figures 2a) and 2Zb) show the nonresonant carbon and
estimated energy resolution was less than 0.35 eV for XP&itrogenK« XES of compound$1)—(4) together with spec-

Il. EXPERIMENT

A. Nonresonant x-ray emission and photoelectron spectra
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compound(2).
FIG. 3. (a) XPS Valence-ban¢vB) spectra of compoundd)—
(4) (b) Comparison of XPS VB of compoung®) with soft x-ray ~ 0f compound2) is compared with the x-ray emission spectra
emission spectra of constituent atoms on common binding-energgf its constituentgcarbon and nitrogei @ and chromium
scale. L, 3 XES) on the binding-energyBE) scale[see Fig. 80)].

In order to convert the emission energies to the binding-
tra of the reference sampléhighly oriented pyrographite energy scale we have used the results of our XPS measure-
and hexagonal boronitriglelnitially, we note that the carbon ments of core levels:Egg(Cl1s)=285.7 eV, Egg(N1s)
spectra of charge-transfer salts with different catiohi§F  =398.4 eV, andEgg(Cr2p)=577.8 eV. The fine structure
and BEDT-TTH and anions ([Cr(NCS)(phen), of the XPS VB spectra in the energy range of 0-15 eV
[ Cr(NCS)(Meyphen)|, and[ Cr(NCS)(isoq),]) all show a  [(A—C) in Fig. 3(b)] mainly originates from the distribution
similar two-peak A-B) structure[Fig. 2(a)]. This has been of carbon 2 states because the shape of th&K@ XES
observed before in spectra of conducting polymtérémo-  reproduces the fine structure of XPS VB in this region. Chro-
lecular  conductors and superconductors  (BEDT-mium 3d4s states contribute to the formation of pealevi-
TTF),CU N(CN),]Br, (BEDT-TTF),Cu(NCS), (see, Refs. dencing anion-cation interaction. Nitrogep &tates also par-

13 and 14, (BEDT-TTF),[(H30)Fe(GO,)3]- CsHsN, ticipate in the formation of the peakto a small extent since
(BEDT-TTF)4[ (H30)Fe(GOy)3]- CsHsCN, and these states are mainly concentrated in the vicinity of peaks
(BEDT-TTF),[ (H30)Cr(C,0,)3]- CsHsCN (see, Ref. 8in- B andC. We also note that subbanBsandC are resolved in
dicating that the same structure of carbon delocalized the nitrogenK« emission spectra due to contributions from
states is present in all samples at the measurement tempersnequivalent nitrogen atoms having different sl Hinding
ture. PeakA corresponds tar-like states: pealB is due to  energiedFig. 4a)].
both 7 and o contributions with thes states dominating® In fitting the XPS spectra, a symmetrical Lorentzian line
TTF and BEDT-TTF(see Fig. 1 have a similar structural shape was assumed for all peaks since this procedure is com-
motif and so it is not surprising that the carbon spectra arenonly applied for insulating samples. A universal energy-
rather insensitive when replacing the cation. On the otheloss function was taken into account for the background.
hand, it seems that carbon atoms belonging to the differerithis can approach Tougaards function and also fulfils the
anions with localized C g states exert only small perturba- physical constraints tending to zero at the borders zero and
tions on the local electronic structure of the cations at ambiinfinity.
ent temperature. Two main peaks are identified for the Ns kpectra of

For the nonresonant nitrogeKa XES [Fig. 2(b)] it compound2) [Fig. 4@]. The first N Is peak corresponds to
should be noted that nitrogen atoms are absent in the catidhe nitrogen atoms belonging to the NCS grd8matoms/f.u.,
layers(Fig. 1) and belong only to the NCS, phen, and isoqat 398.4 eV and the second one should be related to nitrogen
ligands. Therefore these spectra characterize the local eleatoms in the Mgphen ligand4 atoms/f.u., at 400.2 eVThe
tronic structure in the anions. Since the local environment opeaks have an area ratio of 2:1.5, close to that expected from
nitrogen atoms in the phen and isoqg groups is slightly differthe chemical formuld2:1).
ent (Fig. 1) this results in a small difference between the The S 2 spectra of compoun¢R) are presented in Fig.
spectrum of compoun(B) and spectra of the other saltsg.  4(b). The spectra were fitted by recognizing two discrete
2(b)]. sulphur sites in the sample. Due to the strong S overlap in

In Fig. 3 the XPS valence-ban¥B) spectra recorded on neighboring BEDT-TTF molecules, two physical constraints
all samples are presented. The spectra exhibit similar finevere used in order to facilitate resolving each line. For each
structures marked by peaks located at almost the same bindulphur site a 1.18 eV spin-orbit splitting was taken into
ing energies but with different relative intensities. In order toaccount since the spin-orbit splitting should be compound
understand the origin of the different subbands, the XPS VBndependent. Additionally, the ratio of the areaps;2 to
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2p4» was fixed to be 2.0, reflecting the occupancy of each For nonresonant Qt-emission spectra of compount®
subshell. The first two peaks in Fig(bl were attributed to S and (4) [Fig. 5(b)] the ratiol(L,)/1(L3) is estimated to be
2pzpand 24, lines of the NCS ligand8 atoms/f.u. and the  almost four times higher than for the pure mdiaig. 5a)].
remaining peaks originate from S in BEDT-TTE4 atoms/  This is mainly due to the high probability &f,— L ; Coster-
f.u.). The binding energies of these P lines were found  Kronig transitions in Cr metal and to some extent due to
to be 162.4 and 163.9 eV, respectively. The XPSd\ahd S smaller magnetic contributions ﬂC(Lz)/l (LS) for pure 3
2p spectra recorded for the other compounds were found tgnetals'® Also when the excitation energy becomes equal to
be very similar and only diﬁeren_ces in the relativg intensitiesyy g energy of, XAS thel(L,)/I(Ls) intensity ratio sharply
of each peak were observed, in agreement with the oMy creases for the investigated sdlig. 5(b)] as well as in
pound stoichiometries. the pure meta[Fig. 5a)] by approximately four times. We
attribute this to the different probabilities far, absorption
B. Resonant x-ray emission spectra andL 4 ionization for resonant and nonresonant excitation.

Resonant x-ray emission spectra are measured using se- The XPS Cr 3 spectra of compoundd)—(4) are plotted
lective incoming photon energies near threshold. Figgag 5 in Fig. 6 and thes-level line shape is clearly split by 3.8-3.9
shows the resonant @r, 3 XES for the pure metal and since €V. The splitting correlates with the local magnetic
Cr L, 3 XES for compoundg1)—(4) were very similar, ex- moments$® and confirms the spin polarization of Cr centers.
amples of compound§2) and (4) are given in Fig. &). Unfortunately, it is not possible to separate magnetic contri-
Furthermore, the Crf2 x-ray-absorption specti&AS) mea-  butions of the Cr ion and the organic donors using bulk mag-
sured in the total electron yield mode are found to be verynetic measurements. However, the total magnetic moments
similar in compoundg1)—(4) (not shown and in the pure per Cr center at 300 K measured with a superconducting
metal. Arrows indicate the selected excitation energies. Imuantum interference design, MPMS-7 magnetometer for
Fig. 5a) the intensities of th& 3 andL, lines, i.e.,[(L3) and  compounds(1)—(4) are 4.21, 4.06, 4.25, and 4.18;, re-
I(L,), vary for the pure Cr metal according to the density ofspectively. For the insulating samplé&s and(3) the donors
unoccupied states above the andL, thresholds. At thé.,  are isolated and so at 300 K the unpaired electron density is
threshold(labeledc in Fig. 5 the L, level is resonantly likely to be localized at the individual donor molecules.
excited whereas thes is excited nonresonantly, accounting Since electron paramagnetic resonance spectroSaipgs
for the sharp increase ofL,)/I(L3) compared to complete Landeg factors close to the free electron value, for salts of
nonresonant excitatioflabeledd ande). this type, there is little orbital contribution to their magnetic
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would leave just 3.46.5 assigned to the Cr center, which is
far too a low. For compoun¥) it has been difficult to esti-
mate the ratio of donors to Cr ions since structural informa-
tion is not yet available, although a similar argument to that
for compound(2) is likely. It should be noted that similar
energy splitting in the Cr 8 XPS (4.1 eV) is observed for
LiCrO, (Ref. 16 where the effective magnetic moment is
estimated to be 3.74g.

Intensity

Intensity

CONCLUSION

We have studied the electronic structure of some BEDT-
TTF and TTF-based magnetic charge-transfer salts with Cr-
containing counter ions using x-ray emission and x-ray pho-
toelectron spectroscopy. A comparison of x-ray emission
spectra with XPS valence-band spectra on the binding-
energy scale allowed determination of the distribution of par-
tial and total density of states in the valence band. We found
a splitting of XPS N 5 and S 2 core levels, which is
attributed to nonequivalent atoms in the anion and cation
molecules(N in either NCS or phenanthroline ligands; S in
either NCS or BEDT-TTH We further discussed the anoma-
lous high ratios oL, to Lj intensities in resonant and non-
resonant CiL, 3 emission in terms of Coster-Kronig transi-
tions and different excitation of, and L3 levels atL,
Binding energy [eV] threshold.

Intensity

Intensity

FIG. 6. XPS Cr 3 spectra of compoundd)—(4).
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