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The molecule-based magnet V�TCNE�x, with TCNE=tetracyanoethylene, x�2, shows an exceptionally
high magnetic ordering temperature of about 400 K. With the aim to shed light on the origins of the robust
magnetic ordering interactions, we have characterized the chemical bonding in V�TCNE�x thin films, prepared
by an in situ chemical vapor deposition method, using photoelectron spectroscopy, x-ray absorption spectros-
copy �XAS�, and x-ray magnetic circular dichroism �XMCD�. The XAS and XMCD results were interpreted by
ligand field multiplet and charge transfer multiplet calculations, which show that the V-NC bonds are charac-
terized by a large crystal field parameter 10Dq=2.3 eV and strong ligand to metal charge transfer effects,
resulting in a hybrid V�3d�-CN ground state given by 60% 3d3 and 40% 3d4L, where L is a hole on the cyano
ligands.
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I. INTRODUCTION

Within the extensive scope of magnetic materials avail-
able at present, magnets based on organic molecules form a
unique class.1–3 In metalo-organic molecule-based magnetic
complexes, the organic building block plays a key role,
which can either be passive by mediating the magnetic inter-
action, or active, in case the organic part carries a net spin. In
the latter case, a significant fraction of the ordered spins
resides in p��� orbitals, in contrast to the d and f spins found
in conventional, inorganic magnets.

From a technological point of view, molecule-based mag-
nets offer many potential advantages over conventional
metal and ceramic magnets.4 Their properties can be modu-
lated via chemical routes, and they are lighter, more flexible,
and much less energy intensive to produce. Moreover, insu-
lating and semiconducting behavior can readily be obtained.
These and other attributes make these systems attractive for,
e.g., spin electronics, or spintronics �see Ref. 5�.

As prototypical magnets, transition metal-
tetracyanoethylene �M-TCNE� complexes,6 containing, e.g.,
V, Mn, Fe, Ni or a mixture of such metals, are particularly
interesting since they span a large range of relatively high
magnetic ordering temperatures and show various kinds
of complex magnetic behavior. For example, for
M�TCNE�x ·y�CH2Cl2� �x�2, y�1/2� compounds with M
=Mn,7 Fe,8 or V,9 the critical temperatures are TC=75 K,
97 K, and �400 K, respectively. It should be noted that the
latter value was obtained by a debatable extrapolation above
the decomposition temperature of the compound at �350 K
�see, e.g., Ref. 10 and references therein�, at a later stage the
high TC values were confirmed for solvent free V�TCNE�x.

11

While Mn�TCNE�x ·y�CH2Cl2� shows random exchange
and reentrant spin glass behavior, evidenced by a transition
from a ferrimagnetic state to a spin glass near 10 K,7

Fe�TCNE�x ·y�CH2Cl2� features a mixture of ferrimagnetic
and random anisotropy characteristics. For
V�TCNE�x ·y�CH3CN� with x�1.5, y�2 the magnetic be-
havior is mainly governed by random anisotropy as well.12

So far, the physical origin of the exceptionally high TC of the

V-based materials as compared to other M-TCNE com-
pounds is not well understood. This is largely due to the
extreme air sensitivity and amorphousness of V-TCNE com-
pounds, which has made experimental analysis �of, e.g., the
electronic structure� cumbersome.

Thin films of V�TCNE�x prepared by solvent-free chemi-
cal vapor deposition �CVD� of TCNE and V�CO�6 show
increased structural order11 and improved air stability,13 al-
though surface oxidation still occurs.13 We have recently de-
veloped a method based on CVD in ultrahigh vacuum
�UHV� to deposited contamination-free thin films of
V�TCNE�x, which enabled studies of the �valence� electronic
structure.14 These films were magnetically ordered at room
temperature, as was verified by the observation of a large
x-ray magnetic circular dichroism �XMCD� signal at the V
L2,3 edge. By means of resonant photoemission �RPE� spec-
tra recorded at the C, N, and V x-ray absorption edges, the
V�3d� contribution to the frontier valence electronic levels
could be clearly distinguished. In contrast with a previously
proposed model,15,16 describing V�TCNE�x as a completely
spin polarized, half semiconducting solid in which the en-
ergy gap lies between two TCNE− derived �* subbands, the
V�3d� states were found to be located at the valence band
edge,14 underlining the importance of the V�3d� electrons for
charge transport and magnetoresistance.

In the present paper, we present a detailed analysis of the
chemical and electronic structure of a series of in situ pre-
pared V�TCNE�x thin films, with the aim to shed light on the
chemical bonding interactions in the V�TCNE�x compound.
The films were studied with photoelectron spectroscopy
�PES�, x-ray absorption spectroscopy �XAS�, and XMCD.

II. EXPERIMENT

Thin films of V�TCNE�x �x�2, thickness 5–15 nm� were
prepared by chemical vapor deposition of TCNE and
V�C6H6�2, using a custom built, UHV-compatible CVD
source. The precursors were allowed to condensate and react
simultaneously on sputter-cleaned gold substrates at room
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temperature. No film formation was observed for deposition
of the precursors alone, while co-deposition resulted in re-
producible film growth of V�TCNE�x. In order to study the
effects of �mild� oxidation during growth, the base pressure
in the deposition chamber was varied between 10−6 and
10−8 mbar.

A series of V�TCNE�x films was characterized with x-ray
and ultraviolet photoelectron spectroscopy �XPS and UPS�,
using an UHV spectrometer of our own design �base pres-
sure �10−10 mbar�. This system is equipped with a hemi-
spherical electron energy analyzer, a monochromatized He
resonance lamp for UPS �HeI h�=21.2 eV or HeII h�
=40.8 eV�, and a nonmonochromatized Al�K�� x-ray source
for XPS �h�=1486.6 eV�. The resolution for the UPS mea-
surements is 0.1 eV, as was determined from the Fermi-edge
of an Au reference sample. The XPS resolution is 1.2 eV,
obtained from the full width at half maximum of the
Au�4f7/2� core-level line.

PES, XAS, and XMCD experiments were carried out on a
second series of in situ prepared films at beamline D1011 of
the MAX-II storage ring of the MAX-Laboratory for Syn-
chrotron Radiation Research in Lund, Sweden. The end sta-
tion is equipped with a Scienta SES-200 hemispherical elec-
tron energy analyzer, and a purpose built microchannel plate
�MCP� detector for electron yield measurements. An incident
angle �=70° of the photon beam relative to the sample nor-
mal was used for the XAS and XMCD measurements. For
PES, the spectra were recorded with the electron emission
direction along the sample normal, for which �=50°. The
angular acceptance of the spectrometer was set to about 10°,
while the electron energy resolution was about 100 meV. For
h��300 eV, the photon linewidth was kept below
�50 meV. At higher photon energies, a linewidth of
�100 meV was used to keep the photon flux sufficiently
high. Calibration of the photon energies and the electron
binding energies was carried out using a procedure described
elsewhere.17 The XMCD measurements were performed at
room temperature with opposing directions of in-plane mag-
netization and with fixed helicity of the incident light. The
samples were magnetized with a �200 G magnetic field
pulse, while the XAS and XMCD spectra were recorded in
remanence.

III. RESULTS AND DISCUSSION

A. Core level analysis

Information about the elemental composition and chemi-
cal structure of the V�TCNE�x films is contained in the XPS
core-level spectra. We will start with an analysis of the com-
position of the compound, followed by a discussion of the
various core-level peak positions and shapes, as compared to
previous studies of ex situ CVD-grown films,13 and to XPS
analysis of two model compounds: pure condensed TCNE,
and condensed TCNE intercalated with rubidium. The latter
is a well characterized ionic charge transfer complex, con-
taining TCNE− molecules and Rb+ counterions.18

Analysis of the C�1s�, N�1s�, and V�2p� peak intensities
shows that the carbon to nitrogen ratios of “oxygen free”

V�TCNE�x films are, as expected, similar to those of pure,
physisorbed TCNE films, prepared by vapor deposition on
gold substrates kept at −180 °C. In the oxygen free
V�TCNE�x films, prepared with a base pressure of 10−8 mbar
in the deposition chamber, only traces of oxygen could be
detected on the order of the XPS detection limit of
�0.1 at. %, while the oxygen concentration amounted to
about 3 at. % when the base pressure was increased to 2
�10−6 mbar. The nitrogen to vanadium ratio RNV=7.5, cal-
culated from the N�1s� and V�2p� signals using standard
atomic sensitivity factors,19 suggests that two TCNE mol-
ecules share one vanadium ion. This is in excellent agree-
ment with the composition V2+�TCNE�−

x with x=2, which is
also fully consistent with the other experimental findings dis-
cussed below.

The N�1s� core level spectra of V�TCNE�x, TCNE and
Rb-intercalated TCNE are depicted in Fig. 1 �right panel�,
with the corresponding curve fits �performed with XPSPEAK

4.1� using Shirley backgrounds and Voigt �nearly Gaussian�
peak shapes. The features present in the Rb-intercalated
TCNE films were previously assigned,18 from high to low
binding energy, to: shake up, neutral TCNE, and singly nega-
tively charged molecules, TCNE−. The weak signal at about
396.5 eV was tentatively assigned to be due to additional
screening from neutral rubidium, upon island growth of ex-
cessive Rb atoms. The position of the N�1s� peak of
V�TCNE�x is identical to that of the TCNE− derived peak of
Rb-intercalated TCNE, whereas the asymmetrical peak pro-
file, accounted for by two peaks in the curve fit, could be
taken as an indication for the presence of neutral TCNE. An
analogous assignment was previously given by Pokhodnya
et al., who observed a N�1s� peak of similar appearance and
binding energy position for ex situ V�TCNE�x prepared by
CVD growth from TCNE and V�CO�6 precursors.13 It was
claimed that the high binding energy component, at about

FIG. 1. �Color online� C�1s� and N�1s� XPS spectra of �a�
TCNE, �b� Rb-intercalated TCNE with intermediate Rb concentra-
tion, denoted Rb�TCNE�y1, �c� Rb-intercalated TCNE with high Rb
concentration, denoted Rb�TCNE�y2, �d� V�TCNE�x.
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400.1 eV, strongly gained intensity upon air exposure,
strengthening the assignment to neutral TCNE which is
formed upon oxidation of TCNE−. However, the in situ pre-
pared films do not contain a significant amount of oxygen,
and even for those films that were mildly oxidized during
growth �containing several at. % oxygen�, the N�1s� feature
remained unaffected �see Fig. 2, right panel�. It should be
noted that the N�1s� and C�1s� spectra of Fig. 2 labeled �a�,
�b�, and �c�, were recorded in our home laboratory, while
spectra �d� and �e� were measured in MAX-lab. Hence, the
resolutions are different, and the peak positions differ
slightly due to energy calibration errors, which leads to an
artificial small peak shift between those groups of spectra.
Since mild oxidation has no influence on the N�1s� spectra,
we propose that the asymmetry of the N�1s� feature is not
related to the presence of neutral TCNE, but is due to in-
equivalent bonding environments of the cyano groups. Re-
cently, extended x-ray absorption fine structure studies have
been performed by Haskel et al. to probe the local structure
of the vanadium ion,20 showing a coordination environment
involving 6.04±0.25 nitrogen atoms. For a composition of
V2+�TCNE�−

2, some nitrogen atoms must remain uncoordi-
nated since each TCNE molecule contains four N atoms. The
presence of uncoordinated cyano groups in addition to those
bonded to V2+ ions may very well lead to the observed
chemical shifts on the order of 1 eV. Moreover, disorder in
the films could lead to a variety of bonding configurations,
e.g., containing both twisted and planar TCNE molecules,10

leading to a distribution of N�1s� binding energies. Regard-
less of the exact origin of the peak asymmetry, it can be
concluded that the majority of N-atoms carry a similar
amount of charge as those in Rb-intercalated TCNE, consis-
tent with the predominant species being TCNE− in
V�TCNE�x.

Figure 1 �left panel� shows the C�1s� XPS spectra of
V�TCNE�x and the model compounds. The C�1s� case
largely mimics what was found for N�1s�, but an additional
feature at low binding energy �at 284 eV� is present for
V�TCNE�x, which is assigned to benzene-related impurities
originating from V�C6H6�2. Upon increasing the background

pressure of residual gases during deposition, a clear increase
of this low binding energy feature is observed, along with the
incorporation of a significant amount of adventitious carbon,
see Fig. 2 �left panel�. This shows that oxidation products of
V�C6H6�2 are included in the films at poor background pres-
sures, resulting in an increase of the benzene-related signal
and a higher overall carbon content. It should be pointed out
that the shoulder at 284 eV is never completely suppressed,
even for oxygen-free films, indicating that a small amount of
benzene-derived impurities is intrinsic to the V�TCNE�x

films.
Figure 3 depicts XPS spectra of the O�1s� and V�2p�

features, obtained for films prepared with 10−8 mbar �bottom
curve� and 10−6 mbar �top curve� base pressures in the depo-
sition chamber. In both spectra only a single V�2p� doublet is
observed, situated at 513.9 eV �V�2p�3/2� and 521.5 eV
�V�2p�1/2�, similar to the low binding energy components in
the V�2p� XPS spectra obtained by Pokhodnya et al. that
were assigned to V2+.13 Indeed, the binding energy values
are in good agreement with those of V2+ in vanadium
oxides.21

B. Valence electronic structure

We briefly revisit the valence band electronic structure,
which we have discussed in more detail in an earlier publi-
cation within the context of PES and RPE studies.14 Figure 4
displays valence band PES spectra, recorded at two different
photon energies �21.2 eV, panel A, and 40.8 eV, panel B�, of
thin films of condensed TCNE, TCNE intercalated with ru-
bidium, and V�TCNE�x.

The isolated peak at 5.6 eV in the TCNE spectra is related
to the highest occupied molecular orbital �HOMO�. In Rb-
intercalated TCNE, electron transfer from Rb atoms to the
TCNE molecules gives rise to two distinct peaks in the fron-
tier electronic structure, corresponding to the destabilized
former HOMO �at 3.5 eV� and a singly occupied molecular
orbital �SOMO, at 1.5 eV� formed by stabilizing the LUMO
of the neutral molecule.18 For V�TCNE�x, three features can
be discerned in the binding energy region between 0 and
5 eV. These frontier valence states are composed of the de-
stabilized HOMO and the SOMO of TCNE− plus the triply
occupied 3d level of the V2+ ion. We have shown previously
that the peak at about 1 eV binding energy related to the
highest occupied band of V�TCNE�x becomes strongly en-

FIG. 2. �Color online� C�1s� and N�1s� XPS spectra of
V�TCNE�x films deposited at base pressures varying from
10−6 mbar �a�, 10−7 mbar �b�, �5�10−8 mbar �c� to 10−8 mbar �d�
and �e�. The inclusion of adventitious carbon at low base pressures
can be observed from the growth of a low binding energy feature.

FIG. 3. �Color online� V�2p� and O�1s� XPS spectra of
V�TCNE�x films deposited at 10−6 mbar �a� and 10−8 mbar �b�.
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hanced in RPE spectra measured at the V L3-edge, demon-
strating that this peak has V�3d� character. This is also evi-
dent from a comparison of valence band PES spectra
recorded at increasing photon energies �Fig. 4, panel C�.
Since the dependence of the photoionization cross sections
on h� is orbital specific, changes in the relative intensities of
the valence band features can be indicative of the corre-
sponding orbital character. The decline of the V�3d� photo-

ionization cross section with increasing h� is considerably
slower as that for C�2p�- and N�2p�-derived valence states,22

indicating that the peak that dominates at higher excitation
energies is V�3d�-related.

RPE measurements performed at the C and N K edge
showed only weak resonating behavior of the valence states,
while most of the spectral weight originated from a compet-
ing Auger-like spectator decay process. Nevertheless, a small
resonant enhancement could be observed for the frontier va-
lence peaks at 2.5 and 3.5 eV in the RPE spectra recorded at
the C K edge.14 Based on these observations, we assigned the
three frontier valence peaks at 1.0, 2.5, and 3.5 eV to V�3d�,
TCNE− SOMO, and TCNE− destabilized HOMO, respec-
tively. It should be noted however, that the actual situation
may be more complex, due to, e.g., hybridization effects and
the presence of various bonding configurations, possibly
leading to additional, unresolved states. Unfortunately, since
the structure of the compound remains so far unknown, a
more detailed interpretation of the valence band spectra us-
ing theoretical modeling is not possible at present.

The large peak at 8 eV in the neutral TCNE spectra, cor-
responding to a group of ten molecular orbitals,23,24 remains
essentially unchanged in Rb-intercalated TCNE besides a
rigid shift in binding energy, whereas it is split into two
spectral features for V�TCNE�x �Fig. 4, panels A and B�.
This suggests that stronger reorganization of the occupied
valence electronic structure occurs in V�TCNE�x, indicative
of a bonding network featuring covalent character, as op-
posed to the more ionic compound Rb-TCNE.

C. V L2,3-edge XAS and XMCD

Figure 5�a� shows V L2,3-edge XAS spectra of V�TCNE�x

recorded at room temperature with circularly polarized light
impinging on the sample at an angle of 70° with respect to

FIG. 4. �Color online� Valence band PES spectra of condensed
TCNE, Rb-intercalated TCNE, denoted Rb�TCNE�y, and
V�TCNE�x, measured with h�=21.2 eV �A� and h�=40.8 eV �B�.
Panel C shows low binding energy PES spectra of the frontier elec-
tronic states of V�TCNE�x recorded with different photon energies.

FIG. 5. �Color online� �a� V
L2,3-edge XAS spectra of
V�TCNE�x, denoted M+ and M−,
measured with a fixed circular po-
larization of the light and reversed
magnetization directions. Also
shown are the sum XAS spectrum
�M++M−� and the XMCD spec-
trum �M+−M−�. �b� CTM calcula-
tion of V2+ in Oh symmetry;
shown are XAS spectra for left
�L� and right �R� circularly polar-
ized light, the sum spectrum �L
+R�, and the difference, i.e.,
XMCD, spectrum �L�-�R�. �c�–�f�
show the same as �b� but for LFM
calculations of V2+ in Oh symme-
try for different values of 10Dq.
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the sample normal, for opposite in-plane magnetization di-
rections denoted M+ and M−. The spectra were recorded in
remanence, following a 200 G magnetic field pulse. The
XMCD signal, which was acquired by subtracting M− from
M+, shows that the spins on the V ions are ferromagnetically
ordered. The XMCD signal was scaled by a factor of 1.36
�=1/cos�30° � /0.85� to account for the angle between the
photon wave vector and the magnetization direction as well
as the degree of circular polarization of the light, which was
taken to be 85%.25

The XAS spectra are composed of a multitude of lines
arising from electric dipole transitions between the 2p core
levels and empty 3d valence states, while additional contri-
butions of 2p→4s transitions are negligible. The two main
features in the spectra correspond to two groups of multiplets
involving 2p3/2 �L3-edge� and 2p1/2 �L2-edge� states, respec-
tively, separated by the 2p spin orbit coupling energy. Due to
the strong interaction between the 2p core holes and the 3d
valence electrons in transition metals, the excited states re-
main strongly localized on the V ions. Consequently, the
L2,3-edge XAS spectra are closely related to the atomic mul-
tiplet structure, allowing accurate description of experiments
by ligand field multiplet �LFM� or charge transfer multiplet
�CTM� calculations as developed by Thole and
co-workers,26–28 based on Cowan’s atomic multiplet code
and Butler’s group theoretical code.29,30 In LFM calculations,
the interaction with neighboring atoms is taken into account
in a simple way by lowering of the ground state symmetry
and the introduction of the crystal field, which, for cubic
fields, is traditionally parametrized by Dq, Ds, and Dt. In
addition, hybridization effects can be modeled by tuning the
reduction factor, �, of the Slater integrals to account for the
expansion of the 3d-derived wave functions in case of in-
creasing covalence of the bonds �the so-called nephelauxetic
effect�. CTM calculations are used to model hybridization in
terms of ligand to metal charge transfer �CT�. This scheme
employs configuration interaction, in which the electronic
states are described as a mixture of 3dn and 3dn+1L� , where L�
is a ligand hole.

We will start the discussion of the V L-edge XAS and
XMCD spectra of V�TCNE�x using LFM calculations of V2+

ions in a cubic crystal field �Oh symmetry� arising from the
nitrogen ligands of TCNE− �see Figs. 5�c�–5�f��. This is a
reasonable starting point based on extended x-ray absorption
fine structure �EXAFS� studies by Haskel et al. that have
shown that the V2+ ions are coordinated to 6.04 ± 0.25 ni-
trogen atoms,20 which strongly points to an octahedral bond-
ing environment. The observation of a pre-edge feature at the
V K-edge by the same authors supports the model of V2+

situated in a weakly distorted octahedron. Figures 5�c�–5�f�
display calculated curves for excitation with left- and right-
circularly polarized light, denoted L and R, the sum spectra
L+R, and the corresponding XMCD curves L -R, while
10Dq is changed from 0 eV �representing the isolated ion in
O�3� symmetry� to 1, 2, and 3 eV. The Hartree-Fock Slater
integrals were scaled to 80% of their atomic values to ac-
count for some covalency of the bonds between the V2+ ions
and the cyano ligands. A convolution of Lorentzian �	
=0.3 eV� and Gaussian �	=0.15 eV� broadening was ap-
plied to each line in the calculated XAS spectra. It should be

noted that the calculations cannot be used to produce appro-
priate absolute energy values.31

A comparison of the spectral features obtained by the
LFM calculations for different 10Dq, while disregarding the
differences in the experimental versus calculated XMCD in-
tensities for the time being, shows that the experiment is best
described by the simulation with a relatively high crystal
field strength of 10Dq=2 eV. At lower values, e.g., 10Dq
=1 eV, the first XMCD feature below 515 eV excitation en-
ergy in the experimental data is no longer reproduced,
whereas at even higher values a clear peak should split off
from the main L3 feature in the XAS spectra toward lower
energies. Upon setting 10Dq to 2 eV, all the peaks in the
XMCD curve can be reproduced and a reasonable agreement
between experimental and calculatd XAS spectra can be ob-
served. Our results are thus fully consistent with the picture
of V2+ ions in an octahedral bonding environment. It should
be pointed out that small distortions of the octahedron, mod-
eled by lowering the symmetry to C4h and introducing finite
values for Ds and Dt, does not lead to significant changes in
the spectral shapes.

So far, we have largely neglected the issue of covalence
of the V-NC bonds. It turns out, however, that it is necessary
to include configuration interaction to reproduce both the
XAS and XMCD features more precisely. A simple reduction
of � �i.e., below 0.8�, which in some cases works well to
model the effects of covalency in hybrid bonds,32 did not
produce good results. The curves obtained by such a CMT
calculation, in which the parameters were optimized to ob-
tain a good agreement between theory and experiment, are
shown in Fig. 5�b�. The initial and final states were con-
structed as a linear combination of two configurations, e.g.,
for the initial state �
i�=��3dn�+��3dn+1L� �. Although the
calculation describes the main features of the XAS and
XMCD spectra very well �see Figs. 5�a� and 5�b��, the ex-
perimental L2- and L3-edge show increased spectral weight
tailing towards higher energy, which might be indicative of
additional admixed CT configurations, or could be related to
inhomogeneous bonding environments. Since it is not pos-
sible to resolve any individual features in the high energy
tails, we did not attempt to include more than two configu-
rations in the calculations. The ground state charge transfer
energy, defined as the difference between the energies of the
3dn+1 and 3dn states was optimized to �=1 eV. The final
state charge transfer energy is given by ��=�+Upd+Udd,
where Upd is the core-hole potential and Udd is the repulsion
between the d electrons. Since Upd is about 1 to 2 eV larger
than Udd,33 we set �� to 0 eV. The ligand to metal charge
transfer is further characterized by a transfer integral of the
form T= 	3dn�H�3dn+1L� �,34 which is different for t2g versus eg

states. In transition metal oxides, for which 	-bonding is
most important, the transfer integral is larger for the eg or-
bitals that point towards the ligands and a ratio of Teg /Tt2g
=2 is commonly applied.35,36 In V�TCNE�x, the V-cyano
bonds may be expected to have considerable � character,
which would lead to a larger value of Tt2g. Indeed it turned
out that setting Teg /Tt2g between 1 and 0.5 provided reason-
able results; the calculation shown here uses Teg=1.5 eV and
Tt2g=1.9 eV. The crystal field parameter 10Dq was set to
2.3 eV in both initial and final states. It follows from the
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calculations that the ground state is a distinct hybrid state,
described by a mixture of 60% 3d3 and 40% 3d4L� . This
result is striking in comparison to previous studies of bime-
tallic cyanides,32 in which the nitrogen-M2+ bond �M =Ni,
Co, Fe, and Mn� was found to result in very little charge
transfer �ground state 90% 3dn type�. This might indicate that
V2+ ions form a special case in the transition metal series,
consistent with the robust magnetic ordering temperatures
found for V�TCNE�x.

As a final point, we address the XMCD intensity differ-
ence between theory and experiment. It is clear that the ex-
perimentally observed XMCD effect is small compared to
the calculations, which show that the remanent magnetiza-
tion Mr deviates significantly from the saturation value Ms.
This observation is in line with previously published studies
of the magnetic properties of V�TCNE�x thin films prepared
by CVD methods,13 which showed that Mr of such films at
room temperature was less then 5% of the saturation magne-
tization at 5 K. In the present case, Mr seems to be signifi-
cantly larger. The MCD ratio, i.e., �L -R� / �L+R� or �M+

−M−� / �M++M−�, at the L3-edge is roughly 30% for the cal-
culated spectra �CMT calculation�, while it is about 10% in
the experiment. Since the MCD ratio has been shown to be
directly proportional to the magnetization,37–41 it can be ten-
tatively concluded that Mr is close to 30% of Ms. The high
Mr as compared to the values reported by Pokhodnya et al. is
most probably related to a reduction of structural disorder in
our in situ prepared thin film samples. It should be pointed
out though that the estimation of Mr is not very precise, due
to differences in the experimental and calculated spectral
shapes, and the possible presence of an unknown amount of
nonmagnetic V.

IV. CONCLUSIONS

Using an in situ CVD method and an array of in situ
electron spectroscopic methods, thin films of V�TCNE�x

were prepared and characterized in UHV. The films were

oxygen free within the XPS detection limit of about
0.1 at. %. N�1s� and C�1s� XPS spectra clearly indicate the
presence of TCNE−, while the asymmetrical shape of the
main lines in these spectra is most probably related to the
presence of both V-coordinated and uncoordinated cyano
groups. Using the XPS V�2p� peak positions, the charge
state of the vanadium ion was assigned as V2+, which is
confirmed by LFM and CMT calculations of the XAS and
XMCD spectra. XPS shows that, as expected, the carbon to
nitrogen ratio in V�TCNE�x is identical to that in TCNE,
although an additional carbon contribution is observed for
films that are deliberately oxidized during growth, arising
from oxidation products of V�C6H6�2. The V:N ratio derived
from the XPS data confirms the stoichiometry V�TCNE−�x

with x�2. Room temperature magnetic ordering was con-
firmed from the observation of a large XMCD signal at the V
L2,3 edge, measured in remanence. Simulations of the experi-
mental XAS and XMCD curves revealed a large crystal field
parameter 10Dq=2.3 eV and a hybrid V�3d�-CN ground
state given by 60% 3d3 and 40% 3d4L� , where L� is a hole on
the cyano ligands. This hybrid orbital character, which is
expected to play an important role in the robust magnetic
ordering interactions, is consistent with the strong reorgani-
zation of the TCNE-derived valence electronic structure in
V�TCNE�x as compared to the model ionic intercalation
compound Rb-TCNE.
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