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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 bis~ethylenedithio!tetrathiafulvalene, and TTF, tetrathiafulvalene,
based ferrimagnetic insulating and paramagnetic semiconducting charge-transfer salts have been studied by
x-ray emission spectroscopy~XES! and photoelectron spectroscopy~XPS!. The counterions for the salts are the
d-transition-metal complex anions@Cr(NCS)4(phen)#2, @Cr(NCS)4(Me2phen)#2 and @Cr(NCS)4(isoq)2#2

where Me2phen54, 7-dimethyl-1, 10-phenanthroline, phen51, 10-phenanthroline!, and isoq5 isoquinoline
5C9H7N. The distribution of partial and total density of states was determined by comparing the XES spectra
of the constituents~carbon and nitrogenKa and CrL2,3! with XPS valence-band spectra on the binding-energy
scale. Splitting in the XPS N 1s and S 2p spectra was attributed to contributions from nonequivalent atoms,
i.e., N in the NCS and phen based ligands, S in NCS and BEDT-TTF. CrL-XES measured at theL2-threshold
display an unusually highL2 to L3 intensity ratio, which is discussed in terms of Coster-Kronig transitions and
a different excitation ofL3 andL2 levels at theL2 threshold.
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I. INTRODUCTION

Charge-transfer salts of organic donors such as T
tetrathiafulvalene, and BEDT-TTF, bis~ethylene-
dithio!tetrathiafulvalene, show a wide range of transp
properties: from insulating and semiconducting to meta
and even superconducting.1 Until recently the focus of re-
search into these and similar salts has been solely conce
with their transport properties, although emphasis has mo
to the possibility of preparing materials with mixed condu
ing and magnetic properties. The magnetic properties
typically introduced via anionic complexes such as@FeCl4#2

~see Ref. 2!, @Fe(CN)6#32 ~see Ref. 3!,
@Cr(NCS)4(NH4)2#2 ~see Ref. 4!, and@Cr(C2O4)3#32 ~see
Ref. 5!, which containd-transition elements with unpaire
and localized electron density. Recently, TTF a
BEDT-TTF salts of complex anions with ligands containi
delocalized p systems have been prepared and exh
long-range magnetic order,6,7 In the present paper we repo
on results of the x-ray emission and photoelectron spe
measurements of four magnetic charge-transfer salts:

~1! TTF@Cr~NCS!4~phen!# ,

~2! BEDT-TTF3@Cr~NCS!4~Me2phen!#2 ,

~3! BEDT-TTF@Cr~NCS!4~ isoq!2# , and

~4! BEDT-TTF2@Cr~NCS!4~phen!# ,

where the ligands and donors are given in Fig. 1. In
previous paper8 x-ray emission spectroscopy was used
study the electronic structure of BEDT-TTF molecular co
ductors and superconductors containing paramagneticd
ions ~Cr and Fe!.
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The lattice structures of compounds 1–3 have been de
mined by single-crystal x-ray diffraction,6,7 The structures of
compounds~1! and ~3! consist of stacks of alternating TT
or BEDT-TTF cations and @Cr(NCS)4(phen)#2 or
@Cr(NCS)4(isoq)2#2 anions. In both salts the closest inte
actions between electron donor and acceptor moieties
S¯S atomic contacts orp-stacking overlap. However, ther
are no significant interanion or intercation contacts and
particular, there are noS¯S close contacts between donor
as typically seen in highly conducting charge-transfer sa
Compound~2! has a more typical structure of alternatin
layers of anions and cations with numerous interactionS¯S
contacts.

FIG. 1. Constituents of the charge transfer salts@~1!–~4!# inves-
tigated in this work.
©2002 The American Physical Society06-1



ge

-

w
n

ot
t
a

et

la

c
ay
s

in
r

p
nc
o
e

f

in

id
fo

an
rg

C

Th
P

re in
low
ere
re
ved

m
e

ion

ion

be
on.
ran-
at
c-

by
on-
aps
of

e

ess
XES
tri-

ch

d

E. Z. KURMAEV et al. PHYSICAL REVIEW B 65 235106
The magnetic properties of compounds~1! and ~3! are
characteristic of bulk ferrimagnets exhibiting long-ran
magnetic order below 9~Ref. 7! and 4.2 K~Ref. 6!, respec-
tively. By contrast, plots of magnetic susceptibility vs tem
perature for compounds~2! and ~4! are typical of simple
paramagnets. From the structural data we find that salts
magnetic order have strong cation-anion interactio
whereas the paramagnetic salt~2! does not7 and we can as-
sume that compound~4!, being paramagnetic, also does n
We find that an interionp-stacking interaction is importan
in promoting long-range magnetic order. Furthermore, sm
coercive fields have been measured for the ferrimagn
compounds, the largest of which is 338 Oe~Ref. 6! for com-
pound~3!, BEDT-TTF@Cr(NCS)4(isoq)2#.

Since the structures of compounds~1! and ~3! have iso-
lated donor molecules they predictably proved to be insu
tors. Compound~2! and most likely compound~4!, have
closeS¯S interdonor contacts and both show semicondu
ing behavior. For further details of the syntheses, x-r
diffraction studies and magnetic and transport properties,
Refs. 6 and 7.

II. EXPERIMENT

The constituents of compounds~1!–~4! are given in Fig.
1. All charge-transfer salts were prepared byin situ oxidation
of the relevant donor~TTF or BEDT-TTF! placed in the
anode arm of aH-shaped electrochemical cell. The rema
der of the cell was filled with a filtered solution of eithe
@ isoqH#@Cr(NCS)4(isoq)2#, @(C2H5)4N#@Cr(NCS)4(phen)#
or @(C4H9)4N#@Cr(NCS)4(Me2phen)# in purified dichlo-
romethane solvent. 1mA was applied across each cell for u
to 1 week until suitable crystals grew on the anode. Si
each cell produces just 1–3 mg of crystals, the product fr
several identical cells, for each salt, was used for the m
surements in this work.

The nonresonant carbon and nitrogenKa ~2p→1s tran-
sition! x-ray emission spectra~XES! were recorded at the
Advanced Light Source~Beamline 8.0.1! employing the soft
x-ray fluorescence end station.9 Photons with an energy o
300 eV ~for carbon spectra! and 410 eV~for nitrogen spec-
tra!, which is well above the carbon and nitrogenK edges,
were delivered to the end station via a spherical grat
monochromator. The carbon and nitrogenKa spectra were
obtained with a 600 lines/mm, 10-m. radius grating prov
ing an energy resolution of 0.5 eV for carbon and 0.9 eV
nitrogen. Furthermore, we have measured the chromiumL2,3
~3d4s→2p1/2,3/2 transition! XES for the pure metal and
compounds~1!–~4! in both the resonant regime~nearL2 and
L3 edges! and also far from thresholds~nonresonant spectra!
using a 1200 lines/mm diffraction grating that provides
energy resolution of 0.8 eV. For this the excitation ene
was varied from 574.3 to 620 eV.

The x-ray photoelectron spectroscopy~XPS! measure-
ments were performed with a Physical Electronics ES
spectrometer~PHI 5600 ci, with monochromatized Al-Ka
radiation of 0.3 eV full width at half maximum!. The energy
resolution of the analyzer was 1.5% of the pass energy.
estimated energy resolution was less than 0.35 eV for X
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measurements on copper and iron sulfides. The pressu
the vacuum chamber during the measurements was be
531029 mbar and before measurement the samples w
fractured in the ultrahigh vacuum. All the investigations we
then performed at room temperature on the freshly clea
surface. The XPS spectra of the semiconducting sample~2!
were calibrated using Au foil to obtain photoelectrons fro
the Au-4f 7/2 subshell where the binding energy for th
Au-4f 7/2 electrons is 84.0 eV~Ref. 10!. The spectra for
sample 1 were calibrated by taking into account the posit
of the N line for the NCS ligand~398.4 eV!.

III. RESULTS AND DISCUSSION

A. Nonresonant x-ray emission and photoelectron spectra

The nonresonant carbon and nitrogen x-ray emiss
spectra are recorded by exciting above the 1s core ionization
threshold. In nonresonant excitation, x-ray emission can
described with the emission decoupled from the excitati
That is, emission occurs when an electron undergoes a t
sition from an occupied valence level to fill the core hole th
is created during the absorption of the incident photon. A
cording to the dipole selection rule,D l 561, the 1s core
level hole in carbon and nitrogen atoms can only be filled
p-valence electrons and, therefore, the intensity in the n
resonant x-ray emission spectra of carbon and nitrogen m
the 2p density at each particular atomic site. In the case
chromium L2,3 spectra~3d4s→2p1/2,3/2 transition!, the 2p
core-level hole is filled by 3d4s valence electrons and th
intensity distribution is then related to the occupied 3d4s
states. Since the final state of the x-ray emission proc
contains a hole in the valence band, one can expect the
spectra to reflect the partial valence-orbital-resolved con
bution to the single-particle spectral function11 XES is thus a
powerful tool for the study of highly correlated systems su
as charge-transfer salts.

Figures 2~a! and 2~b! show the nonresonant carbon an
nitrogenKa XES of compounds~1!–~4! together with spec-

FIG. 2. Nonresonant carbon~a! and nitrogen~b! Ka emission
spectra of compounds~1!–~4!.
6-2
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tra of the reference samples~highly oriented pyrographite
and hexagonal boronitride!. Initially, we note that the carbon
spectra of charge-transfer salts with different cations~TTF
and BEDT-TTF! and anions ~@Cr(NCS)4(phen)#,
@Cr(NCS)4(Me2phen)#, and@Cr(NCS)4(isoq)2#! all show a
similar two-peak (A-B) structure@Fig. 2~a!#. This has been
observed before in spectra of conducting polymers,12,13 mo-
lecular conductors and superconductors (BED
TTF)2Cu@N(CN)2#Br, (BEDT-TTF)2Cu(NCS)2 ~see, Refs.
13 and 14!, (BEDT-TTF)4@(H3O)Fe(C2O4)3#•C5H5N,
(BEDT-TTF)4@(H3O)Fe(C2O4)3#•C6H5CN, and
(BEDT-TTF)4@(H3O)Cr(C2O4)3#•C6H5CN ~see, Ref. 8! in-
dicating that the same structure of carbon delocalizedp
states is present in all samples at the measurement tem
ture. PeakA corresponds top-like states: peakB is due to
both p and s contributions with thes states dominating.13

TTF and BEDT-TTF~see Fig. 1! have a similar structura
motif and so it is not surprising that the carbon spectra
rather insensitive when replacing the cation. On the ot
hand, it seems that carbon atoms belonging to the diffe
anions with localized C 2p states exert only small perturba
tions on the local electronic structure of the cations at am
ent temperature.

For the nonresonant nitrogenKa XES @Fig. 2~b!# it
should be noted that nitrogen atoms are absent in the ca
layers~Fig. 1! and belong only to the NCS, phen, and is
ligands. Therefore these spectra characterize the local e
tronic structure in the anions. Since the local environmen
nitrogen atoms in the phen and isoq groups is slightly diff
ent ~Fig. 1! this results in a small difference between t
spectrum of compound~3! and spectra of the other salts@Fig.
2~b!#.

In Fig. 3 the XPS valence-band~VB! spectra recorded on
all samples are presented. The spectra exhibit similar
structures marked by peaks located at almost the same b
ing energies but with different relative intensities. In order
understand the origin of the different subbands, the XPS

FIG. 3. ~a! XPS Valence-band~VB! spectra of compounds~1!–
~4! ~b! Comparison of XPS VB of compound~2! with soft x-ray
emission spectra of constituent atoms on common binding-en
scale.
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of compound~2! is compared with the x-ray emission spect
of its constituents~carbon and nitrogenKa and chromium
L2,3 XES! on the binding-energy~BE! scale@see Fig. 3~b!#.
In order to convert the emission energies to the bindi
energy scale we have used the results of our XPS meas
ments of core levels:EBE(C1s)5285.7 eV, EBE(N1s)
5398.4 eV, andEBE(Cr2p)5577.8 eV. The fine structure
of the XPS VB spectra in the energy range of 0–15
@(A–C) in Fig. 3~b!# mainly originates from the distribution
of carbon 2p states because the shape of the CKa XES
reproduces the fine structure of XPS VB in this region. Ch
mium 3d4s states contribute to the formation of peakA evi-
dencing anion-cation interaction. Nitrogen 2p states also par-
ticipate in the formation of the peakA to a small extent since
these states are mainly concentrated in the vicinity of pe
B andC. We also note that subbandsB andC are resolved in
the nitrogenKa emission spectra due to contributions fro
nonequivalent nitrogen atoms having different N 1s binding
energies@Fig. 4~a!#.

In fitting the XPS spectra, a symmetrical Lorentzian li
shape was assumed for all peaks since this procedure is
monly applied for insulating samples. A universal energ
loss function was taken into account for the backgrou
This can approach Tougaards function and also fulfils
physical constraints tending to zero at the borders zero
infinity.

Two main peaks are identified for the N 1s spectra of
compound~2! @Fig. 4~a!#. The first N 1s peak corresponds to
the nitrogen atoms belonging to the NCS group~8 atoms/f.u.,
at 398.4 eV! and the second one should be related to nitrog
atoms in the Me2phen ligand~4 atoms/f.u., at 400.2 eV!. The
peaks have an area ratio of 2:1.5, close to that expected
the chemical formula~2:1!.

The S 2p spectra of compound~2! are presented in Fig
4~b!. The spectra were fitted by recognizing two discre
sulphur sites in the sample. Due to the strong S overlap
neighboring BEDT-TTF molecules, two physical constrain
were used in order to facilitate resolving each line. For ea
sulphur site a 1.18 eV spin-orbit splitting was taken in
account since the spin-orbit splitting should be compou
independent. Additionally, the ratio of the areas 2p3/2 to

gy

FIG. 4. XPS spectra of N 1s ~a! and S 2p ~b! core levels of
compound~2!.
6-3
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FIG. 5. Resonant and nonreso
nant CrL2,3 XES of pure metal~a!
and compounds~2! and ~4! ~b!.
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2p1/2 was fixed to be 2.0, reflecting the occupancy of ea
subshell. The first two peaks in Fig. 4~b! were attributed to S
2p3/2 and 2p1/2 lines of the NCS ligand~8 atoms/f.u.! and the
remaining peaks originate from S in BEDT-TTF~24 atoms/
f.u.!. The binding energies of these S 2p3/2 lines were found
to be 162.4 and 163.9 eV, respectively. The XPS N 1s and S
2p spectra recorded for the other compounds were foun
be very similar and only differences in the relative intensit
of each peak were observed, in agreement with the c
pound stoichiometries.

B. Resonant x-ray emission spectra

Resonant x-ray emission spectra are measured using
lective incoming photon energies near threshold. Figure 5~a!
shows the resonant CrL2,3 XES for the pure metal and sinc
Cr L2,3 XES for compounds~1!–~4! were very similar, ex-
amples of compounds~2! and ~4! are given in Fig. 5~b!.
Furthermore, the Cr 2p x-ray-absorption spectra~XAS! mea-
sured in the total electron yield mode are found to be v
similar in compounds~1!–~4! ~not shown! and in the pure
metal. Arrows indicate the selected excitation energies
Fig. 5~a! the intensities of theL3 andL2 lines, i.e.,I (L3) and
I (L2), vary for the pure Cr metal according to the density
unoccupied states above theL3 andL2 thresholds. At theL2
threshold ~labeled c in Fig. 5! the L2 level is resonantly
excited whereas theL3 is excited nonresonantly, accountin
for the sharp increase ofI (L2)/I (L3) compared to complete
nonresonant excitation~labeledd ande!.
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For nonresonant CrL-emission spectra of compounds~2!
and ~4! @Fig. 5~b!# the ratio I (L2)/I (L3) is estimated to be
almost four times higher than for the pure metal@Fig. 5~a!#.
This is mainly due to the high probability ofL2→L3 Coster-
Kronig transitions in Cr metal and to some extent due
smaller magnetic contributions toI (L2)/I (L3) for pure 3d
metals.15 Also when the excitation energy becomes equa
the energy ofL2 XAS the I (L2)/I (L3) intensity ratio sharply
increases for the investigated salts@Fig. 5~b!# as well as in
the pure metal@Fig. 5~a!# by approximately four times. We
attribute this to the different probabilities forL2 absorption
andL3 ionization for resonant and nonresonant excitation

The XPS Cr 3s spectra of compounds~1!–~4! are plotted
in Fig. 6 and thes-level line shape is clearly split by 3.8–3.
eV. The splitting correlates with the local magnet
moments16 and confirms the spin polarization of Cr cente
Unfortunately, it is not possible to separate magnetic con
butions of the Cr ion and the organic donors using bulk m
netic measurements. However, the total magnetic mom
per Cr center at 300 K measured with a superconduc
quantum interference design, MPMS-7 magnetometer
compounds~1!–~4! are 4.21, 4.06, 4.25, and 4.18mB , re-
spectively. For the insulating samples~1! and~3! the donors
are isolated and so at 300 K the unpaired electron densi
likely to be localized at the individual donor molecule
Since electron paramagnetic resonance spectroscopy1 gives
Landég factors close to the free electron value, for salts
this type, there is little orbital contribution to their magnet
6-4
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moment. Therefore, if one assumes that the donor magn
contributions to compounds~1! and~3! are equivalent to the
magnetic moment of a free electron then the measured
tributions due to Cr ions alone are 3.84 and 3.88mB , respec-
tively. These values are close to the spin only value for C31

(3.87mB). For compound~2! the magnetic contribution from
the donors should be less than the maximum for 1.5 elect
per Cr center, since the unpaired electrons associated
BEDT-TTF are not localized, but are associated with an e
tronic band. Indeed one were to remove the full maxim
donor contribution from the measured susceptibility t

FIG. 6. XPS Cr 3s spectra of compounds~1!–~4!.
.

ur

H.
u

,

oc

es

B

23510
tic

n-

ns
ith
c-

would leave just 3.46mB assigned to the Cr center, which
far too a low. For compound~4! it has been difficult to esti-
mate the ratio of donors to Cr ions since structural inform
tion is not yet available, although a similar argument to th
for compound~2! is likely. It should be noted that simila
energy splitting in the Cr 3s XPS ~4.1 eV! is observed for
LiCrO2 ~Ref. 16! where the effective magnetic moment
estimated to be 3.71mB .

CONCLUSION

We have studied the electronic structure of some BED
TTF and TTF-based magnetic charge-transfer salts with
containing counter ions using x-ray emission and x-ray p
toelectron spectroscopy. A comparison of x-ray emiss
spectra with XPS valence-band spectra on the bindi
energy scale allowed determination of the distribution of p
tial and total density of states in the valence band. We fou
a splitting of XPS N 1s and S 2p core levels, which is
attributed to nonequivalent atoms in the anion and cat
molecules~N in either NCS or phenanthroline ligands; S
either NCS or BEDT-TTF!. We further discussed the anom
lous high ratios ofL2 to L3 intensities in resonant and non
resonant CrL2,3 emission in terms of Coster-Kronig trans
tions and different excitation ofL2 and L3 levels at L2
threshold.
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