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The adsorption of Rb on TiSe2 and TiTe2 at 100 K was studied by high-resolution core level spectroscopy
and low energy electron diffraction. At low coverage, Rb formed a dispersed phase, which condensed into a
metallic phase as more Rb was deposited. Continued deposition resulted in layer-by-layer growth of Rb, which
was particularly conspicuous on TiTe2. Most of the Rb intercalated rapidly as the samples were allowed to
warm up. For TiTe2, a small amount of intercalated Rb was detected already at 100 K. When room temperature
was reached, only a small fraction of Rb remained on the surface. Equivalent results were obtained instantly
when Rb was deposited at room temperature, and valence band spectra from these samples were in excellent
agreement with band structures calculated by the linearized augmented plane wave method.
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I. INTRODUCTION

Layered transition metals dichalcogenidessTMDC’sd are
a group of highly anisotropic materials, which have been
studied extensively during the recent decades.1–4 They have
primarily been used as model systems for studies of a wide
range of interesting phenomena associated with their reduced
dimensionality, such as charge density wave transitions and
enhanced correlation effects. Depending on the valence band
filling, they can be either metallic or semiconducting. The
formula unit is TX2 where T is a transition metalse.g., Tid
and X stands for S, Se, or Te. Each layer consists of a hex-
agonal sheet of transition metal atoms, sandwiched between
two hexagonal chalcogen sheets. The internal bonds in the
layers are strong and of mixed ionic and covalent character,
while the bonds between adjacent layers are weak and
mainly of van der Waals character. Due to this highly aniso-
tropic bonding, one may obtain clean and extremely flat sur-
faces of high quality by cleavagein vacuo, which is a sig-
nificant experimental advantage. The weakness of the
interlayer bond also makes it possible to modify the elec-
tronic structure byin situ intercalation with, e.g., alkali met-
als. Intercalation increases the distance between the layers,
which implies a more pronounced two-dimensionals2Dd
character of the electronic structure. The crystallographic
structures of these compounds together with the hypothetical
RbTiSe2 and RbTiTe2 are shown in Fig. 1. At room tempera-
ture, we have already found that Rb which is deposited on
TiTe2 at moderate rates under clean conditions intercalates.5

It has been reported that Rb deposition on many TMDC
surfaces, among them TiTe2, may lead to Rb nanowire
formation,6 and that the Rb deposited on TiTe2 remains in
and immediately below the nanowires, without further
intercalation.7 Since the latter claim is contrary to both the
results obtained from other alkali metal/TMDC systems and
to our previous study, there is a need to further explore the
intercalation of alkali metals with TMDC surfaces.

If the alkali metal deposition occur at low temperatures
the alkali metals tend to remain on the surface.8 This opens
the possibility to study alkali metal adsorption on TMDC
surfaces in more detail. In particular it is of interest to deter-
mine different states of adsorbed alkali metals during various
stages of overlayer growth, and to study the onset of inter-
calation as the temperature is raised. Studies of alkali metal
deposition on graphite at low temperature has revealed sur-
prisingly complex behavior,9–15 which provides further mo-
tivation for studies of the related alkali/TMDC systems.

We have studied Rb deposition on TiSe2 and TiTe2 with
photoelectron spectroscopy and low energy electron diffrac-
tion sLEEDd, at 100 K and at room temperature. We used
mainly core level spectroscopy for monitoring of the low
temperature adsorption and to study the onset of intercalation
as the temperature was raised. In addition we used valence
band spectroscopy for accurate band mapping before and af-
ter room temperature deposition.

II. EXPERIMENTAL DETAILS

A. Rb deposition at low temperature

The photoelectron spectra were measured at beamline
I311 at the MAX-lab synchrotron radiation facility in Lund,

FIG. 1. The crystallographic structures of TiSe2 and TiTe2 to-
gether with the hypothetical RbTiSe2 and RbTiTe2 structures. The
corresponding surface and bulk Brillouin zones are shown to the
left.
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Sweden. This beamline, which includes a modified SX-700
plane grating monochromator and a Scienta 200 electron-
energy analyzer, is well suited for high-resolution electron
spectroscopy at high photon energiessup to 1500 eVd.

The TiSe2 and TiTe2 single crystals were attached to the
sample holder by silver filled epoxy resin, and a clean mir-
rorlike s0001d surface was obtained by cleavagein vacuo.
The Fermi level cutoff was measured directly from each
sample, and all binding energies are given relative to the
Fermi level. The sample manipulator included a liquid nitro-
gen cooling stage, by which the sample could be cooled to
100 K. Rb was depositedin situ onto the cold sample from a
carefully outgassed SAES getter source, operated at a current
of 4.5 A. The Rb emission from this source had an onset
about one minute after it was switched on, and stabilized
quickly at approximately one monolayer per minute. In the
following we generally specify effective deposition times,
obtained by subtracting 60 s from the time the source was
switched on. The accuracy of this notion was confirmed by
the observation that four depositions of effectively 15 s each,
produced almost identical results as one deposition of effec-
tively 60 s. At the end of each experimental run, the cooling
stage was emptied, and spectra were measured repeatedly as
the sample was warming up to room temperature.

The background pressure in the UHV system was in the
10−11 torr range during the low temperature experimental
runs. Considering the reactivity of the metallic Rb overlay-
ers, and that the measurements extended over several hours,
is inevitable that some contamination should occur. This was
monitored by frequent recording of valence band spectra, in
which contaminants such as O2, CO, and H2O are revealed
by the appearence of broad nondispersive peaks at,6 eV
binding energy. However, none of our valence band spectra
exhibited significant contamination peaks, and additional
C 1s and O 1s core level spectra confirmed that only traces
of contaminants were present.

B. Rb deposition at room temperature

All measurements in our angle-resolved study of Rb de-
posited on TiSe2 and TiTe2 at room temperature were per-

formed at beamline 33 at MAX-lab. The synchrotron radia-
tion was incident at an angle of 45° and polarized in the
plane of incidence. The pressure in the UHV system was in
the 10−10 torr range during the experimentsRb deposition
includedd. The overall energy resolution was typically
,0.1 eV.

The samples were prepared by cleavage, and were azi-
muthally oriented by LEED. The position of the Fermi level
was determined by measurement from a Ta foil in electrical
contact with the sample. All binding energies are given rela-
tive to the Fermi level. Rb was depositedin situ from a
carefully outgassed SAES getter source, operated at a current
of 5.5 A. The total effective deposition timessobtained by
subtracting 60 s warm-up time from each deposition cycled
were 120 s for TeSe2 and 60 s for TiTe2. In both cases, the
depositions were made stepwise with measurements in be-
tween, to verify that the intercalation-induced changes were
fully developed.

III. RESULTS AND DISCUSSION

A. Low temperature

1. Rb/TiSe2, submonolayer coverages

Figure 2 shows Rb 3d spectra measured after repeated
small Rb depositions on TiSe2, while Figure 3 shows corre-
sponding LEED patterns.

For the smallest coverages, the spectra consist of the two
symmetric and relatively narrow peaksA and A8, corre-
sponding to the spin-orbit split levels 3d3/2 and 3d1/2, respec-
tively. The symmetric line shape, implies that this is not
emission from a metallic Rb layer. Our interpretation is that
the Rb is initially adsorbed on the surface in a dispersed
phase, consisting of ionssor strongly polarized atomsd kept
apart by electrostatic repulsion. The absence of extra LEED
spots indicates that the dispersed Rb phase lacks long-range
order at low coverage.

FIG. 2. Normal emission Rb 3d spectra measured after 15, 30,
45, 60, and 75 s of Rb deposition on TiSe2. The photon energy was
250 eV.

FIG. 3. LEED patterns after Rb deposition on TiSe2. Deposition
times are indicated in the figure. After 45 and 60 s of Rb deposition
time, 232 andÎ33Î3 superstructures are found. Corresponding
photoemission spectra are shown in Fig. 2.
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The peaksA and A8 increases somewhat as more Rb is
deposited, but more significantly a shoulderB, with lower
binding energy thanA, appears. In analogy with theA-A8
pair, the shoulderB has also a spin-orbit replicaB8, which is
seen merely as a filling of the valley betweenA andA8. We
believe thatB and B8 represent Rb atoms condensing into
metallic islands, co-existing with the dispersed phase be-
tween these islands. TheA-to-B ratio was the same in Rb 3d
spectra recorded at grazing emission anglessu=75°d, which
rules out the possibility that one species is on top of the
other.

As seen in Fig. 3, the LEED pattern exhibited diffuse
232 andÎ33Î3 superstructures after 45 and 60 s effective
deposition times, respectively. The corresponding Rb 3d
spectra in Fig. 2 indicate mixed surface compositions in both
cases, and also after 75 s of Rb deposition, when there is no
LEED superstructure at all. Our tentative explanation of this
behavior is that the dispersed phase of Rb, at certain densi-
ties, forms ordered overlayers which are commensurate with
the periodicity of the TMDC substrate. The 232 and
Î33Î3 arrangements of Rb atoms on the TiSe2 surface cor-
respond to nearest-neighbor Rb separations of 7.08 and 6.13
Å, respectively. The nearest-neighbor separation in bulk Rb
metal is 4.87 Å, and this value may be a reasonable estimate
also for the metallic islands. The persistence of the dispersed
phase, although gradually denser, throughout the series of
depositions indicates that the deposited amount of Rb is
somewhat below a full monolayer even after 75 s of deposi-
tion.

Figure 4 shows Rb 3d spectra measured while the sample
was allowed to warm up. The last spectrum in Fig. 4 was
measured 2.5 h after the first one. The peaksA and A8
quickly lost most of their intensity to peaksB andB8, which
became dominant over a large range of temperature. This
suggests that the condensed phase of Rb is stable at low
temperature, and that the dispersed phase survived below
100 K mainly because of the surface diffusion being slow
here. The next major change occurred around 200 K, where

peaksB and B8 began losing intensity and were gradually
replaced by the spin-orbit doubletI and I8. Their small
widths and lower binding energies are characteristic of inter-
calated Rb, and considering the damping caused by the TiSe2
layer on top, we conclude that most of the deposited Rb had
intercalated before 245 K was reached.

2. Rb/TiSe2, multilayer coverages

Figure 5 shows Rb 3d spectra obtained after larger Rb
depositions, while Fig. 6 shows corresponding LEED pat-

FIG. 4. Normal emission Rb 3d spectra measured during warm-
ing up from 100 to 245 K after 75 s of Rb deposition on TiSe2. The
photon energy was 250 eV.

FIG. 5. Normal emission Rb 3d spectra measured after 1, 2, 4,
and 8 minutes of Rb deposition on TiSe2. The deposition rate was
estimated to be,3Å/min ssee Sec. III A 5d. The photon energy
was 250 eV.

FIG. 6. LEED patterns from the clean TiSe2 crystal, and after
Rb deposition. Deposition times are indicated in the figure. A clear
Î33Î3 superstructure is found after 1 min of Rb deposition. Cor-
responding photoemission spectra are shown in Fig. 5.

Rb DEPOSITION ON TiSe2 AND TiTe2 AT 100 K… PHYSICAL REVIEW B 71, 125403s2005d

125403-3



terns. The spectrum at the bottom in Fig. 5 was obtained
after one deposition of effectively 1 min, and it is reassuring
that it is almost identical to the one obtained after four depo-
sitions of effectively 15 s in Fig. 2. As seen in Fig. 6, the
Î33Î3 LEED superstructure is obtained again, but is
sharper than the corresponding pattern in Fig. 3. A likely
explanation of the difference is that the single large deposi-
tion produced precisely the Rb density needed to obtain a
commensurate overlayer, while the repeated small deposi-
tions produced a Rb density slightly off the ideal value, with
less perfect ordering as a result.

The condensed metallic phase of Rb became dominant
after 2 minutes of depositions, as evident from the growth of
peakB in Fig. 5. Continued Rb depositions will eventually
result in metallic multilayers. Then there will be three types
of Rb layers which may have distinctly different 3d binding
energies:

s1d a layer with TiSe2 below and Rb abovesinterface
layerd;

s2d layers with Rb on both sidessbulk layersd; and
s3d a top layer with Rb below and nothing abovessurface

layerd.
The Rb 3d spectra obtained after 4 and 8 min of deposi-

tion ssee Fig. 5d have three distinct componentssapart from
the 3d1/2 replicasd, which are labelledC, D, andE. A consis-
tent interpretation is obtained if peakC is attributed to the
interface layer, peakD to bulk layers, and peakE to the
surface layer. The spectrum obtained after 4 min of deposi-
tion is dominated by peaksC sinterface layerd andE ssurface
layerd, while peakD sbulk layersd is very weak. This indi-
cates that two layers of Rb are completed, with a third layer
just beginning to form. Consequently, 8 min of deposition
should correspond to somewhat more than four layers of Rb,
and the corresponding spectrum is similar to spectra obtained
from bulk Rb.16

The spectrum measured after 2 min of deposition should
correspond to slightly more than one completed metallic Rb
layer. The rather blunt appearance of peakB can then be
partially understood as due to overlap with the emerging
peaksC andE. It should be noted that a single Rb layer is
simultaneously an interface layer and a surface layer, so that
peakB is fundamentally different from peakC, despite being
close in binding energy.

As seen in Fig. 6, the LEED pattern vanished completely
already after 4 min of Rb deposition. This shows that the Rb
multilayers are complete, without holes, and that they lack
long-range order.

Figure 7 shows a series of Rb 3d spectra measured as the
sample with multilayer coveragesobtained by 8 min Rb
depositiond was warmed up. The last spectrum in the figure
was measured 4 h after the first one. Again the final result is
intercalation, but the chain of events is significantly more
complex than for the submonolayer case. Initially, there is a
drastic loss of intensity for peaksD andE, and the line shape
becomes a broad hump with peaksC, D, andE visible only
as small wiggles. The shoulder corresponding to peakC per-
sists even at 145 K, but at 155 K all three multilayer peaks
have been replaced by a new broader peak F of higher bind-
ing energy. At the same time one can also see the first signs
of intercalation, as a shoulder corresponding to peakI ap-

pears. We tentatively attribute the spectral changes to a phase
transition, going from a polycrystalline overlayer to a liquid-
like overlayer characterized by the broad peakF. The liquid-
like overlayer is rapidly consumed by intercalation, however,
and at 160 K peakF is no longer visible. Instead peakI has
increased drastically, and a new peakS emerges with similar
binding energy as peakB in the submonolayer case. As the
temperature increases further, peakS is weakened and peakI
becomes dominant, indicating that the most Rb has interca-
lated. Finally, also peakI has lost intensity, indicating that
the Rb intercalated deeper into the substrate. The line shape
suggests that a contribution from peakS is still present in the
end, corresponding to a small amount of condensed Rb re-
maining on the surface, possibly trapped by impurities,
cracks and other defects. This is essentially the same final
result as in the submonolayer case, except that the spectral
intensities are higher here due to the larger amounts of Rb
present.

3. Rb/TiTe2

Figure 8 shows Rb 3d spectra measured after deposition
of various amounts of Rb on TiTe2. Effective deposition
times are given for each spectrum. The spectra with 1–5 min
deposition times were obtained from the same sample after
repeated depositions, each of 1 min effective duration. The
spectrum with 50 s deposition time was measured from a
different sample. The Rb 3d peaks obtained after deposition
on TiTe2 are completely analogous to those obtained with
TiSe2 as substrate, and they are accordingly labelled in the

FIG. 7. Normal emission Rb 3d spectra measured during warm-
ing up from 100 to 265 K after 8 min of Rb deposition on TiSe2. At
,160 K peaks which are characteristic of intercalated Rb appears.
The photon energy was 250 eV.
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same manner. One striking difference, however, is that the
spectra corresponding to a few layers of Rb on TiTe2 are
much clearer, with very sharp and distinct peaks. It appears
that 1 min of deposition time here corresponds closely to one
monolayer of Rb. The first Rb monolayer is not complete
after 50 s of deposition, and this spectrum shows coexistence
of a dispersed phasespeakAd and the condensed phasespeak
Bd. The corresponding LEED patternsnot shownd has a very
weak and diffuseÎ33Î3 superstructure, which can be at-
tributed to the dispersed phase being accidentally commen-
surate with the substrate. When the condensed monolayer is
complete after one minute of deposition, peakB becomes
dominant, and in LEEDsnot shownd each 131 spot be-
comes surrounded by a ring of very weak and diffuse spots.
We have no simple explanation for this superstructure, but it
could possibly be attributed to a moiré-type interference be-
tween the uppermost Te layer and a mismatched close-
packed Rb monolayer on top. After 2 min of depositions,
peakB is replaced by peaksC and E, as expected for two
layers of Rb. The appearance of peakD after 3 min of depo-
sitions confirms the presence of three Rb layers, each con-
tributing a distinct peak. Adding more layers by continued
depositions leads to strengthening of peakD, as the number
of bulk layers increases, while the interface contribution
speakCd is weakened by the increased distance to the sur-
face. The LEED pattern gradually vanished, and no more
superstructure was seen. The result after 5 min of depositions
on TiTe2 is almost identical to that obtained after 8 min of
deposition on TiSe2, which is expected as both cases corre-
spond to polycrystalline Rb multilayer films, thick enough to
be rather independent of the substrate.

The Rb 3d warming-up sequence for Rb multilayers on
TiTe2 is shown in Fig. 9. PeaksD andE vanishes in the same

manner as was seen for the TiSe2 substratessee Fig. 7d, but
are not replaced by any peak of the kind we associated with
a liquidlike overlayerspeak F in Fig. 7d. Instead peakS,
which we attribute to a condensed disordered layer, appears
together with the intercalation peakI. Possibly the intercala-
tion reaction proceeds so rapidly that there is no time for
development of a thicker liquidlike layer in this case. The
condensed disordered layer appears more stable but is also
continuously losing intensity. The intercalation peakI grows
as long as there is a rich supply of Rb from the overlayer, but
is eventually also losing intensity, which indicates intercala-
tion deeper into the substrate. Again there remains a contri-
bution from surface Rb in the end, although peak S is here
only present as a contribution to the asymmetric line shape.

4. Peak fitting of Rb 3d spectra

In order to compare the intercalcation results, we have
analyzed Rb 3d spectra by peak fitting. Figure 10 shows Rb
3d spectra and fitted peaks for the intercalated Rb/TiSe2 and
Rb/TiTe2. The spectra were measured from the same samples
as those in Figs. 7 and 9, respectively, but not until the tem-
peratures had reached 295 K. The fitting was done using the
FitXPS2 peak-fitting software,17 which employs Doniach-
Sunjic profiles18 convoluted by Gaussians. In both cases ad-
equate fits were obtained using four peaks and a linear back-
ground. Binding energies and widths of the fitted peaks are
listed in Table I. It is notable that the intercalation peaksI
and I8 are much narrower than the surface peaksS and S8,
which reflects the well-defined state of the intercalated Rb. In
contrast, the Rb remaining on the surface may occupy sites
with more variation in local environment.

It is clear from Table I that the Rb 3d binding energy for
intercalated Rb is,0.45 eV higher in TiTe2 than in TiSe2.
The chemical shift between adsorbed and intercalated Rb is
,0.57 eV for TiSe2 and ,0.44 eV for TiTe2. These differ-
ences may be due to differences in charge transfer and work
function, but also the screening in the photoionized state may

FIG. 8. Normal emission Rb 3d spectra measured after 1, 2, 3,
4, and 5 min of Rb deposition on TiTe2. The deposition rate was
estimated to be,5 Å/min ssee Sec. III A 5d. The photon energy
was 250 eV.

FIG. 9. Normal emission Rb 3d spectra measured during warm-
ing up from 100 to 245 K after 5 min of Rb deposition on TiTe2.
The photon energy was 250 eV.
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be different for the two substrates. Apart from these small
differences, the intercalation reactions of Rb with TiTe2 and
TiSe2 seems to be completely analogous.

5. Substrate photoemission

Figure 11 shows Se 3d and Te 4d spectra measured during
multilayer depositions on TiSe2 and TiTe2, respectively. The
kinetic energies of the photoelectrons were in the range
60–75 eV in both cases, which means that their mean free
paths in metallic Rb should be,8 Å.16 The observed de-
creases of the Se 3d and Te 4d intensities are therefore ex-
pected, and can be used for estimates of the deposition rates.
For the TiSe2 case we arrive at a deposition rate of
,3 Å/min s,0.75 ML/mind. For the deposition on TiTe2
the rate appears to be significantly higher,,5 Å/min
s,1.2 ML/mind. These deposition rates, and in particular
the difference, are consistent with the development of Rb 3d
peaks in Figs. 5 and 8. The lower deposition rate in the TiSe2
case is probably due to decreasing yield of the Rb source, as

these measurements were done after the TiTe2 measure-
ments.

Apart from the reduced intensities, the most striking effect
of Rb deposition seen in Fig. 11 is a conspicuous splitting
s,0.3 eVd of the Se 3d and Te 4d peaks. For both substrates,
this splitting becomes visible simultaneously with peakB in
the Rb 3d spectrassee Figs. 5 and 8d, and remains visible
until the substrate emission is completely suppressed by the
Rb overlayer. This suggests that the splitting is induced by
the presence of metallic Rb overlayers, and it seems reason-
able that one component originates from the uppermost Se or
Te layer, which is in direct contact with metallic Rb, while
the other component originates from deeper chalcogen lay-
ers, which are less affected by the overlayer. We attribute the
components of lowest binding energy to the deeper chalco-
gen layers, since they have lower intensity and are closer in
energy to the peaks obtained from clean TiSe2 and TiTe2.
The more intense components, with higher binding energy,
we accordingly attribute to the uppermost chalcogen layer,
but there is clearly a need for theoretical calculations in order
to explain why the interaction with the Rb overlayer shifts
these components toward higher binding energy.

As the samples warmed up, the Se 3d and Te 4d intensi-
ties increased again, and the splittings vanished. Back at
room temperature these spectra exhibited small shifts toward
higher binding energies and increased asymmetry, but were
otherwise unremarkable, and are consequently not shown
here.

TABLE I. Peak energies and full width at half maximumsFWHMd of Rb 3d peaks in Fig. 10.

EnergyseVd I I 8 S S8

Rb/TiSe2 2110.13 2111.61 2110.70 2112.17

Rb/TiTe2 2110.57 2112.07 2111.01 2112.42

FWHM seVd

Rb/TiSe2 0.55 0.56 1.62 1.63

Rb/TiTe2 0.53 0.50 1.60 1.60

FIG. 10. Normal emission Rb 3d spectra measured with a pho-
ton energy of 250 eV. The spectra were recorded fromsad TiSe2 and
sbd TiTe2, after multilayer Rb deposition at low temperature, fol-
lowed by warming up to 295 K. Each spectrum was fitted with two
spin-orbit doublets and a linear background.

FIG. 11. sad Normal emission Se 3d spectra measured from
TiSe2 with a photon energy of 130 eV.sbd Normal emission Te 4d
spectra measured from TiTe2 with a photon energy of 110 eV. The
spectra are recorded from the clean crystals and after 1, 2, and 4
min of Rb deposition.
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6. Onset of intercalation

Since intercalation is a thermally activated reaction, it is
of primary interest to determine its temperature dependence.
A simple analysis of this, based on our warming-up spectra,
can be done in two ways.

s1d By monitoring the intensity of substrate emissionsi.e.,
Se 3d and Te 4d warming-up spectra, which are not shown
hered, which should increase as the overlayer is consumed by
intercalation. The sensitivity of this method depends on the
thickness of the deposited layer, however. There is also a
possibility that a transformation from uniform overlayers to
three-dimensional islands may result in increased substrate
emission without any intercalation.

s2d By monitoring the intensity of the intercalation in-
duced peakI in Rb 3d spectra. The appearance of this peak is
an unequivocal indication of intercalation, but again there is
a sensitivity problem for thick overlayers. There is also a
possibility that a weak intercalation peak is unnoticed if it is
overlapped by a close peak of higher intensity.

The rate of a thermally activated reaction is generally pro-
portional to a Boltzmann factor, which means that the onset
is gradual as the temperature is increased. We have deter-
mined the practical onset temperatures, at which rapid
changes were observed in the spectral features induced by
intercalation. These onset temperatures are approximate, but
are nonetheless useful for prediction of whether significant
intercalation will occur or not at a particular temperature.

For the TiSe2 sample with submonolayer Rb coverage, the
intensity of Rb 3d peakI ssee Fig. 4d indicated an onset of
intercalation at,230 K. The Se 3d intensity was not useful
in this case. This is in strong contrast to the TiSe2 sample
with multilayer coverage, where both the Rb 3d peak I in-
tensityssee Fig. 7d and the integrated Se 3d intensity showed
the onset temperature to be,160 K. The significantly lower
onset temperature in the multilayer case clearly shows that
the condensed metallic phase of Rb is more prone to inter-
calate than the dispersed phase.

The intercalation onset temperature for the TiTe2 sample
with multilayer coverage was found to be,140 K, as judged
both from the Rb 3d peak I intensity ssee Fig. 9d and the
integrated Te 4d intensity. Apparently the activation energy
for Rb intercalation is somewhat lower for TiTe2 than for
TiSe2. This finding fits in well with the presence of a weak
shoulder at,110.6 eV binding energy in the Rb 3d spectra
measured during depositionssee Fig. 8d. This shoulder coin-
cides in energy with the intercalation peakssee Fig. 9d, and is
a clear indication that a small amount of Rb intercalated
already during the depositions at 100 K. No clear such shoul-
der was observed during Rb deposition on TiSe2.

7. Comparison with Cs/TiS2

It is of interest to compare our present results with an
earlier study of deposition of Cs on TiS2 at low temperature.8

The results are strikingly similar, with Cs forming a dis-
persed phase, which condensed into a metallic monolayer as
the depositions continued. The Cs 4d core level then showed
a sharp peak analogous with Rb 3d peakB for the Rb/TiTe2
systemssee Fig. 8d. The Cs depositions were discontinued at
this stage, and instead the sample was allowed to warm up,

which led to a meltinglike transition of the condensed layer,
subsequently followed by intercalation. It is notable that a
small but conspicuous intercalation peak was observed in the
Cs 4d spectra already during the depositions.

It clearly appears that the three systems Cs/TiS2, Rb/
TiSe2, and Rb/TiTe2 are very similar in terms of adsorption
and intercalation. The similarity of Rb and Cs in this context
is logical, as these metals are very similar in general terms. It
is less expected that the three TMDCs should behave so
similarly, however, as they are fundamentally different in
terms of their electronic structure. The band structure of TiS2
consists of six occupied S 3p bands, separated from five un-
occupied Ti 3d bands by a small band gaps,0.2 eVd. TiS2 is
therefore a semiconductor, although in practice degenerately
n-doped by excess Ti.19,20 TiTe2 has analogous bands of Te
5p and Ti 3d character, but instead of a band gap there is an
overlaps,0.6 eVd, making TiTe2 a semimetal.21,22 The true
nature of TiSe2 has been intensively debated, but recent
high-resolution studies point toward a very small band gap
s,0.03 eVd at room temperature, and a larger gap
s,0.1 eVd at 100 K due to a charge density wave transition
with Tc<200 K.23,24 In theory, the presence of a band gap
should restrict the transfer of electrons to the substrate, and
thus favor the condensation of metallic islands. The observa-
tion that alkali metals condenses as readily on metallic TiTe2
as on semiconducting TiS2 disproves that this mechanism is
of importance for the Ti dichalcogenides. It should be noted,
however, that all three substrates become metallic as soon as
intercalation has begun.

B. Room temperature

1. Core levels

The experiments with deposition of Rb at room tempera-
ture were done using a beamline unsuitable for measurement
of Rb 3d spectra. Instead, we measured the Rb 4p core lev-
els, which offer the same kind of information about the
chemical state of the Rb. Figure 12 shows Rb 4p spectra
measured after depositions onsad TiSe2 and sbd TiTe2. One
normal emission spectrum and one spectrum measured at 75°
polar emission angle, together with the difference between
them, are shown for each substrate. The results are strikingly
similar. Four peaks are visible in each spectrum, and in anal-

FIG. 12. Rb 4p spectra measured from Rb intercalated samples
of sad TiTe2 and sbd TiTe2. The photon energy was 34 eV.
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ogy with the Rb 3d results in Sec. III A, we associate the
spin-orbit split peaksI andI8 with intercalated Rb and peaks
S and S8 with Rb remaining on the surface. The difference
spectra show that the principal effect of increased emission
angles is an intensity decrease in theI and I8 peaks, thereby
confirming that they originate from intercalated Rb. The re-
sults obtained after room temperature depositions are essen-
tially the same as those obtained by low temperature depo-
sitions followed by warming to room temperature, although
the relative intensity of theS and S8 peaks appears to be
higher in Fig. 12 than in Fig. 10. Partly this is due to the Rb
4p spectra being more surface sensitivesdue to lower kinetic
energies of the photoelectronsd, but it is also possible that
more Rb was trapped on the surface by contamination from
the Rb sources, which were run at higher current to compen-
sate for the lower sticking coefficient at room temperature.
The chemical shiftss,1 eVd betweenI andSseen in Fig. 12
are similar to what is found for other alkali/TMDC
systems,25 but larger than those found in Table I. Also this
difference may be due to a larger degree of contamination
after the room temperature depositions. It should be consid-
ered, however, that theSandS8 peak positions in Table I are
obtained through peak fitting but not directly observable, and
may therefore be less accurate.

The Se 3d and Te 4d spectra measured after the room
temperature depositionssnot shown hered exhibited small
shifts s,0.1 eVd toward higher binding energies and in-
creased asymmetrysespecially Se 3dd, but were otherwise
unremarkable. Compared to Se 3d and Te 4d spectra ob-
tained after low temperature deposition and subsequent
warming, there are no significant differences.

2. Valence bands

Series of angle-resolved valence band spectra were mea-
sured in theG M and G K M azimuthal directions, withhn
=20 eV for TiSe2 andhn=22 eV for TiTe2, before and after
Rb intercalation. These series of spectra were used to con-
struct structure plots, which show the energies of spectral
features plotted againstki sthe surface-parallel component of
the photoelectron wave vectord. Instead of manual determi-
nation of peak positions, we used a procedure based on the
second derivative of each spectrum: After Gaussian smooth-
ing ffull width at half maximumsFWHMd 0.14 eVg of the
second derivative we marked the energy ranges where the
second derivative was negative below a certain limit. This
limit, and the degree of smoothing, were chosen in order to
eliminate noise-induced false peaks, without missing true
peaks. As an example, Fig. 13 shows a typical spectrum, its
second derivative, and the resulting indication of spectral
peaks.

Figure 14 shows the resulting structure plots for TiSe2 and
RbxTiSe2, while Fig. 15 shows those for TiTe2 and
RbxTiTe2. The peaks are indicated by bars along lines of
constant emission angle. A significant advantage of this
mode of representation is that not only the positions of the
peaks are shown, but also their widths. One should be aware,
however, that overlapping peaks may show up as single long
bars in the plots.

In addition to structure plots, Figs. 14 and 15 also contain
calculated energy bands along the symmetry linesGM,
GKM, ssolid linesd AL, andAHL sdashed linesd. However, as
the perpendicular wave vector component is not conserved in
the photoemission process, the experimental structure plots
should be compared with the surface projected band struc-
tures. Close approximations to the surface projected band
structures are provided by the cross-hatched areas between
connected pairs of bands.

The calculations were self-consistent and scalar-
relativistic, but did not include spin-orbit splitting. They
were done by the linearized augmented plane wavesLAPWd
method, and the parametrized Ceperley-Alder26 form of the
exchange-correlation potential was used. The lattice param-
eters used in the calculations
for TiSe2 were a=3.450 Å sdistance between nearest-
neighbor atoms within a sheetd and c=6.008 Å sdistance
between two equivalent atoms in adjacent layersd. For the
hypothetical RbTiSe2 structure we useda=3.540 Å and
c=8.058 Å. For TiTe2 and RbTiTe2 we useda=3.778 Å for
both, andc=6.493 Å and 8.382 Å, respectively. The new
values ofc was estimated from ion radius considerations,
using r =1.48 Å for Rb+.

The calculated bands for RbTiSe2 and RbTiTe2 were
shifted upwards by,0.1 eV, to obtain the best possible
agreement with the structure plot. After this energy shift, the
agreement between the structure plot and the approximate
surface band structure is excellent. The energy shift is justi-
fied because the calculations were done for a fully interca-
lated system, while in reality we had RbxTiSe2 and RbxTiTe2
with x,0.5, and consequently a smaller occupation of the Ti
3d band. The surface projected bands are much narrower
after Rb intercalation, as a consequence of the decreased
perpendicular dispersion, connected with the increased layer
separation. Generally,scd andsdd in Figs. 14 and 15 show an
agreement between our experimental structure plots and the
calculated band structure, which would be unlikely if the
deposited Rb had not intercalated. However, after intercala-
tion, stationary peaks are seen immediately below the Fermi
level, even where the Ti 3d should be unoccupied, e.g.,

FIG. 13. A valence band spectrum of RbxTiTe2, together with its
second derivative is negative. The spectrum was obtained at a polar
emission angle of 10° in theG M azimuthal direction The photon
energy was 22 eV.
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FIG. 14. sad: Structure plot for
clean TiSe2 along the G M azi-
muthal direction. Black bars cor-
respond to spectral peaks, which
are compared withGM sfull linesd
and AL sdashed linesd bands cal-
culated by the LAPW method.
The cross-hatched areas approxi-
mate the surface projected band
structure. The structure plots were
obtained from spectra measured
with hn=20 eV. sbd Same assad,
but along theG K M azimuthal di-
rection. scd As sad, but the struc-
ture plot where obtained from
spectra measured after Rb deposi-
tion, and they are compared with
senergy shiftedd calculated bands
for the hypothetical RbTiSe2 com-
pound.sdd Same asscd, but along
the G K M azimuthal direction.

FIG. 15. sad Structure plot for
clean TiTe2 along the G M azi-
muthal direction. Black bars cor-
respond to spectral peaks, which
are compared withGM sfull linesd
and AL sdashed linesd bands cal-
culated by the LAPW method.
The cross-hatched areas approxi-
mate the surface projected band
structure. The structure plot were
obtained from spectra measured
with hn=22 eV. sbd Same assad,
but along theG K M azimuthal di-
rection. scd As sad, but the struc-
ture plot where obtained from
spectra measured after Rb deposi-
tion, and they are compared with
senergy shiftedd calculated bands
for the hypothetical RbTiTe2 com-
pound.sdd Same asscd, but along
the G K M azimuthal direction.
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aroundKsHd. These peaks are caused by the action of the
Fermi cutoff on the tails of the bands above the Fermi level.
Inelastic scattering from occupied regions of the Brillouin
zone may also contribute to these peaks.

IV. CONCLUSIONS

Rb deposited on TiSe2 and TiTe2 at 100 K is initially
adsorbed in a dispersed phase, which gradually becomes
denser. This phase lacks long-range order, except at densities
where the Rb-Rb distances happen to be commensurate with
periodicity of the TMDC surface, which is revealed by weak
232 or Î33Î3 superstructures in LEED.

When the deposition continued, the dispersed Rb began to
condense into metallic islands of monolayer thickness. In the
Rb 3d spectra, this new phase of adsorbed Rb was distin-
guished from the dispersed phase by producing peaks of
lower binding energy. For submonolayer coverages, both
phases were seen to co-exist. After completion of the first
metallic monolayer, the Rb films grew in a layer-by-layer
fashion, and three different components were seen in the Rb
3d spectra, corresponding to the interface layer, bulk layers,
and the surface layer, respectively. For the double-layer Rb
film, the bulk component was missing. The layer-by-layer
growth of Rb was particularly striking on the TiTe2 surface.
The behavior of the Rb/TiSe2 and Rb/TiTe2 systems is very
similar to that previously found for the Cs/TiS2 system, de-
spite significant differences in the electronic nature of the
different TMDCs.

Upon warming to room temperature, the deposited Rb
intercalated into both TiSe2 and TiTe2. The intercalation was
evident from the appearance of specific intercalation peaks in
the Rb 3d spectra, the vanishing of the overlayer peaks, and
increased emission from the TMDC layers. For multilayer
Rb films, on both TMDCs, the layer-specific sharp peaks in
the Rb 3d spectra vanished and were replaced by much
broader structures, before the onset of massive intercalation.
This observation suggests that the Rb films underwent some
kind of melting transition. Rapid intercalation was observed
when the temperature reached,160 K for TiSe2 and

,140 K for TiTe2, but in the latter case a small amount of
Rb was found intercalated already during deposition, at 100
K. These results indicate a somewhat lower energy barrier
for intercalation in TiTe2. For TiSe2 with submonolayer Rb
coverage, the onset temperature for intercalation was found
to be ,230 K, which is significantly higher than with
multilayer coverage.

Warming to room temperature in all cases resulted in Rb
3d spectra with sharp intercalation peaks, and broader peaks
of higher binding energy, corresponding to Rb trapped on the
surface.

Deposition of Rb at room temperature resulted in prompt
intercalation, and the Rb 4p spectra showed intercalation and
surface components, which were clearly identified through
their different sensitivities to emission angle changes. Appar-
ently, the final results of room temperature deposition, and
deposition at low temperature followed by warming up to
room temperature, are the same. The binding energies of
surface-related features in the core level spectra may vary,
however, depending on the deposition conditions, e.g., total
Rb dose and presence of contaminants.

Structure plots constructed from angle-resolved valence
band spectra from both pure and Rb intercalated TiSe2 and
TiTe2 were found to be in excellent agreement with band
structures calculated by the LAPW method. The agreement
was particularly striking for the intercalated samples.

We have reached a fairly good understanding of the stud-
ied systems, but some vital issues remain to be clarified. One
such issue is the nature of the alkali metal remaining on the
surface: Is it uniformly distributed or trapped by defects?
How is it affected by contamination? Another big question is
the importance of defects in the intercalation process. It
seems likely that spectroscopy needs to be complemented by
other techniques, such as photoelectron microscopy and
scanning probe microscopy to address these issues.
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