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Photoemission spectra from thin films of K, C¢, prepared by vapor-phase reaction of C¢, with K vapor
consist of superpositions of distinct bulk and surface contributions. The spectra of K;Cgq, and KCg, are
identified and shown to be in very good agreement with band-structure calculations. The surface layer
of molecules does not contribute to the metallic conductivity for any bulk composition.

Although the general features of the transport proper-
ties! 73 of K,Cgo are well understood, the detailed inter-
pretation of photoemission spectra®~® encounters various
difficulties. While there is general agreement that the po-
tassium donates its outer s electron into the lowest unoc-
cupied molecular orbital (LUMO) of the host, there is
only limited understanding of the rich phenomenology
that results from this process. Among the outstanding
problems are the small amplitude and large width of the
conduction band of K;Cq. Another concern is
composition-dependent band shifts which are incompati-
ble with the two-phase nature of K,Cg, in both the fcc
regime with 0 <x <3 (Ref. 10) and the bcc regime for
3<x <6.!! It seems likely that these problems have their
origin in the surface sensitivity of photoemission, which
makes it difficult to obtain bulk information from molec-
ular crystals whose structural units have a diameter com-
parable to the electron mean free path.!?

The samples used in this work were prepared by the
conventional method. Thin (100 A) films of Cy, were
grown in UHV by vapor deposition onto a clean room-
temperature W(100) substrate. These films were allowed
to react at room temperature with K vapor obtained
from an SAES Getters source. Data were taken directly
after reaction and after an anneal at 150°C. Conductivity
measurements have shown that the diffusion constant of
K in Cg, is sufficiently large at room temperature® to
penetrate these thin films in about 1 sec, which is short
compared to the time between exposure and data acquisi-
tion. The fact that annealing up to 150°C did not pro-
duce a significant change in the photoemission spectra of
such doped films confirms that these films rapidly ap-
proach an equilibrium K distribution at room tempera-
ture. (In a related experiment we observed the diffusion
of K through a comparable Cg4, film in a matter of
minutes at —40°C.) Nevertheless, in view of the two-
phase nature of this system it is clear that the K is not
uniformly distributed on a microscopic scale. In particu-
lar, it is likely that in the fcc regime K;Cgq, will form pref-
erentially near the surface exposed to K vapor.

The data were taken with Hel resonance radiation
(21.22 eV) using a Vacuum Science Workshop 50-mm
hemispherical electron energy analyzer system controlled
by an AT&T personal computer. A —3.0-V bias was ap-
plied to the sample in order to raise its work-function
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cutoff above that of the spectrometer. The location of the
Fermi level was checked prior to the deposition of the Cg,
film by recording the valence-band spectrum of the fresh-
ly cleaned W(100) surface. It was found to be reproduci-
ble to within 5 meV over the period of these experiments
and in good agreement with the Fermi cutoff in the me-
tallic K,Cg4, samples that were prepared. Survey data
were typically recorded with 100-meV instrumental reso-
lution and 50-meV point spacing, covering the entire
spectrum down to the work-function cutoff. Spectra with
adequate statistics were obtained in 20 min. More-
detailed data of the region near the Fermi level were tak-
en with 50-meV resolution in order to minimize the
broadening of the 88-meV room-temperature thermal
width of the Fermi cutoff.

Data taken during the preparation of the clean Cg,
films (Fig. 1) show the valence-band spectrum of Cy, mol-
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FIG. 1. Coverage-dependent valence-band spectra Cq, depos-
ited on a clean W(100) surface.
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ecules in contact with the W surface both shifted and
broadened compared to those obtained from the bulk
solid. A similar shift has been reported for the C 1s core
level of Cg, in contact with Cu.!* The Fermi cutoff in
these spectra is due to the W 6s band and not due to elec-
trons in the ¢, band of Cg,. The shift to smaller binding
energy is probably due to final screening by the W con-
duction electrons, since the large work function of W
makes electron donation into the LUMO of Cg, in the in-
itial state highly unlikely. The broadening may be attri-
buted to the lower symmetry of a Cy, molecule that is in
contact with a metal surface. The samples used in the K
doping work were sufficiently thick compared to the elec-
tron escape depth so that the effects of the tungsten sub-
strate are completely attenuated by the additional Cgy.
Survey data taken immediately after K exposure at
room temperature are shown in Fig. 2. The data exhibit
the development of a metallic Fermi edge at intermediate
doping in (c)-(e) and then show a new filled band well
below the Fermi level in (f)—(h). The work-function
cutoff at high binding energy is extremely sharp in a
well-prepared sample with uniform surface properties. In
most of the data shown this width is due largely to the in-
strumental resolution (equal to twice the separation of the
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FIG. 2. Valence-band spectra of K, Cy, prepared by exposing
a 100-A-thick film of Cg to K vapor at room temperature. The
data were taken with 21.2-eV HeI resonance radiation. The K
vapor exposure times from (a) to (h) are proportional to 0, 2, 4,
6, 8, 12, 16, and 28, respectively. The corresponding bulk com-
positions are approximately x =0, 0.6, 1.2, 1.8, 2.4, 3.6, 4.8, and
~ 6, respectively, but the surface layer is more weakly doped.
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data points). For insulating Cg, in (a) the Fermi level
falls in the highest occupied molecular orbital (HOMO)-
LUMO gap and binding energies are not strictly reprodu-
cible. (The HOMO generally lies between 2.0 and 2.3
eV.) After exposure to even small amounts of alkali va-
por, the still largely empty ¢,, band becomes pinned at
the Fermi level [(b)—(e)] and the work function is 4.30 eV.
Since this is slightly smaller than that of W there should
be no electron transfer from W to Cy, as indicated above.
In (f) the cutoff is relatively broad, indicating the pres-
ence of two phases at the surface. In (g), which is dom-
inated by KCg, it is again narrow. The work function
here is 3.79 eV. In (h) the work-function cutoff has be-
come very broad, indicating that the surface is inhomo-
geneous, presumably due to the accumulation of excess K
on the surface. However, there is not sufficient K to form
a metallic layer, which would have an even smaller (2.2
eV) work function.

These data present an interesting problem. For x in
the vicinity of 3, the half-filled #,, band should have an
amplitude comparable to that of the filled band in (h), but
with a sharp Fermi cutoff at midband. That has never
been observed.®”° In fact, the conversion to K;Cg, ap-
pears to be much slower than suggested by the exposure.
Since a large fraction of the signal comes from the outer-
most molecular layer,'? it seems likely that a surface layer
with unique properties is responsible for these anomalies.
In the following analysis we seek to identify the bulk and
surface contributions to these spectra.

In order to consider the behavior near the Fermi level
in greater detail, we show data from samples annealed at
150°C in Fig. 3. The first spectrum shown (a) was taken
after an exposure so small that there were only minor
changes from the clean spectrum, except for an 0.3-eV
shift to larger binding energy, which pins the largely
empty ¢, band at the Fermi level. The 4, band, derived
from the HOMO of the molecule, now lies 2.6 eV below
the Fermi level, in agreement with earlier work.~? The
fact that this is larger than the 1.5-eV HOMO-LUMO
gap in the theoretical band structure!* is not necessarily
in conflict with that calculation. It is simply an indica-
tion that the final-state screening in the insulator is less
effective than that in the metallic K;C¢,. In the insulator
the hole in the 4, band is screened only by the polariza-
tion of the neighboring molecules, reducing but not elim-
inating the ~2.0-eV Coulomb energy of the hole state.
The residual Coulomb energy serves to increase the bind-
ing energy of the h, band. The binding energy of the
empty ¢,, band relative to the Fermi level is not subject
to such a shift. As a result the separation of filled and
empty bands is increased by this Coulomb energy, which
in this case is ~1 eV. In metallic K;C¢, the Coulomb en-
ergy is completely canceled out by screening charge in
the ¢, band, making it possible to measure consistent
binding energies for all bands.

Successive K exposures (b), (c), and (d) result in the
growth of a signal at the Fermi level, which is due to the
half-filled ¢,, band, as well as the appearance of a new
broad feature 1.5 and 2.0 eV. It is indicated by the verti-
cal solid line at 1.7 eV in Fig. 3. The latter is due to the



12914

LN S I S O B S S B B e e

INTENSITY (arbitrary units)

e ey beegp s bav v e b e L g by

BINDING ENERGY (eV)

FIG. 3. Detail of the region near the Fermi cutoff of K, Cq
prepared as in Fig. 1 and annealed for 1 min at 150°C. The K
vapor exposure times from (a) to (g) are proportional to 1, 4, 6,
8, 12, 20, and 28. The bulk compositions for (a)—(f) are approxi-
mately x =0.3, 1.2, 1.8, 2.4, 3.6, and 6.0, respectively.

h, band of molecules modified by charge donation. In
light of the demonstrated two-phase character of this sys-
tem for 0<x <3,1%15 we identify these weak features
with K;Cq, in the bulk, rather than with weakly doped
Cgo- The much-stronger and relatively narrow signal at
2.6 eV is due to unconverted Cg, in the bulk as well as
weakly doped Cg, in the first molecular layer (see below).
The ~1.7-eV separation between the Fermi level and the
broad feature is in very good agreement with the 1.8-eV
separation in the band-structure calculation for
K;Ceo.'®!" This is only slightly smaller than the 1.9-eV
separation between the corresponding states of Cg,. Since
this is a two-phase system, we do not see the shifts associ-
ated with the progressive filling of the conduction band
with increasing K content that would be expected if the
rigid-band model were applicable.

A more-detailed analysis of 50-meV resolution data
with x ~2 is shown in Fig. 4. The components of the
spectrum were represented by five Gaussian profiles with
free parameters, subject to a Fermi cutoff. The instru-
mental resolution and k7 were fixed to known values.
Although the determination of weak components located
close to stronger ones results in considerable uncertainty,
the results confirm the visual impression that there are
two components separated by ~0.3 eV in the broad
feature between 1.5 and 2.0 eV. This is in very good
agreement with the theoretical splitting of the 4, band in
K,Cq, obtained by Oshiyama and Saito.!” The binding
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FIG. 4. Analysis of valence-band spectrum of relatively
weakly doped K,C¢. The two strong peaks are due to
unmodified Cq. The three weak peaks are due to K;Cq. The
conduction band is also shown vertically magnified.

energies are also in good agreement with their theory.
However, the large width of the conduction band, al-
though in good agreement with earlier experimental
data,® represents a serious disagreement with theory. We
show below that it arises from a superposition of a rela-
tively narrow bulk conduction band at the Fermi level
and a broader surface band well below the Fermi level.
The important point that emerges from this analysis is
that the conduction band is associated with the weak 4,
components at 1.6 and 1.9 eV rather than with the strong
peak at 2.6 eV. The latter is due in part to unconverted
bulk Cg, but the broadening seen in Figs. 3(c) and 3(d) in-
dicates that much of its intensity is due to a weakly
doped surface layer with properties unlike those of the
two bulk phases.

In order to demonstrate that the data in the region
0<x <3 are not adequately accounted for by a superpo-
sition of the spectra of Cqy and K;Cyg,, we attempt to iso-
late the spectrum of K;Cg, by subtracting the spectrum
of Cg, from one with intermediate doping. This is illus-
trated in Fig. 5, in which the spectrum of pure Cq, (a) is
subtracted from that of a moderately doped sample (b),
resulting in (c). It is interesting to note that (c¢) is
broader, but otherwise quite similar to the spectrum of
pure Cgy, except for a shift to smaller binding energy.
This demonstrates that the broadening produced by K
doping is due to the growth of a shifted spectrum of
which the bulk feature at 1.7 eV is the only part accessi-
ble by inspection . When considered in greater detail, the
result of the subtraction is incompatible with the band
structure of K;Cq,. The major problem is that the total
intensity of the 4, band in (c) is much too large relative
to that of the ¢;, conduction band. This demonstrates
that the assumption that (b) is a two-component spec-
trum is incorrect. There is an additional contribution
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FIG. 5. Attempt to isolate the spectrum of K;C¢, by sub-
tracting the C¢, component from data in the two-phase region
for x < 3.

from the surface layer, which has a spectrum unlike those
of Cgy or K3C¢,. The subtraction (c¢) must contain a dis-
tinct contribution from the surface layer of molecules.
The latter is responsible for most of the 4, peak at 2.0 eV
as well as for the lower part of the excessively broad
“conduction band” (see below).

Returning to Fig. 3, we find that continued K exposure
leads first to a broad spectrum (e), and then to a sharper
(). In (e) the contribution from undoped Cg, at 2.6 eV
has largely vanished and an indication of a new peak ap-
pears at 0.6 eV. In (f) the transformation is complete.
The signal at the Fermi level has vanished and the peak
at 0.6 eV can be identified as the filled #,, band, which
has now dropped below the Fermi level, indicating that
we have reached the insulating state corresponding to
K4Cq. The structural phase transition from fcc to bee
stacking takes place between (d) and (f). In (f) the A,
band now lies at 2.3 eV, corresponding to a gap of 1.7 eV;
see the dashed lines. The two occupied bands are
significantly broader than those of Cg,, but the only new
features are the filled ¢,, band and the shoulder at 3.4 eV.
The agreement with the band-structure calculation for
KCso (Ref. 18) is gratifying, both with regard to the 1.7-
eV band separation and to the larger bandwidths. Even
the shoulder is accounted for in the density of states.
This comparison confirms that we have successfully
prepared K¢Cg¢,. Spectrum (e) then represents a superpo-
sition of K;Cg4, and K¢Cy, rather than a Fermi cutoff in a
single broadband. This confirms the conclusion reached
in the discussion of the broadened work-function cutoff in
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Fig. 2(f), which corresponds to the same doping level.

Additional exposure to K vapor shifts the entire spec-
trum to larger binding energy and produces some
broadening of the bands; see Fig. 3(g). For this doping
level the work-function cutoff, Fig. 2(h), indicates that ex-
cess K is present on the surface. A shift of the bulk spec-
trum is possible because the Fermi level of K¢Cq, lies in
the 0.48-eV gap between the 7;, and 7;, bands.'” The
broadening suggests that bulk and surface do not shift by
the same amount. In fact, continued exposure to K va-
por makes the shift exceed the limit set by the band gap.
This can be understood if the excess K on the surface
donates its electrons into the #,, band, making the sur-
face layer metallic. Excess K on grain boundaries may be
responsible for the reported tendency of the resistivity to
decrease again after increasing from the K;C¢, minimum
to K¢Cqo.’

Up to this point the discussion has been concerned
mainly with making assignments of the various spectral
features seen during the reaction of Cq, with K vapor.
We now consider the intensities in greater detail. They
can be understood only in the context of the escape depth
of the photoelectrons. Experiments have shown that the
electron mean free path at 21.2 eV is no larger than the
8.2-A (111) layer spacing in Cg, so that the first molecu-
lar layer is responsible for most of the photoemission sig-
nal.'? In the regime 0 <x <3, Figs. 2(b)—2(e), the slightly
broadened A, signal at 2.6 eV remains very large com-
pared to the height of the Fermi cutoff. This and the
constant work function are indications that little if any K
remains on the surface while the near-surface bulk is con-
verted to K;Cg. This is reasonable from the point of
view of the energetics, since a fully coordinated bulk in-
terstitial site is more favorable for a K ion than a partial-
ly coordinated surface site. The absence of surface K is
also in accord with the finding that these surfaces are
stable in UHYV for many hours.

In the absence of surface K, the surface layer of Cg,
molecules has a lower K coordination than those of bulk
K;C¢, and will have a distinct spectrum. The subtraction
shown in Fig. 5 suggests that the 4, band of the surface
layer lies at 2.0 eV and that its ¢,, band does not intersect
the Fermi level. This is possible provided the ¢, band of
the surface layer of molecules is split into two subbands
by the lower symmetry at the surface. It seems likely
that the splitting is due to the asymmetrical K environ-
ment rather than to the reduced Cg4, coordination, be-
cause the interaction with the K is much stronger.
Takeoff angle experiments have shown that the occupied
surface subband is responsible for the lower part of the
broad ¢,, band in Fig. 4 and only a narrow part near the
Fermi energy to K;Cg, in the bulk.!” That assignment
brings the spectrum of K;Cg, into good agreement with
theory.!” The data in this regime then contain three con-
tributions. The undoped regions of bulk and surface con-
tribute a Cgqy-like spectrum. The doped bulk contributes
a metallic K;C¢, spectrum, with a narrow conduction
band and a split 4, band very much like the theoretical
band structure in Ref. 17. The regions of the surface
above K;Cq, clusters are weakly doped and contribute a
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spectrum with s, band at ~2.0 eV and a filled subband
of the t,, band at ~0.6 V.

The fact that the height of the Fermi edge remains
small compared to that of the ¢,, peak in K Cq,
throughout the doping sequence confirms that the surface
does not contribute to the Fermi edge even when the
near-surface bulk has been converted to K;C¢,. This is in
accord with the insulating grain boundaries found in con-
ductivity measurements at minimum resistivity.> The ap-
pearance of the filled t;, band in Fig. 3(e) and its rapid
growth to saturation indicates that the fcc-to-bcc phase
transition is nucleated at the surface when the near-
surface bulk has been fully converted to K;Cq. In a
thick film this may well happen before the bulk has been
entirely converted to K;Cg, unless the exposure rate is
kept very small. In fact, in a recent study?®® photoemis-
sion data corresponding to K4C¢, were obtained at the
minimum in the bulk resistivity, confirming that the sur-
face can have a stoichiometry corresponding to K4Cq,
when the bulk is fully converted to K;Cqp.

The fact that the ¢,, band approaches the intensity ex-
pected on the basis of its degeneracy indicates that the
surface Cqy molecules contribute to this peak, i.e, they
reach the full K coordination of a bulk molecule after the
bulk transition to K¢Cqy. The decrease in work function
that accompanies the formation of KCg, is in agreement
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with the presence of K on the surface. (We have also
found that samples which yield a K¢Cq, spectrum are
much less stable in the spectrometer vacuum than those
which show only K;Cg,, confirming the presence of K on
the surface.) It is likely that the splitting of the ¢, band
disappears when the surface molecules are fully coordi-
nated by K. These results indicate that the surface layer
on K;Cq, is insulating because it is deficient in K, while
that on K¢Cy, is insulating because it has a full bulklike
K coordination. The surface layer of K-doped C¢, then
does not contribute to the conductivity at any doping lev-
el.

We have presented an interpretation of the photoemis-
sion data obtained when thin films of Cg, are exposed to
K vapor. Our conclusions depend on the recognition
that the data are dominated by emission from the outer-
most moleculer layer, which has unique properties. We
find that the spectra of K;Cq, are in very good agreement
with band-structure calculations and that the surface lay-
er remains insulating at all bulk compositions.

We are indebted to Robert C. Haddon for the purified
Cgo used in these experiments, to E. E. Chaban for the
design and construction of the Cy, evaporator, and to J.
E. Rowe for useful discussions.
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