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Rb intercalation of 1T-TaSe2 studied by photoelectron spectroscopy
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The electronic structure of the layered compound 1T-TaSe2, before and after deposition of Rb, was studied
by angle-resolved photoelectron spectroscopy. Core level spectra verified that the deposited Rb intercalated,
with only small amounts remaining on the surface. Valence band spectra revealed major changes in the
electronic structure, but good agreement with calculations was found for the bands of Se 4p character. In
contrast, the Ta 5d bands were modified by the presence of a strong charge density wave, which was signifi-
cantly affected by the Rb intercalation. The intercalation also caused a metal to semiconductor transition,
although possibly not completely. The observed changes can be attributed to charge transfer, weakened cou-
pling between the layers and reduced hybridization between Se 4p and Ta 5d states. Comparisons are made
with related systems.
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I. INTRODUCTION

Intercalation compounds formed by insertion of forei
atoms or molecules in layered transition metal dichal
genides~TMDC’s! have been studied extensively during t
recent decades.1–4 These efforts have been motivated both
the suitability of these materials as model systems for a w
range of interesting phenomena and by their potential
practical applications, e.g., in battery technology.

The formula unit for the TMDC’s isTX2, whereT is a
transition metal~e.g., Ta! andX stands for S, Se, or Te. Eac
layer consists of a hexagonal sheet of transition metal ato
sandwiched between two hexagonal chalcogen sheets. I
1T polytype, the coordination of the transition metal by t
chalcogen atoms is octahedral, as shown in Fig. 1. The in
nal bonds in the layers are strong and of mixed ionic a
covalent character, while the bonds between adjacent la
are weak and mainly of van der Waals character. Due to
highly anisotropic bonding, one may obtain clean surface
high quality by cleavagein vacuo, which is a significant
experimental advantage. It is the weakness of the interla
bonds which opens the possibility to intercalate, e.g., al
metals between the layers, as the energy needed to m
room for alkali ions between the layers is relatively sma
The electronic structure will change upon alkali metal int
calation, both because of the filling of the valence band
because of the decoupling of the layers as their separa
increases.4,5

Intercalation with small alkali atoms like Na or Li is sui
able in studies of the valence band filling, but if one partic
larly wants to study the effect of increased layer separat
intercalation with Cs is the most interesting. Intercalati
with the intermediately sized alkali metals K and Rb is le
studied.

Recently it was reported that Rb depositedin situ on vari-
ous TMDC crystals formed nanowire networks with me
sizes of;1 mm, preferably along small irregularities on th
extremely flat TMDC surfaces.6 This effect was studied for a
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number of different TMDC’s, both metallic (1T-TaS2 ,
TiTe2 , VSe2) and semiconducting (WSe2, HfS2 , TiS2). In
subsequent detailed studies of Rb adsorption on 1T-TaS2
~Refs. 7 and 8! and TiTe2 ~Ref. 9! it was concluded that the
observed changes in the electronic structure were induce
the nanowire formation, rather than by intercalation. This
in strong contrast to earlier studies of alkali metal deposit
on TMDC surfaces.

The present study is done on 1T-TaSe2, which is very
similar to 1T-TaS2. Our aim has been to clarify how R
behaves when deposited on surfaces of these and other
DCs, and how the electronic structure of the host material
modified. Both 1T-TaSe2 and 1T-TaS2 have strong charge
density waves~CDW’s! at room temperature, and it is know
that alkali metal deposition on these materials modifies
CDW’s significantly.7,8,10–12Any new results which contrib-
ute to the understanding of these changes should be of
ticular interest.

II. EXPERIMENTAL DETAILS

Core level and valence band spectra from 1T-TaSe2, both
before and after Rb deposition, were measured at beam
33 of the MAX-lab synchrotron radiation facility in Lund
Sweden. This beamline includes a spherical grating mo
chromator providing photons with energies in the range 1
200 eV and an endstation with a Vacuum Generators ARU
10 angle-resolving electron energy analyzer. The synchro
radiation was incident at an angle of 45° and polarized in
plane of incidence. The overall energy resolution was ty
cally ;0.1 eV. The pressure in the UHV system was in t
10210 mbar range or lower in both spectrometer and pre
ration chambers during the measurements, which were
performed in a single experimental run.

The 1T-TaSe2 single crystal was attached to the samp
holder by silver filled epoxy resin, and a clean mirrorlik
~0001! surface was obtained by cleavagein vacuo.

The sample was azimuthally oriented by low-energy el
©2003 The American Physical Society07-1
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tron diffraction ~LEED! for measurements along theḠK̄M̄

and ḠM̄ directions, respectively. The position of the Fer
level was determined by measurement from a Ta foil in el
trical contact with the sample. All binding energies~BE’s!
are given relative to the Fermi level.

After measuring reference core level and valence b
spectra from the host crystal, Rb was depositedin situ from
a carefully outgassed SAES getter source. The Rb so
was operated at a current of 6.0 A for 5 min, which sho
correspond to a Rb coverage on the sample surface of se
monolayers. During the Rb deposition, the pressure in
preparation chamber increased from 5310211 mbar to 8
310210 mbar.

III. EXPERIMENTAL RESULTS

A. Core levels

The Ta 4f spectra before and after the Rb deposition
shown in Fig. 2~a!. The deposition increased the CDW spl
ting of the spin-orbit doublet by shifting the high-BE pea
downwards, while the position of the low-BE componen
were not effected. Also, the intensity of all peaks increas

FIG. 1. The crystallographic structures of 1T-TaSe2 and hypo-
thetical 1T-RbTaSe2. The corresponding surface and bulk Brillou
zones are shown to the left.

FIG. 2. ~a! Ta 4f core level spectra obtained before~i! and after
~ii ! Rb deposition.~b! The corresponding Se 3d core level spectra.
In both panels the spectra are normalized to have the same b
ground intensity.
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The Se 3d spectra before and after the Rb deposition
shown in Fig. 2~b!. Before the deposition a shoulder wa
visible for each peak on the low-BE side,;0.3 eV from the
main peaks. After the Rb deposition the shoulder was abs
and the spin-orbit doublet was slightly shifted (;0.05 eV)
towards higher BE.

The Rb 4p spectra after the Rb deposition are shown
Fig. 3~a!. They were measured both at normal emission a
at polar emission angleu575°. The most striking difference
between the two spectra is the large difference in the int
sity of the lowest-BE peak and the disappearence of
shoulder on the low-BE side of the middle peak.

Ta 4f , Se 3d, and Rb 4p spectra were also recorded aft
an additional 235 min Rb deposition at 6 A~in total 335
min at 6 A!, but did not show any significant changes, co
pared to the spectra obtained after the first Rb depositio

B. Valence bands

Valence band spectra were measured withhn524 eV,
both before and after the Rb deposition. The spectra w
measured along theḠK̄M̄ azimuthal direction withu in the
range230° to 75°. Negative polar angles denotes emiss
directions on the same side of the surface normal as
incident light beam.

The full angular series of valence band spectra are
shown here, but the results are instead presented as stru
plots in Sec. IV D. The normal emission spectra before a
after Rb deposition are shown in Fig. 4. Figure 5 shows
uppermost parts of the spectra withu in the range215° to
15° both before and after the Rb deposition. Both these
ures illustrate the significant changes caused by the dep
tion.

IV. DISCUSSION

A. Rb intercalation

There are four clearly visible components in the norm
emission Rb 4p spectrum~i! in Fig. 3~a!. Spectrum~ii !, ob-

ck-

FIG. 3. ~a! Rb 4p core level spectra obtained after Rb depo
tion onto 1T-TaSe2. The spectra~i! and ~ii ! were obtained at polar
emission anglesu50° and 75°, respectively, while~iii ! is the dif-
ference spectrum.~b! The data points~dots! of spectrum~i! together
with a fitted curve~solid line!, composed of a linear backgroun
and the two doublet peaks P1 and P2 ~dashed lines!. Details of the
fitting procedure are given in the text.
7-2



-
E
f
e
e-
th
ec
4

ts:
the

de-
s is
tron

ec-
s
m

ts
a

e

m-
ef-
ack-
not
eti-

as a
eld
ity

te,
ate

fo

a

h
rm
to

Rb INTERCALATION OF 1T-TaSe2 STUDIED BY . . . PHYSICAL REVIEW B67, 125107 ~2003!
tained with the polar emission angleu575°, shows a dras
tically reduced intensity of the two features of lowest B
The difference spectrum~iii ! confirms that the main effect o
the increased emission angle is an intensity loss in a p
doublet with;1.5 eV lower BE than the less affected r
maining doublet, although a slight difference in peak wid
prevents a complete elimination of the latter doublet in sp
trum ~iii !. Our interpretation is that the measured Rbp

FIG. 4. Normal emission valence band spectra measured be
~i! and after~ii ! Rb deposition.

FIG. 5. The upper parts of valence band spectra obtained~a!
before and~b! after Rb deposition. The spectra were measured

polar emission anglesu ranging from215° to 15° in theḠK̄M̄
azimuthal direction. The emission angle was counted negative w
the emission direction was on the same side of the surface no
as the light beam, positive when on the other side. The pho
energy was 24 eV.
12510
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spectra are superpositions of two spin-orbit split double
one corresponding to Rb adsorbed on the surface and
other corresponding to intercalated Rb. The intensity
crease of the latter component at large emission angle
then a straightforward consequece of the small photoelec
escape length.

To obtain a more accurate analysis of the Rb 4p emission,
we have applied a numerical peak-fitting procedure to sp
trum ~i! in Fig. 3~a!. The result of this fitting procedure i
presented in Fig. 3~b!, which shows the measured spectru
~dots! compared with a fitted curved~solid line!, which was
obtained from a superposition of two spin-orbit split double
(P1 and P2) and a linear background, convoluted with
Gaussian. The equation for the fitted curve is

S~E!5E @P1~E8!1P2~E8!1B~E8!#G~E2E8!dE8,

~1!

whereG(E2E8) is a Gaussian with unit area~standard de-
viation s). The spin-orbit split doublets are given by

P1~E!5 i 1$L1~E2Epeak1
!1r 1L2@E2~Epeak1

2Eso1
!#%,

~2!

P2~E!5 i 2$L1~E2Epeak2
!1r 2L2@E2~Epeak2

2Eso2
!#%,

~3!

and the linear background is given byB(E)5k1E1k0. In
Eqs. ~2! and ~3!, i 1 and i 2 denote the intensities of th
low-BE components of the spin-orbit doublets,r 1 and r 2
denote the branching ratios between thep1/2 and thep3/2
components, andEpeak1

and Epeak2
denote the BE’s of the

low-BE components of each doublet, whileEso1
and Eso2

denote the energy splittings.L1 andL2 are Lorentzian func-
tions of widthsa1 anda2 given by

Li~E!5
1

11a iE
2

. ~4!

The full width at half maximum~FWHM! equals 2/Aa i .
The fitted curve in Fig. 3~b! was obtained by using

the following values: i 1550100, i 2538000, r 150.637,
r 250.735, Epeak15215.37 eV, Epeak2

5213.89 eV, Eso1

50.90 eV, Eso2
50.93 eV, a1516.2 eV22, a2516.4

eV22, s50.1 eV, k1523680 eV21, andk05223800.
The model used is highly simplified: the line shape asy

metry caused by metallic screening and CDW-induced
fects have both been neglected, and the use of a linear b
ground is also a coarse approximation. Therefore it is
surprising that the branching ratios deviate from the theor
cally expected values. The spin-orbit splitting of P1 found is
less accurate as the high-BE component appears only
shoulder in the measured spectrum. The fit should still yi
the BE’s of the other peaks with high accuracy. The intens
ratio between P1 and P2 should also be reasonably accura
although the use of a linear background may overestim
the P2 intensity somewhat.
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The fitting procedure thus confirms that the measured
4p spectra are superpositions of two peak doublets P1 and P2

shifted by;1.48 eV with respect to each other. P2 remains
intense at all emission angles, while the intensity of P1 falls
rapidly as the emission angle is increased. The behavio
P2 is exactly what one would expect from Rb species on
of the surface, while the angular sensitivity of P1 is difficult
to reconcile with anything else than subsurface Rb spec
The observed intensity changes in the the two Rb 4p pairs is
therefore strong evidence that intercalation with Rb has
curred. The BE difference between the two component
furthermore very similar to the BE differences found in oth
alkali-TMDC systems upon intercalation.11,13–17Since pho-
toelectrons from intercalated Rb have to penetrate throug
least one full host layer, it is obvious that the correspond
peaks should be strongly damped even at normal emiss
That the surface and intercalation related features in Fig
are of similar intensity therefore implies that most of t
deposited Rb has indeed intercalated.

Our present results are seemingly in conflict with the fin
ings reported by Adelunget al.,6–9 as they generally ob
served formation of Rb nanonetworks on TMDC surfac
instead of intercalation. In their detailed study of t
Rb/1T-TaS2 system,8 they propose that the nanowires for
in cracks of the first host layer and that these cracks pro
gate further by the induced stress. As the fresh cracks
filled by Rb atoms diffusing on the surface, the wires th
grow in a self-sustaining manner. According to this mod
the penetrating Rb wires cause the first layer to corrugate
become separated from the next layer, with no intercala
Rb atoms away from the wires. They also attribute the
currence of different CDW superstructures to whether the
wire networks are open or closed.

The STM results by Adelunget al. firmly prove that Rb
deposition on TMDC surfaces results in formation of met
lic wire networks under certain conditions. Since we ha
not used STM in our present study, we cannot exclude
presence of metallic Rb wires on our sample surface, but
Rb 4p spectra nevertheless provide strong evidence that,
der our deposition conditions, most of the Rb does inter
late.

If Rb deposition may lead to either wire formation
intercalation, it is of great interest to sort out which con
tions favors which outcome. A reported requirement for w
formation is that the Rb source should be operated at h
temperature.6,8 It was proposed that the adsorbed Rb ato
would otherwise not attain high enough kinetic energies
diffusion to the ‘‘folds’’ or cracks were the wires formed
Also the higher Rb flux obtained with a hotter source mig
be of crucial importance for the outcome. If metallic islan
or wires are more stable against intercalation than dispe
alkali metal atoms, as hinted by a low-temperature study
the Cs/TiS2 system,18 and if there is a competition betwee
intercalation and wire formation, it seems reasonable
higher flux should favor wire formation through an increas
probability for adsorbed atoms to interact with each ot
before there is a possibility of intercalation. The behavior
Rb atoms adsorbed on TMDC surfaces may also be
foundly influenced by the presence of contaminants. Alk
12510
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intercalated TMDC samples can be de-intercalated by ex
sure to oxidizing species,19,20 and if, e.g., oxygen is presen
on the surface during the deposition, it may have a sign
cant effect on the adsorbtion and perhaps inhibit the inte
lation completely. The valence band spectra measured f
different Rb/1T-TaS2 systems by Adelunget al.8 are domi-
nated by broad features around 5–6 eV BE, which are
seen at all in our corresponding spectra from Rb/1T-TaSe2,
e.g., spectrum~ii ! in Fig. 4. As such broad and intense fe
tures are typical for severely contaminated samples, one
suspect that the Rb networks were partially oxidized. If t
oxidation occurs already under the deposition, which, e
may happen if the source is not sufficiently outgassed be
operation, it may have a stabilizing effect on the wires a
possibly also inhibit the intercalation.

In the attempts to reconcile our present results fr
Rb/1T-TaSe2 with those of Adelung et al.8 from the
Rb/1T-TaS2 system, one may also consider the possibil
that the latter samples actually were intercalated in addi
to the formation of Rb wires. An indication for this is that th
valence band spectra show the same type of changes as
monly associated with intercalation. Furthermore, for the
lated nanowire Rb/TiTe2 system, STM height profiles show
an increased separation (;1 Å) between the first two
layers.9 Such an elevation of the first layer across the wh
mesh area is hardly possible without any intercalated ato
in the interlayer gap.

In this context it is interesting to compare with th
Cs/TiS2 system, for which a transmission electron micro
copy study20 revealed a network of cracks very similar
appearance to the Rb wire networks. Whether the cracks
tained metallic Cs was not examined, but strong evidence
Cs intercalation was found. This example shows that the
mation of crack networks on the surface is by no mea
incompatible with intercalation, but rather should favor it.

B. CDW effects

The charge transfer due to intercalation with Rb chan
the shape of the Fermi surface, which is of critical impo
tance to the CDW periodicity. As seen in Fig. 2~a!, interca-
lation with Rb increased the Ta 4f CDW splitting from 0.64
eV to 0.80 eV. This effect is the same as found upon int
calation with Cs~Ref. 11! and is qualitatively explained by
the model of Crawack and Pettenkofer,12 by considering the
differences in charge distribution between theA133A13 and
c(2A334) CDW phases.

As the CDW is largely confined to the Ta sheets, it w
affect the Se core levels much less than the Ta levels. C
sequently the Se 3d spectra in Fig. 2~b! mainly show spin-
orbit splitting. Only spectrum~i!, measured before the inte
calation, shows weak shoulders which can be attributed
the influence of the CDW. It is notable that the shoulders
no longer visible in spectrum~ii ! obtained after the Rb inter
calation. Apparently the CDW becomes even more confin
to the Ta sheets after the intercalation. As discussed in
IV E below, this could be due to reducedp-d hybridization
in the valence band. Alternative explanations of the sho
ders could involve BE differences between bulk and surf
7-4
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layers, but the absence of similar Se 3d shoulders in compa
rable high-resolution spectra from layered selenides with
CDW’s ~Refs. 15 and 17! speaks against such interpretation

C. Metal to semiconductor transition

Crawacket al.11 have previously reported that the CDW
transition induced by Cs intercalation is accompanied b
metal to semiconductor transition. This appears to be
case also for intercalation with Rb. As seen in Figs. 4 an
the dominating Ta 5d peak withdraws from the Fermi leve
leaving a band gap of;0.5 eV after the intercalation. In
agreement with Crawacket al.,11 we believe this is due to a
Mott-Hubbard localization in the Ta 5d band. However, on
close inspection of Fig. 5~b! one may discern a low-BE
shoulder on the main peak foru5610°. For these moder
ately off-normal emission angles there is also a trace of em
sion reaching up to the Fermi edge. To obtain a clearer
ture of this we have evaluated the emission at the Fermi le
(6 the energy resolution! as a function ofu, both before and
after the Rb intercalation. The results are presented in Fig
with the emission angles converted to corresponding va
of ki , the wave-vector component parallel to the surfa
Before the intercalation the intensity peaks strongly atḠ,
falls practically to zero atK̄, but reappear weakly aroundM̄ .
After the intercalation the intensities are drastically reduc
~although multiplied by a factor of 3 for clarity in Fig. 6!.
Somewhat unexpectedly, there still remains some signific
Fermi level emission, peaking at60.4 Å21 ~corresponding
to 610° emission angle!. This is not likely due to emission
from unintercalated deeper layers, because one would
expect the intensity to peak atḠ. Similar Fermi level emis-
sion was also observed for foru5610° in the ḠM̄ azi-
muthal direction~not shown here!. From this observation o

FIG. 6. Photoemission intensity at the Fermi level plott

againstki in the ḠK̄M̄ azimuthal direction. The photon energy wa
24 eV. Prior to evaluation, the spectra were normalized to h
equal background intensity. Solid and open circles denote inte
ties before and after Rb deposition, respectively.
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spectral weight at the Fermi level in different azimuthal d
rections, one may speculate that the metal to semicondu
transition is not complete, but that an almost circular Fer
surface of radius;0.4 Å21 aroundḠ ~if perpendicular dis-
persion is neglected! may remain after the intercalation. Th
possible origin of such a Fermi surface is discussed in S
IV E below.

D. Valence band dispersions

Figures 7 and 8 show the structure plots for pure and
intercalated 1T-TaSe2, respectively. They were obtaine
from the angular series of valence band spectra and show
energy of spectral features plotted againstki in the ḠK̄M̄
azimuthal direction.21 Conspicous peaks are represented
solid circles, while shoulders and other weak structures
denoted by open circles. The structure plots can be dire
compared with calculated bands, but complications arise
the perpendicular wave-vector componentk' is not con-
served in the photoemission process. Ideally, the compar
should be with the surface-projected band structure. Our s
plified approach in Figs. 7 and 8 is to include calculat
bands for theGKM andAHL symmetry lines, with the area
between connected pairs of bands crosshatched. These c
hatched areas are a close approximation to the surf
projected band structure. The calculations were s
consistent and scalar relativistic, but did not include sp
orbit splitting. They were done by the linear augment
plane wave ~LAPW! method, and the parametrize
Ceperley-Alder22 form of the exchange-correlation potenti
was used. The lattice parameters used in the calculation

e
i-

FIG. 7. Structure plot for clean 1T-TaSe2 along theḠK̄M̄ azi-
muthal direction. Solid circles correspond to conspicuous spec
peaks, open circles to weaker structures. Comparisons are m
with GKM ~solid lines! and AHL ~dashed lines! bands calculated
by the LAPW method. The crosshatched areas approximates
surface projected band structure. The experimental points were
tained from spectra measured withhn524 eV.
7-5
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1T-TaSe2 werea53.477 Å andc56.272 Å. For the hypo-
thetical 1T-RbTaSe2 structure we useda53.477 Å andc
58.167 Å.

CDW’s can be included in first-principles calculations
the use of supercells, as was recently done by Sharmaet al.23

This approach proved valuable for the understanding
CDW stability, but in practice comparison with experimen
results is more convenient using non-CDW bands in the
reconstructed Brillouin zone.

The agreement in Fig. 7 between the experimental po
and calculated bands is surprisingly good, considering
the CDW superlattice was not included in the calculatio
For the Se 4p bands the agreement is almost as good as
e.g., VSe2, which has the 1T structure without any CDW
reconstruction at room temperature.15 The only major devia-
tion is that the uppermost Se 4p band around theK̄ point
appears to have;1 eV lower BE than calculated. The agre
ment found supports the view that the electronic states
dominantly of Se origin are not much affected by the CD
superlattice. In contrast, there are clear CDW effects in
Ta 5d bands close to the Fermi energy. Over most of
surface Brillouin zone, two weak nondispersive structu
are seen in the range 0–1 eV BE. This is in qualitative agr
ment with the simple model of Smithet al.,24 according to
which the lowest Ta 5d band is split up into three subban
manifolds by the CDW superlattice potential. The obser
tion of two, rather than three, peaks can be attributed
resolution and photoemission cross-section effects. ArounḠ
the Ta 5d emission is significantly different, however, with
very intense peak appearing immediately below the Fe
level. This peak gives rise to the strong Fermi level emiss
also evident in Fig. 6, and it is striking how well the range
k space with high intensity corresponds to the range wh
the calculated Ta 5d band straddles the Fermi level. Th
agreement, which is commensurate with the metallic na

FIG. 8. Same as Fig. 7, but with experimental points obtain
after Rb deposition and with calculated bands for the hypothet
1T-RbTaSe2 compound.
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of 1T-TaSe2,25 suggests that the effects of the CDW on th
portion of the Fermi surface and the states producing it
very limited. This does not exclude Fermi surface nesting
an important condition for the CDW formation, however,
the nesting primarily should involve portions of the Ferm
surface aroundM̄ . In qualitative agreement with this, ther
are no visible Fermi level crossings aroundM̄ in Fig. 7.

Figure 8 shows that the agreement between experime
results and calculated bands after intercalaton with Rb
even better than for the pure host material, with exception
the Ta 5d bands. This is particularly remarkable as the c
culations were done for the fully intercalated RbTaSe2 com-
pound with the hypothetical 1T structure shown in Fig. 1
The only adjustment done to the calculated band struc
was an upward energy shift by;0.1 eV to compensate for a
smaller band filling than in the fully intercalated compoun
A major difference from the 1T-TaSe2 band structure is tha
the perpendicular dispersion is significantly smaller after
intercalation. Like increased band filling, this seems to b
general effect of alkali metal intercalation in TMDCs.4 How-
ever, for the Ta 5d band the agreement is very poor, whic
can be attributed to a much stronger effect of the CDW
perlattice on the Fermi surface than before the intercalat
Two experimental structures without significant dispers
are seen: One peak with 1.0 eV BE dominates over muc
the Brillouin zone, but becomes invisible close toḠ. Possi-
bly it is just concealed by overlap with the tail of the oth
peak, with 0.5 eV BE, which is particularly intense here. T
latter peak is seen at all emission angles, but the rangek
space with high intensity coincides remarkably with t
range aroundḠ for which the lowest Ta 5d band should be
occupied in the absence of the CDW, according to the b
calculation. Unlike the calculated band it does not dispe
toward the Fermi level away fromḠ, however. The Fermi
level band crossing hinted in Fig. 6 agrees roughly with
calculated crossing in Fig. 8, but is not seen in the struct
plot since the corresponding feature is to weak for dir
observation as a peak.

The nondispersive Ta 5d bands imply that the CDW
states are strongly correlated, and it is therefore impor
that correlation effects are properly accounted for in any c
culations aimed at descibing the Ta 5d emission.

E. Significance ofp-d hybridization

The comparison between experimental structure plots
calculated bands for 1T-TaSe2 before and after Rb intercala
tion indicates that the influence of the CDW’s on the Sep
bands is very weak, so that these bands are reasonably
described in terms of the unreconstructed Brillouin zo
This is not unexpected, as the electronic states involved
the CDW are mainly of Ta 5d character and largely localize
in the Ta atomic layers. As expected the Ta 5d emission
shows stronger CDW effects, but there is a surpisingly la
difference between the results obtained before and after
Rb deposition: After intercalation the Ta 5d band is recon-
structed into two subbands without significant dispersion a
most, if not all, of the Fermi surface apparently is destroy
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probably through a Mott-Hubbard transition. CDW-induc
nondispersive Ta 5d subbands were seen also before the
tercalation, but only weakly, and the dominating Ta 5d peak

indicated a Fermi surface aroundḠ in fairly good agreemen
with the calculated non-CDW band structure. Obviou
there is less Fermi surface gapping in the pure 1T-TaSe2 and
no sign of any metal to semiconductor transition. It appe
very likely that these differences are connected with chan
in the p-d hybridization upon intercalation. Of the three u
per Se 4p bands near theG point, two are dominated bypx

andpy orbitals and have very small perpendicular dispersi
while the third is ofpz character with considerable perpe
dicular dispersion. From Fig. 7 it is clear that the bands ofpx
andpy character get very close to the Ta 5d band atG in the
pure 1T-TaSe2, while the top of thepz band is found
;0.7 eV below. Since thepz orbitals are directed perpen
dicular to the layers, this latter band is very likely to hybri
ize with the Ta 5d band. The mixing of Se 4p character into
the Ta 5d states should make the latter less localized a
counteract any tendency of Mott-Hubbard localization. T
CDW effects should also be reduced in thek space region
with strong hybridization. The lower reconstructed Ta 5d
subband seems to be completely removed in this reg
where it otherwise would have overlapped with the top of
pz band. As can be seen in Fig. 8, the bands ofpx and py
character are relatively unchanged after the intercalation.
cause of the orientation and symmetry of these orbitals,
hybridization effects remain small, despite a direct ene
overlap with the Ta 5d band atG. In contrast, thepz band is
strongly affected by the intercalation. As a consequence
the weakened interlayer coupling, the perpendicular dis
sion is reduced by a factor of;0.4, so that the top of the
band after intercalation is found almost 2 eV below t
Fermi level. The increased separation from the Ta 5d band
should lead to much weaker hybridization, leaving the Tad
states more localized with sufficiently strong correlation
drive a metal to semiconductor transition. The CDW sho
also be stronger, but the apparent weakening of the lo
subband emission aroundG may involve some remaining
p-d hybridization.

Also the observed changes in the Se 3d core level could
be associated with changes inp-d hybridization. As pointed
out before, the CDW is mainly localized in the Ta atom
layers, why the Ta core levels should be much more affec
than the Se core levels by the CDW induced variations in
electrostatic potential. However, the more Sep states that are
mixed into the Ta 5d bands, the more of the CDW is als
transfered to the Se layers. Therefore one may expect th
core levels to be more affected by the CDW the stronger
hybridization is, unless it is so strong that the CDW is d
stroyed. On the basis of this, we tentatively attribute
shoulders seen in Se 3d spectrum~i! in Fig. 2~b! to CDW
splitting. After the intercalation with Rb thep-d hybridiza-
tion is weaker, and the CDW amplitude in the Se layers
reduced to the extent that the CDW splitting is not resolv
in spectrum~ii !.

In order to map the Ta 5d emission aroundḠ in more
detail, we have used the spectra in Fig. 5 to construct refi
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structure plots, which are presented in Fig. 9. Instead
marking only the center position, the peaks are here re
sented by vertical bars, each one extending over the en
range where the second derivative of the corresponding s
tral curve is negative. Structure plots generated by this p
cedure do not depend on any subjective judgement and h
the advantage that also the widths of the peaks are re
sented. The calculated LAPW bands along theGKM and
AHL directions are also shown in Fig. 9 as solid and das
lines, respectively. The energy positions of the nondispers
CDW subbands visible away from the near-G region are in-
dicated by arrows to the right. Figure 9~a! shows that for
pure 1T-TaSe2 there is one peak of clear Ta 5d character
aroundG which reaches up to the Fermi level. It is partic
larly narrow at G, but away from this point it become
gradually broader and weaker, and its center position s
slightly downwards, and eventually it merges with the we
upper nondispersive subband visible in other parts of
Brillouin zone. Essentially the same behavior of this pe
was observed previously by Horibaet al. using a photon en-

FIG. 9. Refined structure plots for~a! clean 1T-TaSe2 and ~b!
after intercalation with Rb. The plots compare the experimen
peaks from the spectra in Fig. 5 with the calculated bands near

Fermi level around theḠ point in the ḠK̄M̄ azimuthal direction.
The experimental peaks are represented by vertical bars exten
over the energy ranges for which the corresponding spectral cu
have negative second derivative. The bars obtained in this
shows both widths and positions of the peaks. Like in Figs. 7 an
the calculated bands alongGKM andAHL are shown as solid and
dashed lines, respectively.
7-7
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ergy of 21.2 eV.26 About 1 eV below the Fermi level a pea
is seen to disperse in qualitative agreement with the Sepz
band, although the calculated band disperses more rapidl
G it is split up into one narrow peak above the calcula
maximum of thepz band and one broad peak extendi
downwards. This splitting, which is not reproduced by t
LAPW calculation, may involve the combined effects ofp-d
hybridization and the CDW superlattice potential. Figu
9~b! shows the corresponding feature after intercalation w
Rb. The intense Ta 5d peak is now separated from the Ferm
level and coincides with the upper CDW subband. Thepz
band is shifted down, and in agreement with this all visib
Se 4p emission, except a small hint at the very bottom,
found below the energy range shown in the figure. The v
ishing of the lower CDW subband emission aroundG may
be due to remainingp-d hybridization or it is just concealed
by overlap with the tail of the upper peak which is ve
intense here. Forki560.4 Å21 the upper Ta 5d peak is
seen to broaden. This broadening coincides with the m
mum in the Fermi level intensity~see Fig. 6! and may indi-
cate overlap with a dispersing feature too weak to be se
rately resolved. Thus one may speculate that the M
Hubbard transition is not complete, but that some dispers
band remains to cross the Fermi level, making the compo
a poor metal. Such a dispersive band may have a mixedp-d
character, and if the character is largelypx andpy , that could
explain why it is not direcly observed, as the other bands
this character are also invisible at the photon energy used
this context it may be appropriate to compare with the
lated compound 1T-VSe2, wherep-d hybridization modified
the Fermi surface and was revealed mainly through nota
variations in emission intensity from the V 3d band.27

F. Comparison with the CsÕ1T-TaSe2 system

The study of the Cs/1T-TaSe2 system by Crawacket al.11

did not include detailed valence band mapping, but produ
otherwise results almost identical to what we found for
Rb/1T-TaSe2 system. Their assignment of surface and int
calation components in Cs core level spectra is comple
analogous to our interpretation of Rb 4p spectra. They found
Cs intercalation to have the same effect on the Ta 4f CDW
splitting as we obtained with Rb, and also the changes in
Ta 5d band seems to be very similar. Since they did n
measure angular series of valence band spectra, they di
see evidence for any remaining weak metallicity after
intercalation, but that is quite possibly a feature also of
Cs/1T-TaSe2 system. Crawacket al.11 used LEED to deter-
mine that the CDW periodicity changed fromA133A13 to
c(2A334) upon Cs intercalation. Since there is a stro
correlation between Ta 4f splitting and CDW periodicity, it
seems reasonable to believe that accurate LEED studie
the Rb/1T-TaSe2 system would have revealed the same
riodicities.

G. Comparison with 1T-TaS2

The closely related compound 1T-TaS2 differs from
1T-TaSe2 by having a more complicated CDW phase d
12510
At
d

h

-

i-

a-
t-
e
d

f
In
-

le

d
e
-
ly

e
t
not
s
e

g

of
-

-

gram. In the low-temperature limit both compounds disp
the sameA133A13 periodicity, but while 1T-TaS2 under-
goes a metal to semiconductor transition, 1T-TaSe2 remains
metallic. Calculated band structures~without inclusion of
CDW effects! are very similar, but the separation betwe
the Ta 5d and S 3p bands in 1T-TaS2 is significantly larger
than beween the corresponding Ta 5d and Se 4p bands in
1T-TaSe2.28,29 This should lead to significantly smallerp-d
hybridization in 1T-TaS2 which, according to the same rea
soning as for the Rb-intercalated 1T-TaSe2, should lead to
more localized Ta 5d states with stronger correlation effect
We therefore believe that the differences between 1T-TaS2
and 1T-TaSe2 largely are a matter of differences in thep-d
hybridization. Since much of thep-d hybridization in
1T-TaSe2 is removed by the intercalation, one may expe
the alkali metal intercalation compounds of 1T-TaS2 and
1T-TaSe2 to be more similar to each other than the ho
materials are.

Zwick et al.30 have published a high-resolution phot
emission study of the CDW state in 1T-TaS2. They found
that the splitting of Ta 5d states into subbands was clear
associated with the metal to semiconductor transition. In
case the situation is similar, but the transition is forced
intercalation rather than by change of temperature.

V. CONCLUSIONS

Angle-resolved photoelectron spectroscopy has been u
to study the electronic structure of 1T-TaSe2 before and after
in situ intercalation with Rb. Rb 4p core level spectra pro
vides strong evidence that most of the deposited Rb inte
lated. Formation of Rb networks instead of intercalation h
recently been reported, but we believe that such results
quire higher deposition rates and/or the presence of oxidiz
species.

For the pure 1T-TaSe2, the valence bands are in fairl
good agreement with with calculated non-CDW LAP
bands. The only clear CDW effect is a splitting of the Ta 5d

band into nondispersive subbands, but aroundḠ a Fermi sur-
face is found in agreement with the LAPW calculations. T
survival of this Fermi surface can be attributed to strongp-d
hybridization, which counteracts the Ta 5d correlation ef-
fects.

The intercalation with Rb gives rise to prominent chang
in the electronic band structure by adding more electron
the host layers and by reducing the surface-perpendic
band dispersion through weakening of the interlayer el
tronic coupling. The charge transfer alters the CDW perio
icity by changing the Fermi surface nesting, and the redu
surface-perpendicular dispersion decreases the hybridiza
between Se 4p and Ta 5d states. The Fermi surface aroundḠ
is destroyed by a Mott-Hubbard transition, but some rema
ing weak Fermi level spectral weight;0.4 Å21 away from
Ḡ suggests that the metal to semiconductor transition is
complete. One may speculate that a small circular Fermi
face, involving hybridization withpx andpy states, remains
aroundḠ. In contrast, the valence bands of Se 4p origin are
found to agree very well with the non-CDW LAPW bands
7-8
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The Rb intercalation increased the CDW splitting of t
Ta 4f core level. This change can be explained as con
quence of altered CDW periodicity. In contrast, a sm
CDW splitting of the Se 3d core level vanished upon R
intercalation. This is tentatively an effect of the CDW b
coming more confined to the Ta layers through reducedp-d
hybridization.

Pure 1T-TaSe2 has a simpler CDW phase diagram th
1T-TaS2 and remains metallic down to zero temperature.
believe that a fundamental reason for this is the strongerp-d
hybridization, which weakens the correlation effects in t
Ta 5d bands.
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