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We present a detailed investigation of the surface electronic structure of s@lig) K connection with its
electronic transport properties. We find that the conductivity is extremely sensitive to the K concentration of
the surface layer, and that the best-conducting samples with the highest superconducting transition tempera-
tures have surfaces with the highest density of states at the Fermi level as measured by photoemissign. The C
ions at the surface have, however, a valence that deviates appreciably from-thmilB value, namely
2.5— or even 1.5, depending on the preparation procedure. We attribute this as being the result of an
electronic rather than an atomic surface reconstruction to avoid the divergence of the electrostatic potential
associated with the poldd11) surface termination of kCg,. We argue that such a mixed-valence surface
should always be a metal, irrespective of whether the bulk is a metal or a Mott-Hubbard insulator.

[. INTRODUCTION assume appreciable nonstoichiom&tfy or one has to use
more elaborate calculations that take into account the effec-

There exists a large body of literature concerning the photive orbital degeneracy together with perhaps a smaller value
toemission spectra of alkali-metal-dopegy,CRefs. 1-12.  for U (Refs. 18—23 To predict the line shape of the valence
This forms, however, a rather mixed set of experimental dathand spectrum is even a more difficult task, because of the
and does not necessarily provide clear information for thecomplexity of a three-dimensional system with both appre-
study of the electronic structure of these materials. EspesiableU andW, as well as orbital degeneracy and the influ-
cially if we compare the spectral features close to the Ferménce of electron-phonon coupling.
level (Eg) of samples that are supposed to consist of the In this paper we present the results of a detailed photo-
metallic and superconducting phasgQg,, we notice that
there is a large divergence, both in line shape and spectral N
weight, in published data, as depicted in Fig. 1. Nearly all of “K3Ce0”
the studies made use of samples that were prepaigtl, so
the reason for the divergence in the data must lie in a strong
dependence on the preparation method and the conditions
during preparation. Unfortunatelin situ characterization of
the samples was not given in most of these works, using, for
example, electrical conductivity measurements in order to
establish at least that the material behaves like a metal and
becomes a superconductor at around 19 K.

Also on the theoretical side there are several questions
concerning the electronic structure o§®g,. Density func-
tional calculation§® predict that the sixfold degeneratg,
band, derived from the lowest unoccupied molecular orbital
(LUMO) of Cgg, becomes half-filled due to the transfer of
charge from the potassium, and that this occurs in a rigid-
band-like manner producing a metallic LUMO-derived band
with an occupied part that is less than 0.3 eV wide. Existing
photoemission data shows, however, widths of the order of
1.2 eV for the occupied part of the LUMO, which could be
taken as an indication for the presence of strong electron
correlation effect$? The presence of these is also suggested
by the fact that KCgq is an insulator with an appreciable
band gap? while density functional calculations predict it to
be a metal® Yet, it is far from clear how these correlation
effects affect the electronic structure of®y. A simple 5 4 3 2 1 0
esti.mate within t.he Mott-Hubbard framework, using the ex- BINDING ENERGY (eV)
perimentally derived value for the on-site Coulomb endudgy
of 1.6 eV (Ref. 14, suggests that 4Cg should be an insu- FIG. 1. Collection of various photoemission spectra g€k, as
lator just like K;Cgq, since the LUMO bandwidthV is  found in the literaturéRefs. 1—12, normalized to the HOMO peak
smaller thanU. To reason that KCg, is metallic, one has to height. The top spectrum is from the present wlg. 4).
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emission study on ¥Cqq solids for which we have adopted 10° T T T T 3
an approach from the field of transport measurements that - H e Kalo Keveo Kelso
has proven to provide samples with reproducible and verifi- § 10 r > G :
able quality. We have prepared our samples in such a way % F f
L : N 3

that the resistivity as a function of K concentration is at a S 107 F 3
minimum and verified that the temperature dependence is & i ]
metallic and that the superconducting transition temperature E 10% 1 3
is around 19 K with a transition width of less than 1 K. The 2] i — ]
preparation, the monitoring by conductivity measurements, é 10 1 \ 3
and the photoemission experiments themselves were all car- i N T=|2°°°C ]
ried outin situ under 10 ** mbar ultrahigh vacuuniUHV) T e e
conditions. We have observed that the conductivity is ex- 0 50 100 150 200 250

tremely sensitive to the K concentration at the surface. We DOPING TIME (min)
have found that the valence of thgy@ons at the surface is - . ) ) .
different from those in the bulk, and that therefore the ob-, Fi:]G't(z)'gceSIZttNge?; ae?;uﬁgér'ggﬁgm during potassium
served photoemission spectra a representative for bulk ping 60 P '

K3Ceo. The completely different electronic structure of the  Elactrical resistance was measured with Stanford Re-
surface layer is attributed to an intrinsic property of the sysq,.ch Systems lock-in amplifiers and a precision current
tem, namely a macroscopic charge redistribution neutralizing .o 4t a frequency of a few hertz. The excitation current
the divergent electrostatic potential associated with the po'%as usually in the range of 100 nA—}0A, far below the
(111 surface termination of ¥Cqo. We argue that such iiical current of the films. '

mixed-valence surfaces have quite unique physical proper- e gpectrometer consisted of an Omicron gas discharge
ties, and that their electronic structure should be described %mp operating at the Heresonance lineh(y=21.22 eV)

a Hubbard model with 50% doping. and a modified VSW 150 mm hemispherical electron ana-

lyzer fitted with a multichannel detector. The overall resolu-

Il. EXPERIMENT tion was determined to be 9 meV full width at half maximum

] ] ) (FWHM) by fitting the measured Fermi cutoff of a Pt sample

Thg experiments were performe.d in a combined photoz g Kk with a Gaussiari8 meV) and Lorentzian(2 meV)
emission and conductivity setup, with situ sample PrePa-  broadened Fermi function corresponding to this temperature.
ration facilities and a base pressure better thanl6" A standard procedure was applied to correct the spectra for
mbar throughout. Samples were made by evaporatigy Ctne contribution(2.25% of the He I satellite, but apart from

from a thoroughly degassed Knudsen cell at a rate of apmjs no other manipulations were performed on the raw data.
proximately 1 monolayer per minute onto@l; substrates, The determination of the work function of the samples was
kept at a temperature of 200 °C to promote the formation otarried out by taking the difference of the photon energy and

crystalline filmsZ* The thickness of the films ranged from 50 the energy difference between the photoelectron secondary
to 200 nm. The evaporation rate was calibrated with a quartgtoff and the Fermi leve®

crystal balance before and after the film deposition. The
quartz balance calibration was in turn verified situ by . RESULTS
measuring the thickness of a tesfy@Im using an electron
microscope. Potassium was emitted from a thoroughly de- Figure 2 shows the behavior of the resistance in time of a
gassed SAES getter source with the substrate kept at 200°Cg, film at 200 °C that is slowly being doped with potas-
The substrates used were rectangular, randomly orienteglum, starting from pure § and ending at KCgo. The shape
Al,O5 single crystal plates, polished to a surface roughnessf the curve reproduces well between samples with varying
of less than 10 A, with typical dimensions of %5 thicknesses, and is similar to earlier observatisng’ After
X 0.5 mm. Electrical contact pads, typically consisting of 80a quick drop by about one order of magnitude, as the solid
nm Ag on a 20 nm Ti binding layer, were evaporagsdsitu  solution phase usually calleg-Cq, is formed, the resistance
on the substrates prior to introduction into the vacuum syselecreases past a kink at aboutdg, to a minimum that is
tem. For the contacts pads a two-probe configuration wassually identified as KCgq. This minimum can be extremely
used, connected to separate current and voltage wires leadisbarp, taking only seconds to traverse while the whole dop-
outside. No nonlinearities or deviations from earlier trueing sequence takes hours, indicating that, at 200 °C substrate
four-probe measurements were observed. The substratemmperature, the rate of K diffusion into the film is much
were clamped with stiff molybdenum springs onto a coppethigher than the applied doping rdtypically just enough to
sample holder mounted on a Janis Supertran continuous flodope one monolayer of g to K3Cgo per minute, so that
cryostat. Temperature was measured with a Si diodgood sample homogeneity is achieved. After the minimum,
mounted on the cryostat and a Pt-1000 resistor directly nexhe sample goes through a structural phase transition as it
to the sample. Because of the required free access for evapchanges from fcc KCgq to bet K,Cgo, and finally ends up at
ration and spectroscopy purposes, no thermal shielding wake insulating bcc KCg, phase, which corresponds to the
employed. Nevertheless, since the measurgaf the best complete filling of the Gy t;, (LUMO) level. The resistance
doped films was always withil K from the highest litera- drop near the end is probably due to a partial filling of the
ture values, we are confident that the actual sample temper&s, t; (LUMO+1) level at the surface. As soon as the
ture never deviated more tha K from the measured one.  dopant flux is reduced to zero, the resistance relaxes to its
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FIG. 3. Resistivity as function of temperature for a 200 nm thick :
K3Ceo film that was K-doped up to the minimum in resistaridet- t 1 to
ted curve. After doping, the film was annealed at 250 °C for 54  HOMO-1 = HOMO ~ LUMO Ep
hours(dashed curveand doped again to minimum resistariselid

curve. The inset shows an enlargement of the temperature range 3 4 3 2 1 0
aroundT,. BINDING ENERGY (eV)

. L . . FIG. 4. Room temperature photoemission spectra of the film
final value, which is almost identical to that of teCeo  ghown in Fig. 3. Bottom curve: as doped to resistance minimum;

phase with the lowest K concentration. The vertical equidismiddie curve: annealed for 54 hours at 250 °C; and top curve: re-
tant lines in Fig. 2 also show that the time needed to reacloped to new resistance minimum.
the minimum resistance is very close to half the time re-
quired to obtain KCgqq, supporting the identification of the becomes slightly higher than befofsee Fig. 3(dashed
resistance minimum with §Cgg. curve], but thatT,; remains the same. Only a very small
The temperature dependence of the resistivity of a 200 nmeduction of thet;, (LUMO) intensity can be observed in the
thick K5Cgq film, prepared by stopping the doping processphotoemission spectrum as shown in Figindiddle curve.
precisely at the resistance minimum, is shown in Figd&-  Surprisingly, by adding now a very small amount of extra
ted curve. The temperature coefficient of the resistivity is potassium onto the filnfapproximately 0.4% of the initial
positive, i.e., metalliclike, and the film is a superconductoramount, giving on the average 0.012 extra electrons ggt C
below 19 K. The resistivity just abové. is 0.5 ml cm, we can achieve a new resistivity minimum and improve the
comparable to the lowest values found inG§, samples conductivity of the film by about 20% nedr,, and even
made from G single crystal$® This, and the fact that the increaseT, by a few tenths of a degrdsee Fig. 3(solid
superconducting transition is not more than abbiK wide,  curve]. This demonstrates the extreme sensitivity of the
can be taken as an indication for the good quality of thetransport properties of the film to the K concentration in the
sample. surface layer, since the amount of added K is negligible as
The corresponding photoemission spectrum of this film atompared to the amount already present in the bulk of the
room temperaturé300 K) is given in Fig. 4(bottom curvg.  film. In the photoemission spectrum, the extra doping results
The line shape of the;, (LUMO) band clearly shows a in an increase of the¢;, (LUMO) intensity near the Fermi
sharp and high Fermi cutoff, in good agreement with severalevel: the peak height ratio relative to thg (HOMO) band
of the studies reported in the literattiféand in strong dis- becomes 0.24.
agreement with some others that hardly show a Fermi cutoff In order to study whether the resistivity minimum corre-
or have a very different;, line shap€™*We note in addi- sponds to a maximum in the height of the Fermi cutoff, we
tion that, in our film, the height of the Fermi cutoff is the have added more potassium to the film, thereby passing the
largest so far reported in a photoemission study: we find aesistivity minimum, and measured the photoemission spec-
ratio of 0.23 for the peak height of thig ,-derived band trum. The results are shown in Fig. 5. One can clearly see
relative to that of theh,- (HOMO, or highest occupied mo- that the additional doping does not increase the Fermi cutoff
lecular orbita) derived band. height. Instead, a new peak appears at about 0.6 eV binding
To verify that the data correspond to a real equilibriumenergy at the expense of the Fermi cutoff intensity. This new
system, the film was annealed for about 54 hours at 250 °Cpeak is a strong signature for the formation ofGg,, the
We find that after annealing the resistivity just abollg  photoemission spectrum of which is characterized by a
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FIG. 5. Room temperature photoemission spectra of a progres-
sively overdoped KCq film. The initial film (bottom curve was FIG. 6. Room temperature photoemission spectra offilin
obtained by redoping an annealed filsimilar to Fig. 4, top curve  goped to about K:Ce, (bottom. The film was distilled for 60 hours

The additional amounts of K are approximately, from bottom to top,a¢ 250°C(middle) and redoped to minimum resistivigop). The
0%, 2%, 4%, 8%, 16%, and 32%. The relative resistivity increasgyork function ¢ is indicated for the distilled and redoped films.

plpo at room temperaturé300 K) is indicated, wherep, is the  |nitial film thickness was 150 nm.
resistivity of the initial film.
of Cgp and KsCgq contributions, suggesting, as has been ar-

Gaussian-like feature at 0.6 eV binding energy with a widthgued beforé;>3*%that a heavily underdoped;Ks, actually
of about 0.6 eV(Refs. 1-3,5,6 When about; extra potas- forms a phase-separated system consistingrafs, and
sium is addedFig. 5, top spectrumthe Fermi cutoff com-  K;Cq,. We now distill the film at a temperature of 250 °C.
pletely disappears and the spectrum assumes a typi€abK After about 60 hours, no changes in resistance were observed
form, while the resistivity increases by a factor of 100 atanymore, and we conclude that the sample has reached an
room temperature and by a factor of 10 at 200°C, consistergquilibrium. This is consistent with other samples where the
with the transition from KCgo to K,Cqp as seen in Fig. 2. It photoemission spectrum was monitored over time; no sig-
is striking that this process already occurs for the smalleshificant changes were observed there anymore after several
additional doping(2% extra potassium accompanied by 8%tens of hours. The middle curve in Fig. 6 shows the photo-
increase in resistivity at 300 )KIndeed, it appears that the emission spectrum after distillation. The height of the Fermi
resistivity minimum corresponds to the highest achievableutoff has increased considerably, but, surprisingly, is still
Fermi cutoff in the photoemission spectrum ofG,. appreciably smaller than that of the;&gq films that were

We will now turn to another method that is commonly made by doping to the resistivity minimuitfrig. 4). The
employed to obtain reproducible ;Ks, samples, as de- peak height ratio of the Fermi cutoff relative to tig
scribed by Poirieret al:*33 doping a G film with potas-  (HOMO) band in the distilled KCg is a moderate 0.15, and
sium to a concentration below;Ks,, followed by a distil-  this seems to be a common characteristic of distilled
lation procesgor, more accurately, a fractional sublimation samples: several were prepared, and all of them had peak
procesy in order to remove the excessg{C The bottom height ratios in the range of 0.14 to 0.16. These values are
curve in Fig. 6 shows the photoemission spectrum of a dopedonsistent with those of the spectra reported in the literature
Ceo film with a K concentration of about 2.5 pergfas  for K;Cg films made in this way.
determined from the timéand therefore dopinglependence The temperature dependence of the resistivity of the
of the resistivity of the film as illustrated in Fig. 2 above. We K;Cg, films made by the distillation method is shown in Fig.
notice that the;, (LUMO) line shape has a clear and sharp7 (dashed ling It reveals quite a large negative temperature
Fermi cutoff, but also that its intensity is quite low: the peakcoefficient for temperatures below 300 K, and the normal-
height ratio with respect to the, (HOMO) band is only state resistivity just abové. is almost a factor of 6 higher
0.06. The entire spectrum seems to consist of a superpositidghan the resistivity-minimum samples of Fig. 3. Also, the
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LI S S A IV. DISCUSSION

The photoemission experiments described above show
that there are two distinct, reproducible valence band spectra
for K3Cgg: one with a LUMO/HOMO peak height ratio of
0.24 using the minimum resistivity method, and one with a
ratio of 0.15 using the distillation method. Although one
method provides better transport properties than the other,
both preparation routes bring us essentially to the supercon-
ducting KsCgq compound. At first sight it is surprising that
the two photoemission spectra can be that much different,
especially since the amount of extra potassium doping that is
needed to bring the properties and photoemission spectrum
of the distilled sample to those of the minimum resistivity
sample is only of the order of 1% of the K concentration in
the bulk, not enough to alter the bulk properties significantly.
However, one has to realize that photoelectron spectroscopy
is a very surface-sensitive technique. Recent ultraviolet pho-
toemission experimentsh¢=21.22 eV) on noble metal
0 100 200 300 400 500 surfaces covered by precisgly a sing_le monolayer(kof

doped Cgo show that the probing depth is not more than half
TEMPERATURE (K) the diameter of a & molecule®®*' This means that the spec-

FIG. 7. Resistivity as function of temperature of the distilled and{r@ Of the KsCe films considered here originate essentially

redoped filmgdashed and solid, respectivehown in Fig. 6. The ~ Only from the outer ¢ layer. One can now arrive at a very
inset shows an enlargement of the temperature range afund  consistent picture in that the differences in the photoemission

spectra between the two samples reflect the differences in the
. - , surface electronic structure caused by the differences in the
superconducting transition temperature is several degreqgyiassium concentration in the surface region, which in turn
lower and the width of the transition is larger, about 2.5 K.ig consistent with the suggestion that most of the extra dop-
This all indicates that the film is more granular, and that thqng goes into the surface regidar grain boundaries, as dis-
transport properties of the film are strongly determined bycyssed beloyy thereby improving the transport properties of
tunneling processes across grain boundaries. Neverthelesge distilled sample.
the film is still a superconductor, which may be taken as |n order to understand the electronic structure of the sur-
evidence that the bulk of the film is indeed®s. face, we first have to pay attention to its atomic structure.
Now, as we did with the annealed minimum-resistance~rom all the surface science experiments carried out so far, it
film before, we add extra potassium to the distilledd4, seems that pristine & solids have the close-packed fcc
film, and the resistivity drops quickly to reach a minimum (111) plane as the preferred crystal surface termination. Also
after a few minutes. The amount of potassium added isipon doping with potassium toiCsq, the preferred surface
small, about 1.3% of the total amount used to prepare théermination remains the fc@11) plane: scanning tunneling
initial K, sCqo film. The temperature dependence of this re-microscope(STM) studies show very well ordered and flat
doped film is shown in Fig. Tsolid ling). While the reduc-  triangular lattices®~% and low energy electron diffraction
tion of the resistivity is only 7% at 200 °C, at room tempera-(LEED) ~measurements show clear X1 fcc (111)

ture (300 K) it is already 30%, and just above, the patterns>’*>*1Although these observations may seem to be

reduction becomes quite dramatic: the conductivity has im{fvial, the consequences are far-reaching and, surprisingly,

proved by a factor of 3. The temperature dependence is n0\5\1/"’“’e gone unnoticed so far. Ttigll) plane of KsCeo is

metalliclike over the entire temperature range, and the Supep_amely a polar surface, and this constitutes a boundary con-

conducting transition temperature has increased, with a red—'t'on pr_oblem of macroscopic d|men3|ons tha_t affects the
" . : . . electronic structure of the surface in a very unique manner.
duced transition width. Redoping has thus improved consid;

erably the transport properties of the distilled film, which In the subsequent sections we will first discuss the physics of

. olar surfaces for KCgq (section A, then the determination
now, apart from a somewhat higher absolute value of th%f the valence of the g ions at the surfacésection B, and

resist?vity, .resemble.s quite cIo;er those of the m'inir.num—ﬁna”y the K;Cg surface electronic structurgsection Q.
resistivity film described abové-ig. 3). The photoemission
spectrum of the redoped film, shown in Fig. 6, reveals that
the extra potassium is used to increase the Fermi cutoff in-
tensity. In fact, the peak height ratio relative to thg The G molecules in KCgo form a close-packed fcc lat-
(HOMO) band of this film is now as large as the one of thetice, as shown in Fig. @), with the potassium atoms occu-
minimum-resistivity film(Fig. 4), namely 0.24. These results pying the octahedral and tetrahedral intersticesind 2, re-
again indicate that the K concentration of the surface layespectively, per fullerene The {111 planes in this crystal
plays an important role in the properties of the film, since thestructure are special in the sense that they are not charge
amount of added potassium is negligible compared to th@eutral. Looking along &111) direction[Fig. 8(b)], we see
amount already present in the bulk of the distilled film. that these planes form alternating charge planes in the fol-

RESISTIVITY (mS2 cm)

————— distilled

redoped to minimum R
0.|..I---.I.--.I.--.I.--.I.

A. Polar surfaces
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FIG. 8. (a) Structure of a KCq, crystal. Large spheres represent
Ceo ions, drawn at their van der Waals radius, and small gray and
black spheres represent tetrahedral and octahedral potassium ions,
respectively. The front, side, and top surfaces of the cubéla, (@ 0561t 3— 1+ 1+ 1+ 3— 1t 1+ 1t 3— 1+ 1+ 1+ 3— 1+ 05+
(010, and(00)) planes. The crystal is cut off along tkEl1) plane, ‘ ‘ ‘ ‘

with a (tetrahedral potassium layer on the outsidé) The same

lattice, with the G, radii reduced. The line of vision is parallel to
Position

Position

- « | » | » | » -

g2acar<

g2acar<

the (111) plane, showing that the crystal consists of alternating
layers of G, tetrahedral potassium (K octahedral potassium
(K,), tetrahedral potassium (K etc.

Potential

lowing sequence: &, K'* (tetrahedrgl K!* (octahe-

dral), K** (tetrahedral Cgo’~, etc., all with the same num-  FiG. 9. Schematic view of a finite slab ofsRg, with (111)

ber of ions per unit area. If this 4Cqq crystal has thé111)  termination planes. The slab is charge neutral, and within the ter-

surface as the termination plane, it is subjected to a quitenination planes it consists of alternating-3 1+, 1+, 1+

strict and unique boundary condition for its macroscopiccharged planes. The termination planes themselvesapge G~

charge distribution across the crystal. plane on one sidefb) Cgo™> planes;(c) Ce®> and tetrahedral
This is illustrated schematically in Fig. 9 for a slab con-K** planes; and(d) Ce;®, tetrahedral K*, and half-populated

sisting of several units of §Cg, planes(of infinite area. The  octahedral K* planes.

total charge of the slab, of course, has to be zero. If now, for

instance, one of two termination planes is @°C plane, as  per K;Cgo unit is about 25 V. Clearly, no chemical com-

drawn in Fig. 9a), all electric fields between the various pound can be stable against such potential differences, and

planes of the slab point in the same direction, obviously recertainly not as a macroscopically sized crystal for which the

sulting in a net electrostatic potential between the two termi{otal potential difference between the termination planes can

nation planes. The potential difference increases linearlgasily end up to be of the order of megavolts. Some form of

with the number of KCq, unit planes, and the potential drop breakdown must occur to nullify this potential divergence.
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We point out that this type of potential divergence is macro-
scopic in nature, since it is determined solely by the charges
of the termination planes and the distance between them.
Therefore, surface relaxations, i.e., displacing the atomic po-
sitions of the termination planes bisub-Angstran dis-
tances, cannot solve the divergence if one deals with macro-
scopic crystals.

To resolve the potential divergence, one has to reduce the
charge density of the termination planes to half of the charge
of the planes inside the slab. Physically, this can be done in
many different ways, and examples can be found from the
field of transition metal compoundé*3Neutral-plane facets
or ordered defect structures may be formed at the surface
(atomic reconstructiorf*~*® differently charged contami-
nants may get adsorbed at the surf§t&2or the valence of
the surface atoms becomes different from that of inside the
bulk (electronic reconstruction®

In Fig. 9b) we show a scenario in which the termination
planes on both sides are formed by atomically unrecon-
structed G, surfaces. The valence of the;Jdons in those
planes is 1.5, which is half of 3—, the value in the bulk.
This type of electronic reconstruction gives rise to electric - )
fields inside the slab with alternating signs, so that there is no R\
electrostatic potential difference between the two sides of the [ A
slab. In Fig. 9c) we give another possible scenario for elec-
tronic reconstruction: here the termination planes are the tet- ! f t i
rahedral K* planes. The subsurface nearest-neighbgy C L, HOMO-1 HOMO LUMO Ep J
planes must then have a valence of-2,50 that the surface 7 6 S5 4 3 2 1 0
K-Cgo double plane has the required half-charge value of
1.5—~. In Fig. 9d), by contrast, we show a situation where an BINDING ENERGY (eV)
atomic reconstruction has taken place: here the termination F|G. 10. Determination of the surface valences of the distilled
plane is given by the composite of a full plane of@ith a  (bottom) and minimum-resistivity(middle) samples. The spectral
valence of 3-, a full plane of tetrahedral K and a 50%  weight is distributed over three intervals, as indicated by the thin
defect plane of octahedral'K. Since this surface triple- lines: the LUMO ¢,,), the combined HOMO f{,) and HOMO
plane again has an overall valence of-1,%he two sides of —1 (gg+hg), and the rest. The ratios of the integrals over the
the slab are at the same electrostatic potential. In all theseJMO and HOMO contributions, normalized to the ratio of a fully
scenarios, the outermosggdlane is taken to be not recon- doped KCq, sample(top), yield valencies of 1.5 (+0.1) and
structed atomically, in order to be consistent with the cited?-5— (+0.2), respectively. The curves corresponding to the error
scanning tunneling microscopy and low-energy electron difmargins are drawn as dashed lines.
fraction data>’°3%-41

K3Ce0
distilled

PHOTOEMISSION INTENSITY (arb. units)

calibration for the photoionization cross section of thg
(LUMO) orbital relative to those of other relevangddno-
lecular orbitals. The top curve in Fig. 10 displays the valence
Which of the above mentioned polar surface scenarios isand spectrum of KCgqy, showing thegy+hy (HOMO
the most likely to occur is difficult to predica priori. It —1) and theh, (HOMO) bands together with the,
probably depends on the preparation method. It is temptingLUMO) band, which is now fully occupied with six elec-
to associate, for instance, the distilled®, sample with  trons per Gy. The LUMO is located well below the Fermi
Fig. Ab) and the minimum-resistivity sample with Fig(c® level and there is also no intensity at the Fermi level, con-
or 9(d), since the photoemission LUMO intensity and thg C sistent with the fact that §Cg, is a band insulator. We note
surface valence is appreciably lower in former than in thethat the LUMO/HOMO peak height intensity rati0.72) is
latter case. It is also tempting to choose Figr)3ather than  very high, higher than reported so far in the literature. It
9(d) for the minimume-resistivity sample, since quantita- turns out that KCgp is much more difficult to prepare and to
tively, the change in the LUMO/HOMO peak height ratio is measure than Cgy or K,Cgo Samples as it is highly reac-
from 0.15 to 0.24 in going from the distilled to the tive. This is probably related to the fact that its work function
minimume-resistivity sample, which fits very well with the is very low(measured to be about 2.3 g\suggesting that its
change in the surfaceggvalence from 1.5 to 2.5 in surface is terminated by potassium ions. The ratio between
going from Fig. 9b) to 9(c). the integratedintensity of the LUMO and that of the com-
In order to verify this hypothesis, we have to quantita-bined HOMO and HOMO-1 bands is 0.201, as determined
tively determine the valence of the{Jons of the two KCgq  from the fits(thin lines shown in Fig. 10.
samples from their photoemission spectra. This can be done For the K;Cgo samples, we have determined the integrated
with the use of the photoemission spectrum @fCly as a  intensity ratio of the LUMO with the HOMO and HOMO-1

B. Surface G, valence
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bands to be 0.050 for the distilled sample and 0.085 for the For a solid with an electronic structure that is character-
minimum resistivity sample, using the fifghin lines as ized by one open shell with an integer valence, one would
shown in Fig. 10. Comparing these ratios with the one ofexpect to find an insulating ground state if the one-electron
KsCso. Which has a g, valence of 6-, we then find that the bandwidth (W) is much smaller than the on-site Coulomb
Ceo valence is 1.5 (*=0.1) for the distilled sample and energy (J). The one-particle excitation spectrum is then
2.5~ (+0.2) for the minimum-resistivity sample. The mar- given by a so-called lower Hubbard band in the electron
gin of error is mainly determined by the uncertainty in the removal part and by an upper Hubbard band in the electron
identification of the line shape of the combined HOMO andaqgition part. The two bands are separated by a gap with a
HOMO-1 band. The fits drawn with dashed lines in Fig. 1Omagnitude of approximately —W. For solid G, values of
indicate the range within which this line shape lies, corre-; 7 5 v (Refs. 14, 54, and 55and W~0.6 eV have

spopding to the mentioned ma_rgin of error. We have als%een measured. SindésW, the expectation is that 4C
carried out these types of experiments on another photoemis; f 60

; ) . ) Should be an insulator just like g (Ref. 15. The fact that
sion setup, equipped with a different type of electron energ . . . . . )
Ceois conducting, therefore, is subject of intensive debate,
analyzer, and have found the same numbers. These resulfs . . )
L N and various models have been proposed, such as including
strongly indicate that the polar surface termination for the

distilled sample is indeed given by Fig(® and the one for nonst0|c_h|ometr§/4 or including - the mfluer_lce of the
the minimum-resistivity sample by Fig(® occupation-dependent degeneracy of the orbitals on the ef-

. . 23 . . .
We have measured the work function of the distilled andfectwe bandwidtf? in order to obtain a conducting

e A ground state.
minimume-resistivity KCgq Samples and found values of 4.31 L .
i . If the average valence of the solid is not an integer, e.g.,
eV and 4.15 eV, respectively. These values are conS|ster(1jt ; . i
) . . . ue to doping, the system will no longer be an insulator,
with the polar surface scenarios discussed above, in the sense” .. . .
. . . : éven ifU is much larger thaiV. The extra hole or electron is
that Fig. 9c) is expected to give a lower work function than
Fig. 9b) due to the presence of an extra layer of tetrahedrai
potassium ions on top of the outegfayer. We note that
these tetrahedral potassium ions reside in the pockets b
tween the G ions[see Fig. &)], well below the outer van
der Waals surface plane of thg4dons, so they are relatively
well protected and also strongly bound. This is much less th
case for the octahedral potassium ions in the 50% defe
structure of Fig. &), which is perhaps the reason why this
structure is not realized. And if this structure would have
been realized, then we should at least expect an appreciah
decrease of the LUMO intensity after the long annealing pro-

2. 2 & cludes the polar surface electrostatic divergence associated
cess at elevated temperatures of the m|n|mum-re5|st|V|t)6vi|th the (111) termination of the fcc lattice

sample, since these loosely bound and exposed octahedra Finally, we would like to note that the electrostatic con-

Egta:s:alerS;]%nsSv;O#(lad I.ha.glee Z§i?e;ir2%¥?gé -[B?wg(pnig?s?{]&derations for the surface termination on the bulk-vacuum
wever, W ggt ! "Ynterface are of course also valid for grain boundaries or

i(rfsgntsrilst:r?ttxm ?r?ed fméﬁr? Ietr?;{\{ﬁZrIenWFeI?é :(I; Igﬂtésr Qt?ttahe}fgcﬁo_cf’o domain interfaces. In fact, the large changes ob-
S g tha served in the bulk conductivity, and the temperature depen-
dral potassium ions to begin with.

S . dence thereof, upon the addition of a very small amount of
f -lr—1rc]jet fag:t tfllat t:hr?i(lll:ll) :erm;‘n?;uor: glarrl](é gf tK\CtsomliS I dopant, and its strong correlation with the surface photoemis-
iou rho e eriCV\(/)h fayr ﬁci?] sifucne rr? K 0 aom C?i Ysion data, are an indication that grain boundaries play an
S Pernaps somewnat surprising It oné makes a compa SO|Pnportant role, either due to tunnel barriers between the
with the case of transition metal oxides where most of the

polar surfaces can only be stabilized by facetting or attractgrains that are strongly modified by changes in the valence at

ina charge contaminanté4547-52However one should not the grain boundaries, or due to a significant part of the elec-
Ing 9 nihants. wWevet, u trical conductivity taking place along the metallic grain
forget that due to its highly degenerate LUMO level and IOWboundaries themselves. This could be an important aspect
molecular Coulomb interaction,ggscan accomodate any va- _. : i . . '
) o= = ) since even single-crystalling;gXilms or solids become poly-
lence in the range of 0 to-6, enabling it to form the right 9 y i oy

L . crystalline upon doping to ¥Cgy due to the large change in
boundary conditions all by itself. lattice parameter.

hen capable to carry charge at a neglible energy cost, and
he conductivity is, to a first approximation, proportional to
the number of charge carriers. For a half-integer valence one
fas the highest concentration of charge carriers, and in prin-
ciple, the highest conductivity.
We would like to point out that the metallicity of the

urface is independent of whether the bulk is a metal or an
Ghsulator. Also, because the valence is noninteger, the sur-
face is metallic both in a one-particle approximation as well
s in a Mott-Hubbard framework. All of these characteristics
fe the consequence of the electronic reconstruction that pre-

C. Surface electronic structure

L V. CONCLUSIONS
The finding that the valence of the,{dons at the surface

is appreciably different than in the bulk has far-reaching con- We have carried out combined photoemission and con-
sequences for the electronic structure of the surface. Espeéuctivity measurements on;Kg, and found that the con-
cially the fact that the valence is not integer but half-integerducting properties are extremely sensitive to the K concen-
has a dramatic impact on the properties of the system if thération of the surface layer. The best-conducting samples
magnitude of various Coulomb interactions is large com-with the highest superconducting transition temperatures
pared to the one-electron bandwidth. This can be understodthve surfaces with the highest density of states at the Fermi
as follows. level as measured by photoemission, a technique that probes
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