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Ultraviolet photoemission spectroscopy (UPS) has been used to study in-situ-prepared
tetracyanoquinodimethane (TCNQ), Cs,(TCNQ),, and tetrathiafulvalene-TCNQ (TTF-TCNQ) thin films. The
measurments on Cs,(TCNQ); were made during the charge-transfer reaction between Cs vapor and TCNQ
solid, which allows an unambiguous determination of the energy levels near Ep of the TCNQ™ anion. Our
results demonstrate that the excess charge of TCNQ™ is localized to a molecular scale and that the TCNQ
molecule in solids will normally exist in either the neutral or —1 charge state, and not in a state of shared
fractional charge. Quantitative comparison of the UPS spectra between Cs,(TCNQ); and TTF-TCNQ permits
a rather complete assignment of the structure in the TTF-TCNQ data. The structures near —1 and —2 eV are
assigned to TCNQ™, those near —3 eV to TTF* and those near —4 eV to both TCNQ° and TCNQ™. In
addition, the data suggest the presence of TTF* states immediately below Ep. From studies of ultrathin films,
the electron escape depth is estimated to be less than 10A in these solids, which indicates a strong
representation of the surface electronic structure in our data. TTF-TCNQ deposited at 77°K is found to
undergo irreversible changes in both its UPS spectra and its bulk thermal properties upon annealing to room
temperature. A model is presented which accounts for these changes in terms of molecular rearrangements
upon annealing which are accompanied by altered surface composition of the films and increased ionization
of the TTF-TCNQ complex. In room-temperature TTF-TCNQ there is evidence for significant charge
transfer, for the presence of some TCNQ? at the surface, and evidence against any significant surface
concentration of TTF’. In view of this work we suggest (i) that prior uv-photoemission work may have
sampled principally the surface and (ii) that the surface of room-temperature TTF-TCNQ films may have a

different composition from the bulk.

I. INTRODUCTION

The quasi-one-dimensional, highly conducting
organic charge transfer salt tetrathiafulvalene-
tetracyanoquinodimethane (TTF-TCNQ) has been
subjected to intensive studies recently.'™** Among
these studies Grobman et al.* and Nielsen et al.!!
have employed photoemission techniques on sub-
limed samples to gain insight into the electronic
properties of this material. Important conclusions
on the properties of TTF-TCNQ drawn from these
two photoemission studies are the following:

(i) Electronic states near the Fermi energy (Ep)
are of localized nature, at least on the time scale
of the optical excitation process.®'!! (ii) There is
considerable but somewhat less than one (~%) elec-
tron transferred from each TTF molecule to a
TCNQ molecule,® i.e., the ionization of TTF-TCNQ
pairs is fractional. (iii) uv photoemission (up to
21.2 eV) probes mainly the bulk electronic struc-
ture of TTF-TCNQ); thus the conclusions (i) and
(ii) above are valid for the TTF-TCNQ bulk solid
and are not strongly influenced by the surface.'

In an effort to determine the extent to which the
surface electronic structure has been significant
in the photoemission experiments, we have mea-
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sured ultraviolet photoemission spectra (UPS) from
TTF-TCNQ films of known thickness to estimate
the electron escape depth of this material. The
results presented below indicate rather short
electron escape depths for this class of materials,
and suggest that the UPS spectra are primarily
representative of the surface region, in contra-
diction with earlier conclusions. This result
emphasizes that for these materials the surface
condition of the sample can be an important factor
influencing the reliability of the data. Since a
comparison between UPS spectra of TTF-TCNQ
and alkali-TCNQ compounds is of great value in
sorting out the contributions to the TTF-TCNQ
spectra from the various ionic and neutral molec-
ular species,'®'!! it is desirable to perform the
aklali-TCNQ experiment under as well-defined
surface conditions as possible. Previous stud-
ies®’!! of these systems were not carried out on
in-situ-prepared samples. In the present work,
we report a technique which allowed the investi-
gation of the compound Cs, (TCNQ), with' in-situ
preparation and also allowed us to monitor the
charge transfer process by which neutral TCNQ
molecules (TCNQ°) are converted into the anion
TCNQ™.
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Through the comparison of the absolute emission
intensities of UPS spectra between TTF-TCNQ
and Cs, (TCNQ),, and through the observation of
the conversion of TCNQ° into TCNQ", we were
able to determine the origins of different struc-
tures in the UPS spectra of TTF-TCNQ. Quasi-
dynamic observation of the solid-state reaction
TCNQ° -~ TCNQ™ using photoemission at inter-
mediate stages during the reaction also furnishes
insight into the nature of the charge transfer
process in TCNQ-based compounds.

An additional new result of the present studies
is the observation of an extreme sensitivity of UPS
spectra of TTF-TCNQ films to the substrate
temperature at deposition and to the film’s subse-
quent thermal history, which may be related to
different surface compositions of the films at
different stages of the thermal history. The tem-
perature effects reported here also suggest that
sublimed TTF-TCNQ can be prepared in low-tem-
perature states (probably disordered) with quite
different electronic properties from the normal
state. This behavior is unusual for a molecular
solid, and it is probably associated with the long-
range nature of the bonding forces in TTF-TCNQ
due to the ionic character of the molecular lattice.

II. EXPERIMENTAL METHODS

Energy distribution curves (EDC’s) of photo-
emitted electrons were obtained from threshold
energies to 11.8 eV using the ac-modulated re-
tarding potential method'? and an apparatus de-
scribed previously.'® Absolute quantum yields
were measured against a calibrated Cs,Sb photo-
cathode. The ac voltage of the electron energy
analyzer was kept below 0.3 eV peak to peak, and
the monochromator slits were adjusted to provide
an overall energy resolution of better than 0.3 eV.
All structures observed in the EDC’s had full
widths at half-maximum of at least 0.6 eV, which
was not limited by the experimental instrumenta-
tion. Organic starting materials were purified by
repeated recrystallization from acetonitrile in the
case of TTF-TCNQ and by both recrystallization
and vacuum sublimation in the case of TCNQ. Thin
films of TTF-TCNQ or TCNQ were sublimed from
a quartz crucible onto polished substrates of Pt
or Au-coated Mo, which were heat cleaned at
475 °C in the ultrahigh vacuum just prior to sample
deposition. Crucible temperatures were main-
tained between 110 and 160 °C during deposition
of TCNQ and TTF-TCNQ. Base pressure before
sublimation was 1x107® Torr or lower, limited
primarily by lack of baking of the vacuum chamber
to avoid vaporization and possible decomposition
of the organic source materials. During sublima-
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tion, pressure increases to typically (5-7)x107®
Torr were observed. Data recording began with-
in 5-10 min after completion of sample deposition,
and the data showed no time-dependent changes
except for ultrathin (~10 A) TTF-TCNQ films
deposited onto 77 K substrates. At room temper-
ature these films resublimed sufficiently rapidly
that the characteristic TTF-TCNQ emission dis-
appeared and photoemission characteristic of the
metallic substrate reappeared. The substrate
temperatures were controlled and could be set
continuously between room temperature (RT) and
liquid-nitrogen temperature (LNT), and films de-
posited and held at various substrate temperatures
were studied. Approximately ten films each of
TCNQ and TTF-TCNQ were prepared and studied,
the essential features of the data being well repro-
duced for both cases.

The chemical and structural properties of vacu-
um-sublimed TTF-TCNQ films of various thick-
nesses have been fully characterized and reported
elsewhere.™ It has been established that the
sublimed films reproduced bulk properties of
single-crystal TTF-TCNQ in all respects except
that the electrical conductivity is influenced by
polycrystalline grain boundaries.

Thickness of TTF-TCNQ films were measured
during deposition using a gold-coated quartz mi-
crobalance'® positioned adjacent to the substrate.
The Au coating was employed to simulate the same
sticking conditions on the microbalance as for the
sample substrate. In the case of depositing onto
an LNT substrate, the microbalance measures a
lower limit to the sample thickness due to the tem-
perature~dependent difference in sticking proba-
bility between sample substrate (LNT) and micro-
balance (RT). This was corrected for by calibra-
ting the thickness of thick LNT deposited TTF -
TCNQ films (25000 A) with two other methods. '
A mechanical measurement using a Gould 200
microtopographer gave 1.3 as the multiplying fac-
tor to the microbalance value to obtain the true
LNT sample thickness, while optical thickness
measurements with a Linnick System Interferom-
eter gave a correction factor of 1.8. In determin-~
ing the thickness of ultrathin TTF-TCNQ films
deposited onto LNT substrates, the conservative
value of 1.8 was applied to correct the microbalance
result. In the case of TCNQ films deposited onto
LNT substrates, this independent calibration was
not done and 1.8 was adopted as a reasonable cor-
rection factor.

Cs,(TCNQ), was formed. by generating Cs vapor
from a Joule-heated Cs~-chromate channel in the
presence of an in-situ-deposited TCNQ film. Two
stoichiometries have been reported for Cs-TCNQ.
The most common one is Cs,(TCNQ), for which
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the one TCNQ° and two TCNQ~ formally associated
with two Cs* ions are distinguishable in x-ray
diffraction.”” Solution-grown Cs-TCNQ is always
Cs,(TCNQ),, but upon heating in vacuum this com-
pound loses TCNQ® and converts to the 1:1 salt
Cs(TCNQ).* It has been recently established!®
that exposure of Cs solid to TCNQ vapor forms
Cs,(TCNQ),. In our case TCNQ solid was exposed
to Cs vapor. Since the TCNQ molecules were in
excess it is quite likely that this reaction also
favors the formation of Cs,(TCNQ), over Cs
(TCNQ). Support for this is found in electron
diffraction studies of the product of a reaction
much the same as ours, but on alkali halide sub-
strates.?®

Low-temperature (LNT to RT) differential ther-
mal analysis (DTA) was performed with a Du Pont
900 thermal analyzer on TTF-TCNQ vacuum de-
posited onto an LNT sample holder in a separate
chamber and subsequently transferred into the
analyzer held at LNT. During the transfer there
were about 3 sec of exposure time to the ambient
air.

III. RESULTS AND DISCUSSION
A. Estimate of electron escape depth

The depth sampled in a photoemission experi-
ment is determined by the electron escape depth.?!
Knowledge of this depth is important for interpre-
tation of photoelectron spectra when there is the
possibility of changes in composition from the
surfaces to the bulk and/or when there is reason
to believe that the electronic properties of the
sample may be different in the surface and bulk
environments.

In practice, if the optical absorption coefficient
a is known, the average escape depth Z can be
estimated through measurement of quantum yields
and the use of the equation?

Y=PaL/(1+aL), (1)

where P=c,p, ¢ is the fraction of hot electrons
with energy higher than the vacuum level (which
can be estimated from optical properties), and p
is the escape function, i.e., the probability that
an electron, once it reaches the surface, will
pass out of the solid into the vacuum. The quan-
tity 2 is the escape function averaged over all elec-
trons with kinetic energy higher than the surface
potential barrier. The expression in Eq. (1) must
be modified in cases where electron scattering
significantly adds electrons to the photoemitted
current; however, such contributions do not ap-
pear to be large in the present studies.
Unfortunately, the optical properties of TTF-

TCNQ, TCNQ, or Cs,(TCNQ), are not known in
the energy range above about 5 eV. In order to
overcome this difficulty, we measured quantum
yields and EDC’s from films of different thick-
nesses ranging from greater than 1800 A to less
than 13 A. From analysis of these data, both «
and L can be estimated.

In Fig. 1 we present the EDC’s for Zw=10.2 eV
from the gold substrate together with those from
two TTF-TCNQ films of thicknesses 10-13 and
1800 fi., respectively. Both films were deposited
onto a gold substrate kept at liquid-nitrogen tem-
perature. The EDC’s from the two TTF-TCNQ
films are effectively identical and are quite differ-
ent from that of gold. This was found to be the
case for EDC’s taken at many photon energies up
to 11.8 eV. This result suggests that the photo-
emitted electrons originate almost entirely from
a region within about 13 A from the sample-vacu-
um interface. The same conclusion is borne out
by Fig. 2 in which we present the absolute quantum
yields of the two films for Zw=5.5-11.8 eV. We
see that the yields for the two films are the same
within experimental error (+10%) over the entire
spectral range.

To first approximation, the quantum yield for a
film of thickness T in this case can be ex-
pressed??:2

T _
Y.z_f Pae 2% e™*/T gy
(1]

- aL - -
=P—1 faf (1-e (Ot+1/L)T), (2)

where Y, P, a, L are all functions of photon
energy 7w and x is the distance into the sample
from the surface. The fact that the measured
quantum yields are independent of sample thick-
ness imposes the condition

=@ /DT <0.1 (3)

on Eq. (2), even for T=13 A. Making use of rela-

tion (3), Eq. (2), and the experimental value of

quantum yield, we can set limits on @ and Z.
Based on Eq. (3} we rewrite Fg. (2)

Y=PaoL/(1+al). (4)

Combining Egs. (3) and (4) and setting T=13 A we
obtain

@>0.077(Y/P)In(1/0.1), (5)
- P 1
LBBY WA/’ ©

where « is in units of A™ and L in units of A.
An approximation for P must be made. The
upper limit on P is unity which gives the smallest
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possible value for L. The lower limitissetby P=Y,
which from Eq. (5) gives @>1.77x10" cm™, a
higher than physically reasonable value for the
optical-absorption coefficient.?* A typical value of
Pis 0.1; however, to be conservative, let us as-
sume P= 0.02 and use the experimental value Y
=6.4 X1073 electrons/photon for Zw=10.2 eV, one
then obtains 7<8.3 A and @>5.7x10° cm™. If P
=0.1 is taken, one obtains Z<6.0A and a>1.1
X10° cm™!. Any larger value taken for P further
reduces the resulting estimate for Z. In normal
practice, a fairly accurate estimate of L can be
obtained by monitoring the attenuation of electrons
originating from the underlying substrate as they
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FIG. 2. Spectral distributions of quantum yield of the
two LNT-made-and-measured TTF-TCNQ films of Fig.
1.

pass through known thicknesses of the sample.?® This
technique was not useful in the present work be-
cause even the thinnest deposited films allowed no
transmission of photoelectrons from the Au sub-
strate to the vacuum. Our above estimates of L
may therefore be considered somewhat crude.
However, there appears to be no way to explain
the experimental results for Zw=10.2 eV in a phys-
ically consistent manner without taking Z <10 A.
Similar analyses for Zw=8.9 and 11.6 eV give the
same conclusion.

In Figs. 3 and 4 we show the quantum yields and
EDC’s of two TCNQ films of thickness 10-13 and
200 A. Again there is no significant difference of
EDC’s or yields for two films of different thick-
ness. The electron escape depth in TCNQ is there-
fore at least as small as in TTF-TCNQ, estimated
to be less than 10 A.

A cautionary note is in order here since the
EDC’s and yields in Figs. 1 and 2 were from TTF-
TCNQ films deposited onto a gold substrate kept
at LNT. The short escape depth for TTF-TCNQ
is, strictly speaking, derived only the LNT fijms. |
As will be seen in the following discussions, the
EDC’s from these films go through substantial
changes as the temperature is increased. Efforts
have been made to condense ultrathin TTF-TCNQ
films onto a substrate at RT or to retain the ultra-
thin LNT film at temperatures near RT. Neither
has been successful owing to the vapor pressure
of TTF-TCNQ (~2 X107!° Torr at RT),2® which
causes sublimation of the ultrathin films duringitime$
comparable to the measurement time. However,
judging from the similar shapes and comparable
magnitudes of quantum yields from TTF-TCNQ
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films at RT and LNT and also their similarity

with Cs,(TCNQ), and TCNQ (ultrathin TCNQ films
have been successfully retained at RT) in the re-
gion where Zw>threshold (Fig. 5), the short photo-
electron escape depth seems to be characteristic
of several TCNQ-based compounds and is probably
not a sensitive function of temperature. We con-
clude then that the escape depth of an RT TTF-
TCNQ film is not very different from that of an
LNT film.

Considering the crystal structures of TCNQ,
Cs,(TCNQ),;, and TTF-TCNQ (all monoclinic, with
3<a,b,c<22 A) 17.21:28 this short escape depth im-
phes that the UPS spectra represent only the first
few molecular layers. The EDC’s and yields must
therefore be interpreted with this in mind, as will
be evident in Sec. IIID. It has been recently re-
ported'* that on sapphire or quartz substrates,
sublimed TTF-TCNQ tends to form films with the
crystal ab plane parallel to the substrate plane.

A similar result has been reported with the
cleaved (100) face of NaCl as substrate.?® Since
the c-direction molecular spacing is roughly 9 A

a 10-A -thick film of TTF-TCNQ would constitute
somewhat less than two molecular layers if it re-
tains the bulk molecular stacking and orientation
at the surface. :

Shorter than usual electron escape depths (<5 f\x‘
at low kinetic energies (<10 eV) have been found
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FIG. 3. Spectral distributions of quantum yield of two
TCNQ films of different thickness.
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FIG, 4. Normalized EDC’s for %w=11.6 eV from the
two TCNQ films of Fig. 3.

in certain metals.?’ These metals (Cs, Sr, Ba,
Yb and K, etc.) are generally those with low Fermi
energies and plasmon energies. Through a Drude
analysis, the plasmon energy of TTF-TCNQ has
been estimated to be about 1.5 eV,* and from ther-
moelectric power data, the Fermi energy has been
estimated to be ~0.14 eV.?° Each of these values
is less than the corresponding value for the above
metals, e.g., for Cs £5=3.0 eV and Ez=1.5 eV,3!
and hence the apparent correlation between small
Fermi and plasmon energies and short escape
depths may carry over into organic solids, for
which little data are available.

At present we do not have a microscopic under-
standing of the short escape depth for TTF-TCNQ.
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FIG. 5. Comparison of quantum yields from films of

TCNQ, Csy(TCNQ);, RT-made-and-measured TTF-
TCNQ, and LNT-made-and-measured TTF~-TCNQ.
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Several factors may be involved. In organic solids,
the final-state wave functions a few eV above the
vacuum level are perhaps less extended than for
inorganic solids. Therefore the photoelectron
group velocity and hence its mean free path would
be correspondingly smaller. In the only other di-
rect measurement of the escape depth for an or-
ganic solid of which we are aware,*® it was found
that L =11 A in phthalocyanine for Aw=17.8 eV,
i.e., for average electron kinetic energies of only
about 1 eV.

B. Conversion of TCNQ® to TCNQ™

As indicated in the introduction, an issue of im-
portance in understanding TTF-TCNQ is the ques-
tion of how much charge is transferred from TTF
to TCNQ. In order to address this question with
photoemission techniques, it is first necessary to
clearly establish the energy-level structure in the
vicinity of the Fermi energy for both TCNQ® and
TCNQ™. A novel approach®® to determine this in-
formation was undertaken here. UPS experiments
were used to monitor the changes in the electronic
structure of TCNQ° as it was converted to TCNQ™
during the reaction between TCNQ solid and Cs
vapor. We believe this to be the first investigation
of the energy-level structure of an organic donor-
acceptor solid conducted during the bulk charge
transfer reaction between the components. These
experiments not only enabled us to obtain a clear
picture of the energy levels of TCNQ™, but also
provided the first photoemission studies of an al-
kali-TCNQ complex prepared in situ. By control-
ling the amount of Cs exposure during the reaction,
the conversion process of TCNQ®~TCNQ™ can be
observed at intermediate stages. -

Figures 6 (a) and 6 (b) show the UPS spectra at
7w=8.5 and 10.2 eV, respectively, at three differ-
ent stages of the reaction between a TCNQ film and
cesium vapor. The Fermi energy indicated in the
figure was determined by photoemission from the
substrate and verified by photoemission from a
copper shutter at the rear of the collector can.
Before cesiation, there is negligible electron pop-
ulation between Er and — 2.5 eV in Fig. 6. The
—3.5-eV peak corresponds to the highest-lying
m orbital of TCNQ°. As the vapor-solid reaction
takes place and the TCNQ®—~TCNQ™ conversion
proceeds, two weak peaks (at-1.0 and -2.1 eV)
begin to appear in the previously unpopulated re-
gion. When the reaction reaches completion and a
stable, saturated condition is attained, these two
peaks have developed to the point where they dom-
inate the spectra above —2.5 eV.

Three important points can be made about Fig. 6.
First, the positions and the intensity ratio of the

two new peaks remain constant during the entire
cesiation process, which underscores the localized
nature of the orbitals involved in accepting the
transferred electrons. Itcanalso be deduced from
this result that in this system the TCNQ species
exist as either TCNQ® or TCNQ~, and never with
some intermediate level of ionization. The second
point to note is that the intensity ratio of the two
new peaks remains approximately 1 to 2 through-
out the reaction, which is consistent with the inter-
pretation that the - 1.0-eV peak corresponds to
the singly-occupied highest 7 orbital of TCNQ™,
while the —2.1-eV peak arises from the doubly-
occupied second-highest 7 orbital of TCNQ~. Ac-
cording to several recent electronic structure
calculations for TCNQ,**™* these orbitals are of
b,e and b,, symmetry, respectively. The UPS
spectra of TCNQ° (dash-dot curves in Fig. 6 and
Refs. 10 and 11) indicate that in the neutral mole-
cule the highest-occupied (b,,) level is at least

3 eV below the lowest-empty (b,,) level. Our as-
signment of the —1.0-eV peak in the photoemission
from Cs,(TCNQ), to the b,, affinity level therefore
indicates that upon occupation by an electron this
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FIG. 6. EDC’ of Cs-TCNQ system at (a) %w=8.5 eV
and (b) %w=10.2 eV. Dash~-dot line shows TCNQ® spectra,
broken line spectra after 3 min of cesium exposure and
solid line after 25 min of cesium exposure, both at an
average Cs pressure of ~5x10~% Torr.
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orbital moves down in energy by at least 1 eV.
The —2.1-eV peak, attributed to the b,, level,
moves up from its location at — 3.5 eV upon anion
formation. Thus the separation between the low-
est-empty and highest-occupied levels in TCNQ°
has been reduced by more than 2 eV upon conver-
sion to TCNQ™.

This large change in orbital separation upon ion-
ization may be understood from the following con-
siderations: TCNQ° is a strong electron acceptor
with a molecular electron affinity of 2.8 eV.3®
When an electron is added to this system, the
TCNQ orbitals relax to lower the total energy of
the anion. This relaxation takes the form of a
downward shift of the newly occupied orbital, ac-
companied by varying degrees of upward shifts of
the lower-lying occupied orbitals. The large mag-
nitude of the orbital readjustments in TCNQ™ is
another manifestation of the high degree of local-
ization of the excess electronic charge on a molec-
ular scale. Figure 7 shows a schematic diagram
of the orbital level shifting. Also shown in the
figure are comparisons of level spacings in TCNQ°
and TCNQ~ from our experimental results and the
theoretical results of very recent extended-
Hiickel,* multiple-scattering X, and ab initio®
calculations. For the latter two calculations, the
numbers given are for the weighted averages of
singlet and triplet transition energies where appro-
priate. It is interesting that the simplest of the
three calculations, the extended Hiickel, seems to
give the best results for the b,, -to-b,, level spac-
ing in TCNQ".
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Op—————Vacuum Level
-2} 4
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FIG. 7. Schematic diagram of orbital rearrangement
in TCNQ due to electron addition and comparison of level
spacings with recent calculations.

Finally, the —3.5-eV peak of TCNQ° in Fig. 6
(b) decreased in intensity by about 5 and moved to
—~ 3.7 eV upon cesiation. In view of the 2:1 stoichi-
ometry of TCNQ™ to TCNQ° in Cs,(TCNQ),,"” we
would expect the strength of the TCNQ® peak to
decrease by 2. However, it is possible that the
matrix elements for transitions from these states
were altered owing to changes in the final-state
wave functions upon complex formation. It is also
likely that in this energy range there are TCNQ~
states that contribute part of the emission inten-
sity, since TCNQ° has high density of occupied
states below —3.5 eV (see Fig. 4), and some of
these states are expected to shift upward upon ion-
ization. Evidence for this occurs in data reported
for K*(TCNQ)~ at Zw=21.2 eV,'® which show a
shoulder at —4.2 eV in the UPS spectra. It is
probable that the combination of TCNQ™ states
near -4.2 eV and TCNQ° states at — 3.5 eV re-
sults in the —3.7-eV peak in Cs,(TCNQ), and in
the greater intensity of this peak compared to the
intensity expected if it were derived from a single
orbital of TCNQ°.

C. Comparison of TTF-TCNQ and Cs, (TCNQ),

In Fig. 8 we compare the UPS spectrum of TTF-
TCNQ to that of Cs,(TCNQ),. The similarity be-
tween the two is evident. The emission intensity
above ~2 eV in TTF-TCNQ appears to arise pre-
dominantly from TCNQ™ as we compare the spectra
in Figs. 8 (a) and 8 (b). This is in agreement with
the contention that there is considerable charge
transfer from TTF to TCNQ. Also by comparison
of Figs. 8 (a) and 8 (b), the —3.6-eV peak in TTF-
TCNQ appears to come jointly from TCNQ° and
TCNQ", as in the case of the —3.7-eV peak in
Cs,(TCNQ),. Thus our spectra contain evidence,
at least at the sample surface, for the presence
of TCNQ° in TTF-TCNQ, consistent with earlier
interpretations based on both UPS and XPS (x-ray
photoemission) data.®

The subtle distinctions between Figs. 8 (a) and
8 (b) are better illustrated in the difference curve
of Fig. 8 (¢), which was obtained by direct sub-
traction of the absolute energy distributions per
incident photon. In Fig. 8 (¢), E was chosen as
a common energy reference for the two materials
(almost identical results obtain by choosing the
vacuum level as a reference), and the numerical
error in the ordinate values arising from the sub-
traction process is estimated to be 10%. Since
Cs* does not contribute to the valence states of
Cs,(TCNQ),, structures in Fig. 8 (c¢) are attrib-
uted to emissions from TTF. The extra emission
near E; centered around - 0.5 eV most likely
arises from the singly-occupied b,, 7level of
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TTF*,** 3% which is buried under the highest-occu-
pied states of TCNQ™ in Fig. 8 (a). This interpre-
tation is reasonable since the interchain coupling
between neighboring TTF and TCNQ stacks re-
quires the half-filled orbitals of TTF" and TCNQ™
to lie in the same region near E;.** Also, magnet-
ic studies®® of TTF-TCNQ suggest that at room
temperature the electrons of the TTF stacks are
more delocalized than those on the TCNQ stacks,
which support a model with TTF* states lying
near Ep.

The other relatively weak extrema in Fig. 8 (c),
at — 1.6 and -2.1 eV, arise primarily from the
position mismatch (several tenths of-an eV) of the
peaks near —2 €V in Figs. 8 (a) and 8 (b). This
mismatch is probably due to a sensitivity of this
orbital’s energy to the interactions between neigh-
boring TCNQ sites in the molecular stack. The
TCNQ 3b,, orbital is known from recent ab initio
calculations to be highly delocalized,*® and the
neighbor configuration in Cs,(TCNQ), is very dif-
ferent from that in TTF-TCNQ.'"?® In addition,
influences by neighbor molecules on the orbital
energies will be more prevalent in these charge
transfer crystals than in simple molecular solids
because the partially ionic character of the bond-
ing gives rise to longer-range intermolecular
interactions.

The strong excess emission at — 2.8 eV in Fig.
8 (c) is assigned to TTF* states. This peak can-
not be attributed to TTF® states since TTF° would
also give rise to a strong emission peak at about
2 eV higher energy, near —1 eV (see Fig. 14 and
Refs. 10 and 11) whereas there is no evidence of
such structure in Fig. 8 (c). On this basis we con-
clude that TTF° is not present near the surface of
the sublimed TTF-TCNQ at room temperature.

Assignment of the peaks at — 0.5 and -2.8 eV in
Fig. 8 (c) to the upper two occupied orbitals of
TTF* is consistent with our earlier considerations,
since upon the conversion TTF -~ TTF*, the orbital
readjustment would be expected to increase the
energy separation of these two levels. In TTF?
this separation is roughly 2.0 eV (see Fig. 14) and
in TTF*, our assignment gives a separation of
2.3 eV. The schematic diagram for this orbital
level shifting is shown in Fig. 9, along with a com-
parison between experimental level spacings and
those from extended-Hiickel and***° multiple-
scattering Xa?®® calculations. As in the case of
TCNQ", the Hilckel results are surprisingly accu-
rate for the level spacing in TTF*. Also, the re-
sults compare more favorably with experiment
when the mixing between empty d orbitals and oc--
cupied orbitals is neglected, which confirms the
speculation by Berlinsky et al.3* (based on the
positions of virtual orbitals in their calculation)
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that such mixing is not important. We note that

all the recent calculations of TTF® and TTF* are
in agreement with respect to their symmetry as-
signments of the highest- and second-highest-oc-
cupied orbitals to the 4b,, and 3b,, states, respec-
tively.

D. Surface composition of TTF-TCNQ films

As noted earlier, the UPS spectra of TTF-TCNQ
films depend strongly on the substrate temperature
at deposition and on the sample’s subsequent ther-
mal history. Figures 10 and 11 show the EDC’s
from TTF-TCNQ films formed and measured on
substrates kept at room temperature and liquid-
nitrogen temperature, respectively. The four
pieces of structure nearest to Ex in Fig. 10 remain
stationary in initial energy as photon energy is
varied, and the intensities of these structures
show relatively little modulation with Zw after they
are completely uncovered from the threshold.
These structures are assigned to structures in the
valence density of states at ~ 0.9, -1.7, -2.8,
and -3.6 eV, respectively. The lower-lying struc-
ture below —4 eV moves with respect to the ini-
tial energy as Zw changes. It most likely corre-
sponds to strong density-of-states structure
peaked near -7 eV, as reported by Grobman e¢
al.'° with Zw=21.2 eV, and thus in the present
data is not completely cleared of the threshold
function. Differences between the EDC’s in Fig.

11 and those in Fig. 10 are evident. Not only do
the structure positions differ (for the LNT data
they lie at - 1.1, -2.0, -3.0, —4.3 and below
—6.4 eV, respectively), but also the relative in-
tensities of structures are quite different.

As the temperature of the LNT film was slowly
increased, the EDC’s went through several
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changes and stabilized to the RT spectra once the
temperature had reached about +8 °C. This be-
havior is illustrated for Zw=10.2 eV in Fig. 12.
From - 193 to about — 80 °C there are essentially
no changes. Near —80 °C the first major changes
occur. From —T78 to —24 °C the EDC’s again re-
main virtually unchanged except for a slight sharp-
ening of structure. Above -24 °C the second
major changes set in and the EDC’s stabilize to
the RT form above +8 °C. Upon recooling the
sample to — 193 °C after it had been warmed to
different temperatures, it was found that all the
changes observed at any stage of the warming
process were irreversible. Furthermore, de-
position of TTF-TCNQ on substrates held at any
intermediate temperature reproduced the EDC’s
of an LNT film warmed to that temperature. The
irreversibility of the observed changes was con-
firmed by cooling samples deposited at RT to LNT
(Fig. 13). These experiments showed no signifi-
cant temperature dependence of the EDC’s.

In light of the short electron escape depth, the
mechanism that causes the changes of the UPS
spectra must have altered the electronic states
near the surface. We propose here a model
through which the observed major changes can be
consistently explained: We postulate that during
sublimation of the starting TTF-TCNQ material
onto an LNT substrate, some percentage of the
molecules condensed as uncomplexed neutral spe-
cies, TTF® and TCNQ°, and some condensed as the
associated complex TTF-TCNQ, thereby forming
a mixed solid having UPS spectra which are to a
first approximation weighted sums of the spectra
of the three components. As the sample temper-
ature was increased above - 80 °C, molecular
reorientations and rearrangements could take place
to minimize the potential energy of the system.
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This favored a configuration in which the compo=-
nent molecules with highest vapor pressure, i.e.,
TTF®, populate the surface.** This in turn made
emission from TTF° most prominent in the UPS
spectra in the temperature range from - 80 to
—24 °C. Astemperature was increased further,
TTF? escaped from the surface because of its high
vapor pressure and the RT spectra became domi-
nated by emissions from TTF-TCNQ and TCNQ°.
In addition to the irreversibility of the changes
in the EDC’s, and the conclusion arrived at in Sec.
III C that TTF° is not present at the surface of a
sublimed TTF-TCNQ film at RT, there are sev-
eral other experimental facts consistent with the
above model. The first evidence is the growth of
the peak near -1 eV in the UPS spectra, which is
characteristic of TTF°'!! as the temperature in-
creases from LNT to —24 °C. This is shown in
Fig. 14, where we compare EDC’s of LNT-formed
TTF-TCNQ to that of TTF? taken by Nielsen et
al .** The important points here are that the peak
in the vicinity of — 1 eV grows by about a factor
of 2 as the temperature is increased and that the
relative peak and valley positions of the —24 °C
data match quite well with the TTF°® spectrum.
Also note that in Fig. 14 the TTF° EDC has a
threshold energy about 1 eV below that of the other
two curves, which allows the uncovering of the
strong peak at about - 5.0 eV. Since the photo-
emission threshold can be very sensitive to the
way the films are prepared, the difference be-
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tween the TTF? data and our —24 °C TTF-TCNQ
data in the low-energy region is not surprising.
The greater emission intensities below —2.5 eV
for TTF° may be due in large part to this lower
threshold energy.

If the proposed model is correct in explaining
the observed changes in EDC’s, we would expect
that a weighted sum of UPS spectra which combines
data from an LNT TTF-TCNQ film warmed to 24
°C (i.e., mostly representing TTF° at the surface)
and from an RT film (i.e., representing TCNQ° and
TTF-TCNQ) would approximately reproduce the
spectrum of an as-deposited LNT film. We present
the result of this analysis in Fig. 15, where the
weighted composite spectrum and the LNT spec-
trum are compared.*®* The two curves in Figj 15
agree with each other in salient features except
for the region near the trailing edge (1eft-harid
side) and slight differences between E, and —2.0
eV. The smaller photoemission threshold foif the
LNT film than for the RT or -24 °C data (more
than 0.2 eV smaller) is the primary reason fdr
the stronger emission intensity below —4 eV in
the LNT EDC. The reason for the small discre-
pancies between Ep and -2.0 eV will become clear-
er from the discussions in Sec. III E. Despit¢
these minor differences, the agreement betw¢en
the two curves in Fig. 15 is sufficiently good io
support the applicability of our model.

Further evidence in support of the above-men-
tioned model comes from the data of differential
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thermal analysis (DTA), which measures the heat 2x1073

. . l 1 l T l T ( T I T I T ‘
capacity of the sample relative to a reference (He
gas in this case) during warming at a constant rate. TTF-TCNQ
The DTA data were taken from TTF-TCNQ con- >2500 A
densed onto substrates kept at LNT and then 1L . Madf oatz R$ _

w= .2 €

warmed for the first time during the thermal ana-
lysis run. In Fig. 16 (a) the temperature difference
A T between the sample and the reference is plotted
as a function of the sample temperature during its
initial warming from LNT. In Fig. 16 (b) the same
sample was cooled back down to LNT and remea-
sured during a second warming.

Figure 16 (a) shows a monotonic decrease in
AT superimposed with two broad peaks in the
range between — 50 and - 15 °C plus a sharp nega-
tive spike near 0 °C. In Fig. 16 (b) the two broad
peaks are missing. The repeatable downward
spike near 0 °C is attributed to the endothermic
melting of ice, which probably accumulated on the
sample during the 3 sec period in which it was
exposed to air upon transfer from the sublimation
chamber to the DTA apparatus. On the other hand,
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FIG. 12. EDC'’s for 7w =10.2 eV from an LNT-made

TTF-TCNQ film as measurement temperature is in-
creased,
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FIG. 13. EDC’s for Zw=10.2 eV from an RT-made
TTF-TCNQ film cooled to different temperatures.
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FIG. 14. Comparison of EDC’ from an LNT-made
TTF-TCNQ film at different temperatures to that from
TTF® (Ref. 42). Absolute emission intensities are not
available for the TTF? spectrum, which has been nor-
malized to make the leading peak the same peak height
as that of the —24 °C TTF-TCNQ spectrum.
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the two nonrepeatable peaks manifest two bulk
transitions in the TTF-TCNQ solid.

The DTA data are consistent with our model in
important aspects. The occurrence of the two

(a)

AT

L
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(b)
AT

| ] ] | ]
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T(°C)
FIG. 16. Differential thermal analysis of LNT-made
TTF-TCNQ. AT were measured using He gas as the
reference. (a) LNT-made sample warmed to 150 °C; (b)

After (a), sample was recooled to LNT, and then warmed
to above 0 °C during the measurement.

Eg=0

peaks between LNT and RT indicates that molecular
rearrangements and reorientations occur between
these two temperatures. The fact that the peaks
disappeared in the second run attests to the irre-
versibility of these changes upon warming to RT.
These facts are in good agreement with our obser-
vations in photoemission data and are consistent
with our model. Furthermore, although our UPS
spectra are surface sensitive while the DTA re-
sults are indicative of changes throughout the bulk
solid, it is plausible that the thermally induced
molecular rearrangements in the bulk facilitate
the movement of TTF® to the sample surface.

One point of concern is that the two peaks in the
DTA spectra do not appear at the same tempera-
tures where the UPS spectra were observed to
change (between —50 and - 15 °C for DTA and at
about — 78 °C and from —24 to +8 °C for UPS).
This discrepancy may be attributed to the greatly
different heating rates employed in the two exper-
iments. In the photoemission experiment, the
temperature range from LNT to RT was spanned
in about 24 h, and no attempt was made to hold
the warming rate constant, it being greater at
lower temperature. In the DTA experiment, on
the other hand, the warming rate was held con-
stant at 10 °C/min. Had it been possible to set
constant and equal warming rates in both cases,
the transitions would probably have been observed
at closer temperatures in the two experiments.

E. Long-range order and charge transfer in TTF-TCNQ

A final point to consider involves the changes in
the EDC’s of TTF-TCNQ just below room temper-
ature, especially in the region between Ey and
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—2.0 eV. In our RT data, this region contains the
two-peaked structure shown to be characteristic

of TCNQ™ anions. In the LNT-deposited films
these peaks do not begin to appear until the temper-
ature has increased above —8 °C. Furthermore,
the high-temperature EDC’s exhibit considerable
electron emission intensity in the immediate
vicinity below Er that is absent in all the curves
below —8 °C in Fig. 12. In the context of the
model proposed above, most of the changes in this
energy range must be associated with changes in
the electronic structure of the TTF-TCNQ complex
pairs, since we have argued that TTF° is no longer
present at the surface near room temperature,

and TCNQ° does not contribute to the electron
emission above -2.5 eV.

The fact that the two-peaked structure appeared
gradually only after the LNT-deposited TTF-TCNQ
films were annealed above —8 °C suggests that
the associated TTF-TCNQ pairs which condensed
onto the substrates held at LNT are somewhow
different in character from the TTF-TCNQ pairs
in the RT films. This view is strengthened by the
fact that no irreversible changes or annealing
effects were seen in the electronic structure when
we conducted the warming UPS experiments on
LNT-deposited films of TCNQ°. The difference
can be understood in the following terms: Because
the energy required to transfer charge in TTF-
TCNQ is relatively large* (>1 eV in the solid),
compensation by the complete Madelung energy of
an ordered ionic lattice is required to allow a
stable ground state in which one electron has been
transferred from each TTF to a TCNQ. At LNT
the TTF-TCNQ films as deposited may be highly
disordered such that the associated pairs of TTF-
TCNQ involve only slight charge transfer. Upon
warming, increasing amounts of long-range order
set in®® and the Madelung contribution to the
lattice energy stabilizes the ionized system.

It has been established*® for low-temperature-

deposited films of alkali halides and thallous hal-
ides that the more polarizable the deposited spe-
cies, the higher the temperature at which one must
anneal the films to bring about long-range order,
since the stabilizing electrostatic forces of the
ordered lattice are more heavily screened. The
most polarizable system studied in the halide work
was TII, which required annealing at 140 K to
restore long-range order. In the present case the
TTF and TCNQ molecules are more polarizable
than Tl and I; hence our films must be warmed to
higher temperature (at least — 8 °C) to stabilize
the crystal structure.

IV. CONCLUSIONS

In conclusion, photoemission has been used to
investigate the electronic structure of in-situ-
formed thin films of TTF-TCNQ, TCNQ, and
Cs,(TCNQ),. The electron escape depth in TTF-
TCNQ has been estimated to be less than 10 A,
and it has been suggested that this short escape
depth may be a general property of many TCNQ-
based compounds as well as other organic solids.
Thus UPS spectra of these solids have been inter-
preted as containing a strong representation of the
surface electronic structure of the samples.

Five maxima in the EDC’s of room-temperature
TTF-TCNQ films have been associated with max-
ima in the valence density of states. Through
comparison to EDC’s of Cs,(TCNQ),, the origins
of these maxima have been assigned. Summaries
of these results and a comparison with those of
Ref. 10 are presented in Table I.

Table I confirms the existence of TCNQ° in room-
temperature TTF-TCNQ while it argues against
the presence of TTF°. This suggests that whereas
TTF® may be captured in low-temperature-depos-
ited films of TTF~TCNQ, little of this species
remains at the surface of a room-temperature
TTF-TCNQ film. Table I also indicates a TTF*

TABLE I. Origins of UPS structures of TTF-TCNQ films.

Reference 10

Present studies

Structure Structure
position position
with respect to Ey with respect to E;
(eV) Origin Origin (eV)
TTF* (4b,,)° —-0.5
-1.0 TCNQ~, TTF?, TTF* TCNQ™ (3b,,)° —-0.9
-1.9 TCNQ™ TCNQ™ (3b4,)° -1.7
-3.0 TTF) TTF* TTF* (3b25): -2.8
- TCNQ® (3b,,)
—-4.1 TCNQ TCNQ™ -3.6

2 Symmetry assignments from Refs. 34 and 35.

b Symmetry assignments from Refs. 35—37.
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level slightly below E,. This assignment is con-
sistent with the two-band description of TTF -
TCNQ arising from parallel cation and anion
stacks.

Strong dependence of UPS spectra of TTF-TCNQ
on substrate temperature at deposition and its sub-
sequent thermal history has been found. An expla-
nation of this effect has been offered in terms of a
change in the surface composition with temperature
and an increased degree of ionization of TTF-
TCNQ pairs accompanying disorder-to-order
transitions. More specifically, the surface region -
of the samples consists of TTF°, TCNQ?’ and only-
slightly-ionized TTF-TCNQ pairs at LNT, is dom-
inated by TTF° from - 80 to —24 °C and is com-
posed of neutral TCNQ° and ionized TTF-TCNQ at
room temperature. This explanation is not only
consistent with the short escape depth and the dis-
appearance of TTF® at the sample surface at RT,
but also in good agreement with the details of the
UPS spectra of samples of different thermal his-
tory. It has further been shown to be consistent
with the results of differential thermal analysis.
The peak positions of UPS spectra of LNT TTF-
TCNQ films annealed to the temperature range
from —80to —24°C are summarized in Table II
in comparison to data from TTF? taken by Nielsen
et al.'* The degree of ionization between TTF and
TCNQ in TTF-TCNQ pairs, suggested to be differ-
ent in the disordered LNT state and the polycrys-
talline RT state, has been rationalized in terms of
the long-range Madelung contribution to the energy
needed for the stabilization of the ionized system.

Several experiments suggest themselves to pro-
vide a definitive test of this model. Auger electron
spectroscopy studies performed on in-situ-pre -
pared LNT TTF-TCNQ films would in principle
allow one to monitor the surface concentration of
sulphur atoms (in TTF) as a function of substrate
temperature. Thus it may be possible to see the
change of surface composition as LNT films are
warmed. This experiment is expected to be diff-
icult since preliminary electron impact experi-
ments?” indicate that these solids suffer radiation
damage readily. Equally useful experiments to
test the validity of the proposed model include
ultrahigh-vacuum mass spectroscopy and in situ
x-ray diffraction. The former measurement could
examine whether TTF® vapor species are released
from the films at — 24 °C, and the latter could
ascertain whether the proposed changes in long-
range order take place at the transition temper-
atures.

The EDC’s of TTF-TCNQ at all temperatures
(Figs. 10-12) show very little electron population
at Egx. This result is in contrast to the metallic
electrical behavior of TTF-TCNQ, and must be

attributed, as discussed by others, °'!! to locali-
zation of the states in question, at least for time
scales of ~107'® sec. It has previously been sug-
gested that this localization is primarily attribut-
able to strong electron-phonon coupling in this
system.'°'*! However, since the elect;on escape
depth for UPS studies has been shown to be un-
usually small, the localized nature of the electron-
ic states near E, may be equally attributable to
the influence of the surface.

The coexistence of TCNQ° and TCNQ™ in TTF-
TCNQ has been confirmed in the present studies,
in agreement with the conclusions of previous
authors.’ However, the coexistence may occuronly
in the surface region of the samples. We cannot
rule out the possibility that TCNQ® resides mostly
near the surface since there the complete Madelung
stabilization energy is not available to enhance
charge transfer. Recent high-resolution XPS stud-
ies*® of the N(1s) levels in TTF-TCNQ suggest that
the concentration of TCNQ° is highly sensitive to
the surface preparation of the sample, which ar-
gues for the existence of TCNQ° primarily at the
surface.

In Cs,(TCNQ),, it is clear that both TCNQ° and
TCNQ™ can reside in the bulk as well as at the
surface, since stoichiometry requires the presence
of TCNQ° in the bulk and the lower charge transfer
energy (about 3 eV less than in TTF-TCNQ) allows
the presence of TCNQ™ at the surface. In TTF-
TCNQ, on the other hand, the situation is less
clear. Until this issue can be more definitively
resolved, the exact degree of charge transfer can-
not be quantitatively determined by these types of
experiments. However, to the extent that it is fair
to generalize from the results of the Cs-TCNQ
system, our data suggest that if partial charge
transfer does occur in the bulk of TCNQ salts, it
will probably take the form of a mixture of neutrals
and ions, rather than a homogeneous arrangement
of fractionally ionized molecules.
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