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which does not necessarily!® correspond to the
minimum magnetic field point.

It is a pleasure to thank G. Rewoldt for his very
valuable comments and corrections.

*Work supported in part by the U.S. Atomic Energy
Commission under Contract No. AT(11-1)-3070.

1G. A, Boebrovskii, E. I. Kutznetsov, and K. A, Razu-
mova, Zh. Eksp. Teor. Fiz. 59, 1103 (1970) [Sov. Phys.
JETP 32, 599 (1971)].

’B. Coppi and E. Mazzucato, Phys. Fluids 14, 134
(1971).

*B. B. Kadomtsev and O. P. Pogutze, Zh. Eksp. Teor.
Fiz. 53, 2025 (1967) [Sov. Phys. JETP 26, 1146 (1968)].

‘L. I. Rudakov, in Plasma Physics and Controlled

Thermonuclear Reseavch 1971 (International Atomic En-

ergy Agency, Vienna, Austria, 1971), Vol. II, p. 235.

’A. Bers, B. Coppi, T. Dupree, F. Santini, and
R. Kulsrud, in Plasma Physics and Contvolled Thevmo-
nucleay Reseavch 1971 (International Atomic Energy
Agency, Vienna, Austria, 1971), Vol. II, p. 247.

®B. Coppi and F. Santini, Phys. Rev. Lett. 28, 1
(1972).

"B. Coppi and R. Pozzoli, Massachusetts Institute of
Technology R.L.E. Report No. PRR-732, 1973 (to be
published).

5D. W. A. Withfield, Plasma Physics Laboratory, Uni-
versity of Saskatchewan, Report No. PLL-33, 1971 (un-
published).

9A. Hirose, S. Q. Ma, H. M. Skargaard, A. R. Stril-
chuk, and D, W. A, Whitfield, Phys. Rev. Lett. 28,

1185 (1972).
0y, M. Skargaard, private communication.

Valence Electronic Structure and Charge Transfer in Tetrathiofulvalinium
Tetracyanoquinodimethane (TTF-TCNQ) from Photoemission Spectroscopy

W. D. Grobman, R. A. Pollak, D. E. Eastman, E. T. Maas, Jr., and B. A. Scott
IBM Thomas J. Watson Research Centev, Yorvktown Heights, New York 10598
(Received 26 December 1973)

Comparison of ultraviolet-photoemission, valence-orbital spectra (as well as high-res-
olution, x-ray photoemission, N-core-level spectra) of TTF-TCNQ, neutral TCNQ,
and K*(TCNQ)~ indicates a large amount of charge transfer in TTF-TCNQ. The spectra
for this complex show strong coupling between states near the Fermi energy and molecu-
lar vibrations due to localization of the mobile electrons on individual molecules, at

least on the time scale of bond vibrations.

Recent interest in conducting organic complex-
es of tetracyanoquinodimethane (TCNQ) has been
stimulated by reports''? of large conductivity
peaks [typically ~10* (@ cm) ™' at ~60 K] in the
tetrathiofulvalinium (TTF) complex of TCNQ.
Several questions of importance for understand-
ing the transport,' 3 optical,*® and magnetic®"’
studies of TTF-TCNQ are the following: (a) What
is the nature of the conducting states (localized
versus extended)? (b) How much charge is trans-
ferred from TTF to TCNQ upon formation of the
complex? (c) What is the valence-orbital elec-
tronic structure of these materials?

Considering the nature of the conducting states,
the valence-electron spectra of TTF-TCNQ show
that the states near E; are localized in orbitals
confined to individual molecules, at least on the
time scale of bond vibrations. Such short-time
localization could be simply a consequence of the
narrow bandwidth (k/bandwidth ~ bond vibration
period). Concerning charge transfer, considera-
tion of the valence-band and N-1s core-level
spectra suggests that (TTF)* and (TCNQ) ™ are
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the charge states of a majority (2 £) of the cat-
ion and anion molecules in TTF-TCNQ at 300 K.
Ultraviolet-photoemission (UPS) spectra were
obtained using a previously described® spectrom-
eter with a typical electron energy resolution of
~0.25 eV. Samples [except for K*(TCNQ) " J°
were sublimed in situ in the measurement cham-
ber from an effusion oven onto a Au-coated quartz
substrate which served both as a calibration sam-
ple to determine the Fermi-level position, Ep,
and as an electrical contact to the sample film.
Pressure in the sample vicinity was typically
~1x107¢ Torr, dominated by the vapor pressure
of the sample. The partial pressure of the back-
ground gas in the (unbaked) chamber was ~5
x1078 to 1x10°7 Torr. The possibility of sample
contamination effects was excluded by obtaining
spectra simultaneous with film deposition. Other
measurements made on films which were several
hours old gave spectra almost identical to those
obtained during continuous film deposition, per-
haps due to self-cleaning of the surface by its
continual slow sublimation at room temperature.
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After UPS measurements on these films, their
structure and composition was checked by x-ray
diffraction and, in some cases, by infrared ab-
sorption and scanning electron microscopy of

the film. An additional check in the case of TTF-
TCNQ was the verification that x-ray photoemis-
sion (XPS) valence orbital spectra were the same
for samples in evaporated film form as for those
in the form of solution-grown crystals.

XPS spectra were obtained''!! in a Hewlett-
Packard model 5950A spectrometer which uses a
photon energy of hv =1486.6 eV and typically
achieves ~0.6-eV electron energy resolution.
Samples for XPS studies were prepared in a sep-
arate vacuum system and transferred to the XPS
system in an inert atmosphere. Samples studied
using this technique included films of TCNQ,
TTF-TCNQ, and K*(TCNQ)°, as well as a com-
pressed pellet of solution-grown TTF-TCNQ
crystallites. In all cases the XPS valence orbital
spectra agreed with the UPS spectra.

UPS spectra at v =21.2 eV for neutral TTF and
for neutral TCNQ are shown as unbroken lines in
Figs. 1(a) and 1(b), respectively, where we have
plotted the emission intensity versus the initial
energy of the photoelectron (the negative of its
ionization potential) relative to E;=0. In Fig. 1(a)
we also show (dashed line) the spectrum of vapor-
phase TTF obtained by Gleiter et al.'> Their en-
ergy scale (ionization potential referred to the
vacuum level) has been placed so that features in
the two spectra coincide. The relative energy
levels in solid and vapor-phase TTF are in excel-
lent agreement. This implies that the intramo-
lecular electronic structure remains dominant
and is relatively unperturbed by condensation in-
to the solid. Comparison of spectra for solid and
vapor-phase TTF indicates that the width of the
emission feature corresponding to a given initial
orbital in the solid appears to be determined in
part by the Franck-Condon effect.'® That is, dur-
ing the emission process from an orbital with a
well-defined initial energy, various molecular
vibrations of the ionized molecule left behind are
excited, leading to a range of energies of the
emitted electron corresponding to the width of the
observed emission feature for the gas-phase
molecule. Comparing the least-bound orbital
widths in solid and vapor phase TTF in Fig. 1(a),
we see an additional solid-state broadening of
about 0.5 eV. Also, comparison of the energy
scales of the TTF spectra in Fig. 1(a) yields a
solid-state shift of all orbital energies of +0.4
eV relative to the gas phase.'*
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FIG. 1. In these UPS spectra (kv=21.2 eV), emission
intensity (arbitrary units) is plotted versus the initial
energy E; of the emitted photoelectrons, measured with
respect to the Fermi energy Er. Spectra are plotted
with a common vacuum level, and the work function is
given for each material (uncertain to within ~ 0.25 eV),
Er is uncertain to ~ 0.1 eV for (c) and (d), while this
uncertainty is ~ 0.25eV for 1(a) and 1(b) because of
sample charging.

In the TTF emission spectrum there are two
distinct, well separated, high-lying orbitals,
with emission centered at initial energies of
~-1.0 and - 3.0 eV, as well as a series of lower-
lying orbitals, many of them superimposed. Sim-
ilarly, pure TCNQ contains two distinct high-ly-
ing orbitals with emission peaks centered at ini-
tial energies of — 2.9 and - 4.6 eV as well as
many lower-lying orbitals at energies — 11 < F;
=-6eV.

Figure 1(c) displays the K'(TCNQ) spectrum.
This spectrum consists of three high-lying spec-
tral features bound at ~-1.0, - 2.0, and - 4.2
eV, as well as more intense emission between
~-6and - 12 eV. Since K' has no valence elec-
trons, this spectrum essentially represents that
of (TCNQ) . The emission features at — 2.0 and
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- 4.2 eV most likely correspond to the two high-
lying m-orbitals seen at — 2.9 and - 4.6 in neutral
TCNQ, while the feature at ~ 1.0 eV corresponds
to the singly occupied affinity level. The emis-
sion features below ~—-6 eV in neutral TCNQ and
in (TCNQ) ™~ are dissimilar in spectral shape.
One possible explanation is that in (TCNQ) " the
presence of the unpaired affinity-level electron
exchange splits some of the lower-lying orbitals
enough to cause the observed loss of sharp struc-
ture. Also, we see a gap (~0.3 eV wide) between
E; and the upper edge of the valence-band spec-
trum, consistent with the fact that K*(TCNQ) ~ is
a semiconductor.

Consider now the emission spectrum from TTF-
TCNQ shown in Fig. 1(d). For this complex,
there are four distinct high-lying orbitals, at ini-
tial energies E; of ~-1.0, - 1.9, -3.0, and
—4.1 eV, as well as more intense emission for
-9 eV=s<E;<-5eV. The emission intensity of
the highest-lying spectral feature falls smoothly
to a very small value at E; from the peak at - 1.0
eV, in contrast to the spectral shape of a typical
metallic band at F; [such as that for Au shown in
Fig. 1(d)] which shows significant emission near
Eg, cut off at Ep by the Fermi function broadened
by the (~0.25-eV) instrumental resolution. Thus
it appears that the electrons near E; are in local-
ized molecular orbital states, e.g., 7 orbitals,
confined to individual molecules.!® Such states
are strongly coupled to molecular vibrations in
the photoionization process (Franck-Condon ef-
fect'®) and thus produce emission which is broad-
ened and shifted to lower energies. The rather
narrow bandwidth in this material* may be com-
parable to energies corresponding to typical bond
vibrations (~0.2 eV). Thus short-time-scale lo-
calization of electrons as a result of the narrow
bandwidth might explain our observations.

The question arises of whether metallic emis-
sion is absent because the short photoemission
escape depth causes us to measure surface mo-
lecular layers that are not characteristic of the
bulk. This does not seem to be the case for sev-
eral reasons. Namely, spectra obtained with an
11.7-eV photon energy show the same orbital
structure as do 21.2-eV spectra, although the
photoelectron escape depth is probably 2 to 3
times as great at 11.7 eV. In addition, the XPS
valence spectrum in Fig. 2(a) (inset) shows the
same orbitals near Ep as are seen in the UPS
spectrum in Fig. 1(d), although the XPS spectrum
samples significantly deeper into the solid.!®

The spectra in Figs. 1(a)-1(c) are now com-
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pared with that of TTF-TCNQ [Fig. 1(d)] in order
to consider the question of charge transfer. We
assume that intramolecular energies dominate

so that the spectrum of the complex is essential-
ly a superposition of the spectra of the constitu-
ents, in the appropriate charge states. Upon per-
forming such a comparison, we see that the three
highest-lying orbitals of K*(TCNQ)~ in Fig. 1(c)
are bound at the same positions (within experi-
mental error) as three of the four highest-lying
orbitals in TTF-TCNQ, namely, those at - 1.0,
—1.9, and - 4.1 eV. This excellent agreement
between orbital positions strongly suggests a pre-
ponderance of (TCNQ)~ over neutral TCNQ in
TTF-TCNQ. In such a case the TTF-TCNQ or-
bitals at - 3.0 eV, as well as part of the emis-
sion intensity at — 1.0 eV, could be due partly to
neutral TTF which has levels at — 1.0 and - 3.0
eV, as well as to the upper two orbitals of (TTF)?,
whose energies have not yet been determined ex-
perimentally, but which are derived from the

- 1.0 and - 3.0 orbitals of neutral TTF.

In Fig. 1 we have placed the energy scales of
the various spectra so that their vacuum levels
are at a common energy. Using this reference
energy we find that the two highest-lying orbitals
of neutral TTF and the two highest-lying orbitals
of neutral TCNQ lie at positions close (within
~0.3 eV) to those of the four highest-lying or-
bitals of TTF-TCNQ. For this reason emission
from a small amount of neutral TTF and TCNQ
could be present in the TTF-TCNQ spectrum.
However, the unusually good agreement between
the positions of the (TCNQ) ~ orbitals and those
of TTF-TCNQ, as well as the spectral shape of
the emission below — 6 eV, indicates that most'’
of the emission (probably = £) is due to (TTF)*
and (TCNQ) .

Support for such a model also comes from the
XPS N-1s core-level spectra shown in Fig. 2(b).
In the cases of TCNQ and K*(TCNQ)~ we see a
single main N-1s core-level peak and a weaker
satellite with higher binding energy. In the case
of TTF-TCNQ there are at least two main N-1s
peaks as well as the weaker satellite structure.
Considering the multiple main peaks in TTF-
TCNQ to represent chemical states of N in TCNQ,
the N-1s spectrum is consistent with both neutral
TCNQ and (TCNQ) " molecules in the solid, with
(TCNQ) ~ dominating.!® For this reason both the
core and valence-band spectra independently con-
firm the presence of mostly charged species in
TTF-TCNQ, and consequently significant filling
of any bands formed from their high-lying molec-
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FIG. 2. (a) The x-ray photoemission spectrum (kv =

1486.6 eV) of the TTF-TCNQ valence bands (~ 35 eV
wide) and of the highest-lying orbitals (inset). Ef is
determined to ~+0.1 eV, (b) N-1s core-level spectra
for neutral TCNQ, TTF-TCNQ, and K*(TCNQ)~.
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