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Rb intercalation of 1T-TaSe, studied by photoelectron spectroscopy

S. E. Stoltz and H. I. Starnbérg
Department of Physics, @borg University and Chalmers University of Technology, SE-412 Géliecg, Sweden

L. J. Holleboom
Department of Computer Science, Karlstad University, SE-651 88 Karlstad, Sweden
(Received 8 October 2002; published 14 March 2003

The electronic structure of the layered compoufdTaSe, 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 @f Seracter. In
contrast, the Ta & 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 betweenpSand Ta 5 states. Comparisons are made
with related systems.
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l. INTRODUCTION number of different TMDC’s, both metallic ([-TaS,,
TiTe,, VSe) and semiconducting (W$e HfS,, TiS,). In

Intercalation compounds formed by insertion of foreignsubsequent detailed studies of Rb adsorption GATAS,
atoms or molecules in layered transition metal dichalco{Refs. 7 and Band TiTe (Ref. 9 it was concluded that the
genides(TMDC'’s) have been studied extensively during the observed changes in the electronic structure were induced by
recent decade’s.* These efforts have been motivated both bythe nanowire formation, rather than by intercalation. This is
the suitability of these materials as model systems for a widén strong contrast to earlier studies of alkali metal deposition
range of interesting phenomena and by their potential foon TMDC surfaces.
practical applications, e.g., in battery technology. The present study is done onT4TaSe, which is very

The formula unit for the TMDC's isT X,, whereT is a  similar to 1T-TaS,. Our aim has been to clarify how Rb
transition metale.g., Ta andX stands for S, Se, or Te. Each behaves when deposited on surfaces of these and other TM-
layer consists of a hexagonal sheet of transition metal atom§Cs, and how the electronic structure of the host materials is
sandwiched between two hexagonal chalcogen sheets. In theodified. Both I'-TaSe and 1T-TaS, have strong charge
1T polytype, the coordination of the transition metal by the density wavesCDW’s) at room temperature, and it is known
chalcogen atoms is octahedral, as shown in Fig. 1. The intethat alkali metal deposition on these materials modifies the
nal bonds in the layers are strong and of mixed ionic andCDW's significantly®'°-*2Any new results which contrib-
covalent character, while the bonds between adjacent layetge to the understanding of these changes should be of par-
are weak and mainly of van der Waals character. Due to thiicular interest.
highly anisotropic bonding, one may obtain clean surfaces of
high quality by cleavagen vacuq which is a significant Il. EXPERIMENTAL DETAILS
experimental advantage. It is the weakness of the interlayer
bonds which opens the possibility to intercalate, e.g., alkali Core level and valence band spectra fromTaSe, both
metals between the layers, as the energy needed to makefore and after Rb deposition, were measured at beamline
room for alkali ions between the layers is relatively small.33 of the MAX-lab synchrotron radiation facility in Lund,
The electronic structure will change upon alkali metal inter-Sweden. This beamline includes a spherical grating mono-
calation, both because of the filling of the valence band and@hromator providing photons with energies in the range 15—
because of the decoupling of the layers as their separatio?00 eV and an endstation with a Vacuum Generators ARUPS
increaseé:® 10 angle-resolving electron energy analyzer. The synchrotron

Intercalation with small alkali atoms like Na or Li is suit- radiation was incident at an angle of 45° and polarized in the
able in studies of the valence band filling, but if one particu-plane of incidence. The overall energy resolution was typi-
larly wants to study the effect of increased layer separationgally ~0.1 eV. The pressure in the UHV system was in the
intercalation with Cs is the most interesting. Intercalation10™° mbar range or lower in both spectrometer and prepa-
with the intermediately sized alkali metals K and Rb is lessration chambers during the measurements, which were all
studied. performed in a single experimental run.

Recently it was reported that Rb depositeditu on vari- The 1T-TaSe single crystal was attached to the sample
ous TMDC crystals formed nanowire networks with meshholder by silver filled epoxy resin, and a clean mirrorlike
sizes of~1 um, preferably along small irregularities on the (0001 surface was obtained by cleavaigevacua
extremely flat TMDC surface¥This effect was studied for a The sample was azimuthally oriented by low-energy elec-
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FIG. 3. (&) Rb 4p core level spectra obtained after Rb deposi-
tion onto IT-TaSe. The spectrdi) and(ii) were obtained at polar
emission angleg=0° and 75°, respectively, whil@ii) is the dif-
ference spectruntib) The data pointsdots of spectrum(i) together

- with a fitted curve(solid line), composed of a linear background
tron diffraction (LEED) for measurements along tH&KM  and the two doublet peaks Rnd B (dashed lines Details of the
andI'M directions, respectively. The position of the Fermi fitting procedure are given in the text.
level was determined by measurement from a Ta foil in elec-
trical contact with the sample. All binding energiéBE’s)
are given relative to the Fermi level.

After measuring reference core level and valence ban
spectra from the host crystal, Rb was depositeditu from
a carefully outgassed SAES getter source. The Rb sour
was operated at a current of 6.0 A for 5 min, which should
correspond to a Rb coverage on the sample surface of sever.
monolayers. During the Rb deposition, the pressure in th
preparation chamber increased fronx 50 ! mbar to 8
% 10 1% mbar.

FIG. 1. The crystallographic structures of -TaSe and hypo-
thetical IT-RbTaSeg. The corresponding surface and bulk Brillouin
zones are shown to the left.

The Se 3l spectra before and after the Rb deposition are
shown in Fig. 2b). Before the deposition a shoulder was
aisible for each peak on the low-BE side,0.3 eV from the
main peaks. After the Rb deposition the shoulder was absent,
C%nd the spin-orbit doublet was slightly shiftee- Q.05 eV)
towards higher BE.
IThe Rb 4 spectra after the Rb deposition are shown in
Ig. 3(@. They were measured both at normal emission and
at polar emission anglé=75°. The most striking difference
between the two spectra is the large difference in the inten-
sity of the lowest-BE peak and the disappearence of the
shoulder on the low-BE side of the middle peak.
IIl. EXPERIMENTAL RESULTS Ta 4f, Se 3, and Rb 4 spectra were also recorded after

A. Core levels an additional 25 min Rb deposition at 6 Ain total 3x5

min at 6 A), but did not show any significant changes, com-

The Ta 4 spectra before and after the Rb deposition arg,ared to the spectra obtained after the first Rb deposition.
shown in Fig. 2a). The deposition increased the CDW split-

ting of the spin-orbit doublet by shifting the high-BE peaks B. Valence bands
downwards, while the position of the low-BE components

were not effected. Also, the intensity of all peaks increased Valence band spectra were measured with=24 eV,

both before and after the Rb deposition. The spectra were

—————— ——T—T measured along thEKM azimuthal direction withg in the
Ta4f Se 3d
hv=82¢V

range—30° to 75°. Negative polar angles denotes emission
directions on the same side of the surface normal as the
incident light beam.

The full angular series of valence band spectra are not
shown here, but the results are instead presented as structure
plots in Sec. IV D. The normal emission spectra before and
after Rb deposition are shown in Fig. 4. Figure 5 shows the
uppermost parts of the spectra wighin the range— 15° to
15° both before and after the Rb deposition. Both these fig-
@ ures illustrate the significant changes caused by the deposi-
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IV. DISCUSSION

FIG. 2. (a) Ta 4f core level spectra obtained befdigand after

(i) Rb deposition(b) The corresponding Sed3core level spectra.

In both panels the spectra are normalized to have the same back- There are four clearly visible components in the normal
ground intensity. emission Rb 4 spectrum(i) in Fig. 3(a). Spectrum(ii), ob-

A. Rb intercalation
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spectra are superpositions of two spin-orbit split doublets:
one corresponding to Rb adsorbed on the surface and the
other corresponding to intercalated Rb. The intensity de-
crease of the latter component at large emission angles is
then a straightforward consequece of the small photoelectron
escape length.

To obtain a more accurate analysis of the Rbefnission,
we have applied a numerical peak-fitting procedure to spec-
trum (i) in Fig. 3(@). The result of this fitting procedure is
presented in Fig. ®), which shows the measured spectrum
(dotg compared with a fitted curve@olid line), which was
obtained from a superposition of two spin-orbit split doublets
(P, and B) and a linear background, convoluted with a
Gaussian. The equation for the fitted curve is

hv =24 eV
0=0°

Intensity (arb. units)

S(E)=J [P1(E")+Po(E")+B(E")]G(E-E")dE,
@

whereG(E—E’) is a Gaussian with unit argatandard de-

® viation o). The spin-orbit split doublets are given by

P1(E)=i{L.(E- Epeakl) + r1|—2[E_(Epeakl_ Esol)]},

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII (2)
-7 -6 -5 -4 -3 -2 -1 0
E -F, vV .
F V) Po(E) =i5{L1(E—Epear) + oLl E— (Epear,— Eso) 1},
FIG. 4. Normal emission valence band spectra measured before ()

(1) and after(ii) Rb deposition. and the linear background is given IB(E)=k,E+Kkq. In

Egs. (2) and (3), i; and i, denote the intensities of the
low-BE components of the spin-orbit doublets, and r,
denote the branching ratios between {hg, and theps,
omponents, anEpeak1 and Epeak, denote the BE's of the

tained with the polar emission angte=75°, shows a dras-
tically reduced intensity of the two features of lowest BE.
The difference spectruttiii) confirms that the main effect of
the increased emission angle is an intensity loss in a peal
doublet with~1.5 eV lower BE than the less affected re- 0W-BE components of each doublet, whitg, and Es,,
maining doublet, although a slight difference in peak widthsdenote the energy splittings, andL, are Lorentzian func-
prevents a complete elimination of the latter doublet in spections of widthsa; and «, given by

trum (iii). Our interpretation is that the measured Rp 4

Li(E)= (@)
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FIG. 5. The upper parts of valence band spectra obta{aed
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The full width at half maximun{FWHM) equals 24/a;.

The fitted curve in Fig. @) was obtained by using
the following values:i,;=50100, i,=38000, r,=0.637,
r2=0.735, Epeann= —15.37 €V, Epeal,= —13.89 eV, Eg,
=0.90 eV, Eg,=093eV, a;=162eV? a,=16.4
eV 2 0=0.1eV, k;=—3680 eV !, andk,=—23800.

The model used is highly simplified: the line shape asym-
metry caused by metallic screening and CDW-induced ef-
fects have both been neglected, and the use of a linear back-
ground is also a coarse approximation. Therefore it is not
surprising that the branching ratios deviate from the theoreti-
cally expected values. The spin-orbit splitting qof fBund is

before and(b) after Rb deposition. The spectra were measured atéss accurate as the high-BE component appears only as a
polar emission angles ranging from—15° to 15° in thel KM shoulder in the measured spectrum. The fit should still yield
azimuthal direction. The emission angle was counted negative whei® BE'’s of the other peaks with high accuracy. The intensity
the emission direction was on the same side of the surface normé&ftio between Pand B should also be reasonably accurate,
as the light beam, positive when on the other side. The photolthough the use of a linear background may overestimate
energy was 24 eV. the B intensity somewhat.
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The fitting procedure thus confirms that the measured Rintercalated TMDC samples can be de-intercalated by expo-
4p spectra are superpositions of two peak doublgtard B sure to oxidizing specieS;?° and if, e.g., oxygen is present
shifted by ~1.48 eV with respect to each othep Rmains on the surface during the deposition, it may have a signifi-
intense at all emission angles, while the intensity pffals  cant effect on the adsorbtion and perhaps inhibit the interca-
rapidly as the emission angle is increased. The behavior dftion completely. The valence band spectraBmeasureo_I from
P, is exactly what one would expect from Rb species on toglifferent Rb/T-TaS, systems by Adelungt al.” are domi-
of the surface, while the angular sensitivity of B difficult ~ nated by broad features around 5-6 eV BE, which are not
to reconcile with anything else than subsurface Rb specie§€en at all in our corresponding spectra from RETRSg,

The observed intensity changes in the the two Ripdirs is €9+ spectru_nﬂu) in Fig. 4. As such proad and intense fea-
therefore strong evidence that intercalation with Rb has octures are typical for severely contaminated samples, one may
curred. The BE difference between the two components i§USPect that the Rb networks were partially oxidized. If the
furthermore very similar to the BE differences found in otheroXidation occurs already under the deposition, which, e.g.,
alkali-TMDC systems upon intercalatiéh’*~'7 Since pho- May hz_ippe_n if the source is n(_)'g s_uff|C|entIy outgasse_d before
toelectrons from intercalated Rb have to penetrate through &Peration, it may have a stabilizing effect on the wires and
least one full host layer, it is obvious that the corresponding?©Ssibly also inhibit the intercalation.

peaks should be strongly damped even at normal emission, !N the attempts to reconcile our present results from
That the surface and intercalation related features in Fig. ®P/IT-TaSe with those of Adelungetal® from the

are of similar intensity therefore implies that most of the Rb/IT-TaS, system, one may also consider the possibility
deposited Rb has indeed intercalated. that the latter samples actually were intercalated in addition
ings reported by Adelungt al.®=® as they generally ob- valence band spectra show the same type of changes as com-
served formation of Rb nanonetworks on TMDC surfacegnonly associated with intercalation. Furthermore, for the re-
instead of intercalation. In their detailed study of thelated nanowire Rb/TiTesystem, STM height profiles shows
Rb/1T-TaS, systenf they propose that the nanowires form an mgreased separation~( A) between the first two

in cracks of the first host layer and that these cracks propdayers. Such an elevation of the first layer across the whole
gate further by the induced stress. As the fresh cracks ar@esh area is hardly possible without any intercalated atoms
filled by Rb atoms diffusing on the surface, the wires thusin the interlayer gap. -

grow in a self-sustaining manner. According to this model, In this context it is interesting to compare with the
the penetrating Rb wires cause the first layer to corrugate anfds/TiS; system, for which a transmission electron micros-
become separated from the next layer, with no intercalate80PY study® revealed a network of cracks very similar in
Rb atoms away from the wires. They also attribute the oc2ppearance to the Rb wire networks. Whether the cracks con-
currence of different CDW superstructures to whether the RE2ined metallic Cs was not examined, but strong evidence for
wire networks are open or closed. Cs intercalation was found. This example shows that the for-

The STM results by Adelungt al. firmly prove that Rb mation of crack networks on the surface is by no means
deposition on TMDC surfaces results in formation of meta]-incompatible with intercalation, but rather should favor it.
lic wire networks under certain conditions. Since we have
not used STM in our present study, we cannot exclude the
presence of metallic Rb wires on our sample surface, but our
Rb 4p spectra nevertheless provide strong evidence that, un- The charge transfer due to intercalation with Rb changes

der our deposition conditions, most of the Rb does intercathe shape of the Fermi surface, which is of critical impor-
late. tance to the CDW periodicity. As seen in Figag interca-

If Rb deposition may lead to either wire formation or lation with Rb increased the Taf ACDW splitting from 0.64
intercalation, it is of great interest to sort out which condi-€V to 0.80 eV. This effect is the same as found upon inter-
tions favors which outcome. A reported requirement for wirecalation with Cs(Ref. 11 and is qualitatively explained by
formation is that the Rb source should be operated at higkhe model of Crawack and Pettenkotély considering the
temperatur&® It was proposed that the adsorbed Rb atomdlifferences in charge distribution between #8x 13 and
would otherwise not attain high enough kinetic energies forc(2/3x 4) CDW phases.
diffusion to the “folds” or cracks were the wires formed. As the CDW is largely confined to the Ta sheets, it will
Also the higher Rb flux obtained with a hotter source mightaffect the Se core levels much less than the Ta levels. Con-
be of crucial importance for the outcome. If metallic islandssequently the Se®8spectra in Fig. &) mainly show spin-
or wires are more stable against intercalation than disperseatbit splitting. Only spectrunti), measured before the inter-
alkali metal atoms, as hinted by a low-temperature study otalation, shows weak shoulders which can be attributed to
the Cs/TiS systemt® and if there is a competition between the influence of the CDW. It is notable that the shoulders are
intercalation and wire formation, it seems reasonable thato longer visible in spectrurfii) obtained after the Rb inter-
higher flux should favor wire formation through an increasedcalation. Apparently the CDW becomes even more confined
probability for adsorbed atoms to interact with each othetto the Ta sheets after the intercalation. As discussed in Sec.
before there is a possibility of intercalation. The behavior oflV E below, this could be due to reducgdd hybridization
Rb atoms adsorbed on TMDC surfaces may also be pran the valence band. Alternative explanations of the shoul-
foundly influenced by the presence of contaminants. Alkali-ders could involve BE differences between bulk and surface

B. CDW effects
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FIG. 6. Photoemission intensity at the Fermi level plotted

againsk in theI'KM azimuthal direction. The photon energy was  FIG. 7. Structure plot for cleanT-TaSe along the[ KM azi-
24 eV. Prior to evaluation, the spectra were normalized to havenuthal direction. Solid circles correspond to conspicuous spectral
equal background intensity. Solid and open circles denote intenspeaks, open circles to weaker structures. Comparisons are made
ties before and after Rb deposition, respectively. with TKM (solid lineg and AHL (dashed linesbands calculated

by the LAPW method. The crosshatched areas approximates the
layers, but the absence of similar S houlders in compa- surface projected band structure. The experimental points were ob-
rable high-resolution spectra from layered selenides withoutained from spectra measured whilv=24 eV.
CDW's (Refs. 15 and 17speaks against such interpretations.

spectral weight at the Fermi level in different azimuthal di-
C. Metal to semiconductor transition rections, one may speculate that the metal to semiconductor

Crawacket all! have previously reported that the CDW transition is not complete, but that_an almost circular Fermi
transition induced by Cs intercalation is accompanied by gurface of radius-0.4 A aroundI" (if perpendicular dis-
metal to semiconductor transition. This appears to be th@€rsion is neglectgdnay remain after the intercalation. The
case also for intercalation with Rb. As seen in Figs. 4 and ®0ssible origin of such a Fermi surface is discussed in Sec.
the dominating Ta 8 peak withdraws from the Fermi level, V E below.
leaving a band gap of-0.5 eV after the intercalation. In
agreement with Crawacit al,** we believe this is due to a D. Valence band dispersions

Mott-Hubbard localization in the Tacdbband. However, on .
close inspection of Fig. (6) one may discern a low-BE Figures 7 and 8 show the structure plots for pure and Rb

shoulder on the main peak far= = 10°. For these moder- intercalated I—TaSQ, respectively. They were obtained
ately off-normal emission angles there is also a trace of emid!®M the angular series of valence band spectra and show the
sion reaching up to the Fermi edge. To obtain a clearer picenergy of spectral features plotted agaikstn the I'KM
ture of this we have evaluated the emission at the Fermi levédzimuthal directiorf" Conspicous peaks are represented by
(* the energy resolutioras a function of, both before and ~ solid circles, while shoulders and other weak structures are
after the Rb intercalation. The results are presented in Fig. 6lenoted by open circles. The structure plots can be directly
with the emission angles converted to corresponding valuggompared with calculated bands, but complications arise as
of k|, the wave-vector component parallel to the surfacefhe perpendicular wave-vector componéat is not con-
Before the intercalation the intensity peaks stronglyFat served in th? photoemission process. ldeally, the comparison
. — — should be with the surface-projected band structure. Our sim-
falls practically to zero aK, but reappear weakly aroud.

. : . - / lified approach in Figs. 7 and 8 is to include calculated
After the intercalation the intensities are drastically reduce PP 9

ithouah itinlied b tactor of 3 for clarity in Fio) 6 ands for thd’KM andAHL symmetry lines, with the areas
(although multiplied by a factor 0 or clarity In .'g').' . etween connected pairs of bands crosshatched. These cross-
Somewhat unexpectedly, there still remains some significa

Fermi level o King at0.4 A-1 o atched areas are a close approximation to the surface-
te:mllooeve emission, pe_lz_ah.lng t.I'kI écorrtespon Ing projected band structure. The calculations were self-
0= emission angle This is not likely due to emission consistent and scalar relativistic, but did not include spin-

from unintercalated deeper layers, because one would thegyii gpjitiing. They were done by the linear augmented
expect the intensity to peak &t Similar Fermi level emis-  plane wave (LAPW) method, and the parametrized
sion was also observed for fat=+10° in theI'M azi- Ceperley-Aldef? form of the exchange-correlation potential
muthal direction(not shown here From this observation of was used. The lattice parameters used in the calculations for
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of 1T-TaSe,?® suggests that the effects of the CDW on this
portion of the Fermi surface and the states producing it are
very limited. This does not exclude Fermi surface nesting as
an important condition for the CDW formation, however, as
the nesting primarily should involve portions of the Fermi

surface aroundv. In qualitative agreement with this, there

are no visible Fermi level crossings arouldin Fig. 7.

Figure 8 shows that the agreement between experimental
results and calculated bands after intercalaton with Rb is
even better than for the pure host material, with exception for
the Ta 5 bands. This is particularly remarkable as the cal-
culations were done for the fully intercalated RbTaSem-
pound with the hypothetical TL structure shown in Fig. 1.
The only adjustment done to the calculated band structure
was an upward energy shift by0.1 eV to compensate for a
smaller band filling than in the fully intercalated compound.
A major difference from the T-TaSe band structure is that
the perpendicular dispersion is significantly smaller after the
intercalation. Like increased band filling, this seems to be a

FIG. 8. Same as Fig. 7, but with experimental points obtaineddeneral effect of alkali metal intercalation in TMDCstow-
after Rb deposition and with calculated bands for the hypotheticagVer, for the Ta 8 band the agreement is very poor, which
1T-RbTaSe compound. can be attributed to a much stronger effect of the CDW su-

perlattice on the Fermi surface than before the intercalation.
1T-TaSe werea=3.477 A andc=6.272 A. For the hypo- Two experimental structures without significant dispersion
thetical IT-RbTaSe structure we used=3.477 A andc  are seen: One peak with 1.0 eV BE dominates over much of
=8.167 A. the Brillouin zone, but becomes invisible closelto Possi-

CDW's can be included in first-principles calculations by bly it is just concealed by overlap with the tail of the other
the use of supercells, as was recently done by Shatra?®  peak, with 0.5 eV BE, which is particularly intense here. The
This approach proved valuable for the understanding ofatter peak is seen at all emission angles, but the range in
CDW stability, but in practice comparison with experimental space with high intensity coincides remarkably with the
results is more convenient using non-CDW bands in the unrange around” for which the lowest Ta 8 band should be
reconstructed Brillouin zone. occupied in the absence of the CDW, according to the band

The agreement in Fig. 7 between the experimental pointgajculation. Unlike the calculated band it does not disperse

and calculated bands is surprisingly good, considering th%ward the Fermi level away froi, however. The Fermi

the CDW superlattice was not included in the calculationsi . : g :
; evel band crossing hinted in Fig. 6 agrees roughly with the
For the Se 4 bands the agreement is almost as good as for g g g gny

. . calculated crossing in Fig. 8, but is not seen in the structure
e.g., VSeg, which has the T structure without any CDW g g

. d5eTh | or devi plot since the corresponding feature is to weak for direct
reconstruction at room temperatureThe only major devia-  jpconation as a peak.

tion is that the uppermost Sep4band around th& point The nondispersive Ta d bands imply that the CDW
appears to have-1 eV lower BE than calculated. The agree- states are strongly correlated, and it is therefore important
ment found supports the view that the electronic states prehat correlation effects are properly accounted for in any cal-
dominantly of Se origin are not much affected by the CDWcylations aimed at descibing the Td &mission.

superlattice. In contrast, there are clear CDW effects in the
Ta 5d bands close to the Fermi energy. Over most of the
surface Brillouin zone, two weak nondispersive structures
are seen in the range 0—1 eV BE. This is in qualitative agree- The comparison between experimental structure plots and
ment with the simple model of Smitét al.** according to  calculated bands forT-TaSe before and after Rb intercala-
which the lowest Ta 8 band is split up into three subband tion indicates that the influence of the CDW’s on the $e 4
manifolds by the CDW superlattice potential. The observahands is very weak, so that these bands are reasonably well
tion of two, rather than three, peaks can be attributed tQlescribed in terms of the unreconstructed Brillouin zone.
resolution and photoemission cross-section effects. Ardund This is not unexpected, as the electronic states involved in
the Ta 5l emission is significantly different, however, with a the CDW are mainly of Ta & character and largely localized
very intense peak appearing immediately below the Fermin the Ta atomic layers. As expected the Td Bmission
level. This peak gives rise to the strong Fermi level emissiorshows stronger CDW effects, but there is a surpisingly large
also evident in Fig. 6, and it is striking how well the range in difference between the results obtained before and after the
k space with high intensity corresponds to the range wher&b deposition: After intercalation the Ted%and is recon-

the calculated Ta & band straddles the Fermi level. This structed into two subbands without significant dispersion and
agreement, which is commensurate with the metallic naturenost, if not all, of the Fermi surface apparently is destroyed,

E -Ef (eV)

k(&Y

E. Significance ofp-d hybridization
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probably through a Mott-Hubbard transition. CDW-induced o aT-TaSez
nondispersive Ta & subbands were seen also before the in-
tercalation, but only weakly, and the dominating Té fseak

indicated a Fermi surface arouihdin fairly good agreement
with the calculated non-CDW band structure. Obviously %
there is less Fermi surface gapping in the pufeThSe and o
no sign of any metal to semiconductor transition. It appears
very likely that these differences are connected with change: -1
in the p-d hybridization upon intercalation. Of the three up-

per Se 4 bands near th& point, two are dominated by,

andp, orbitals and have very small perpendicular dispersion, @
while the third is ofp, character with considerable perpen-
dicular dispersion. From Fig. 7 it is clear that the bandp,of
andp, character get very close to the Td band afl” in the

pure IT-TaSe, while the top of thep, band is found 0
~0.7 eV below. Since th@, orbitals are directed perpen-
dicular to the layers, this latter band is very likely to hybrid-

ize with the Ta &l band. The mixing of Se @ character into o
the Ta 5 states should make the latter less localized ande
counteract any tendency of Mott-Hubbard localization. The &
CDW effects should also be reduced in thespace region =
with strong hybridization. The lower reconstructed Td 5 -1 '|
subband seems to be completely removed in this region
where it otherwise would have overlapped with the top of the
p, band. As can be seen in Fig. 8, the bandgppfand p, ®) A
character are relatively unchanged after the intercalation. Be -05

cause of the orientation and symmetry of these orbitals, the

hybridizat@on effects remain small, despite a direct energy rig. 9. Refined structure plots fde) clean T-TaSe and (b)
overlap with the Ta 8 band afl". In contrast, thep, band i after intercalation with Rb. The plots compare the experimental
strongly affected by the intercalation. As a consequence Gheaks from the spectra in Fig. 5 with the calculated bands near the
the weakened interlayer coupling, the perpendicular diSperIfermi level around thd™ point in theTKM azimuthal direction.
sion is reduced by a factor 6f0.4, so that the top of the e eyperimental peaks are represented by vertical bars extending

band after intercalation is found almost 2 eV below thegyer the energy ranges for which the corresponding spectral curves
Fermi level. The increased separation from the TGaband  have negative second derivative. The bars obtained in this way

should lead to much weaker hybridization, leaving the @a 5 shows both widths and positions of the peaks. Like in Figs. 7 and 8,
states more localized with sufficiently strong correlation tothe calculated bands alodtkKM andAHL are shown as solid and
drive a metal to semiconductor transition. The CDW shoulddashed lines, respectively.

also be stronger, but the apparent weakening of the lower

subband emission arourid may involve some remaining structure plots, which are presented in Fig. 9. Instead of
p-d hybridization. marking only the center position, the peaks are here repre-
Also the observed changes in the S &re level could  sented by vertical bars, each one extending over the energy
be associated with changesprd hybridization. As pointed  range where the second derivative of the corresponding spec-
out before, the CDW is mainly localized in the Ta atomic tral curve is negative. Structure plots generated by this pro-
layers, why the Ta core levels should be much more affectegedure do not depend on any subjective judgement and have
than the Se core levels by the CDW induced variations in tthe advantage that also the widths of the peaks are repre-
electrostatic potential. However, the more[Sgtates that are  sented. The calculated LAPW bands along fHéM and
mixed into the Ta 8 bands, the more of the CDW is also AHL directions are also shown in Fig. 9 as solid and dashed
transfered to the Se layers. Therefore one may expect the $ifies, respectively. The energy positions of the nondispersive
core levels to be more affected by the CDW the stronger thepw subbands visible away from the ndaregion are in-
hybridization is, unless it is so strong that the CDW is de-gicated by arrows to the right. Figurga® shows that for
stroyed. On the basis of this, we tentatively attribute thepyre 1T-TaSe there is one peak of clear Tad5character
shoulders seen in Sed3spectrum(i) in Fig. 2(b) to CDW  aroundI” which reaches up to the Fermi level. It is particu-
splitting. After the intercalation with Rb thp-d hybridiza-  |arly narrow atT', but away from this point it becomes
tion is weaker, and the CDW amplitude in the Se layers iyradually broader and weaker, and its center position shift
reduced to the extent that the CDW splitting is not resolvedsjightly downwards, and eventually it merges with the weak
in spectrum(ii). - upper nondispersive subband visible in other parts of the
In order to map the Ta & emission around’ in more  Brillouin zone. Essentially the same behavior of this peak
detail, we have used the spectra in Fig. 5 to construct refinedias observed previously by Horiled al. using a photon en-

k(&Y
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ergy of 21.2 e\f® About 1 eV below the Fermi level a peak gram. In the low-temperature limit both compounds display
is seen to disperse in qualitative agreement with the |Be 4 the same\/13x /13 periodicity, but while T-TaS, under-
band, although the calculated band disperses more rapidly. Ajoes a metal to semiconductor transitioff-TaSe remains

I' it is split up into one narrow peak above the calculatedmetallic. Calculated band structuréwithout inclusion of
maximum of thep, band and one broad peak extendingCDW effectg are very similar, but the separation between
downwards. This splitting, which is not reproduced by thethe Ta & and S $ bands in IT-Ta$ is significantly larger
LAPW calculation, may involve the combined effectsppfl ~ than beween the corresponding Td &nd Se 4 bands in
hybridization and the CDW superlattice potential. Figure1T-TaSe.?®?° This should lead to significantly smallerd
9(b) shows the corresponding feature after intercalation withybridization in Ir-TaS, which, according to the same rea-
Rb. The intense Tadpeak is now separated from the Fermi soning as for the Rb-intercalated’TaSe, should lead to
level and coincides with the upper CDW subband. The more localized Ta 8 states with stronger correlation effects.
band is shifted down, and in agreement with this all visiblewe therefore believe that the differences betwed@ATaS,

Se 4p emission, except a small hint at the very bottom, isand IT-TaSe largely are a matter of differences in tped
found below the energy range shown in the figure. The vanhybridization. Since much of thep-d hybridization in
ishing of the lower CDW subband emission aroundnay  1T-TaSe is removed by the intercalation, one may expect
be due to remaining-d hybridization or it is just concealed the alkali metal intercalation compounds off-TaS, and

by overlap with the tail of the upper peak which is very 1T-TaSe to be more similar to each other than the host
intense here. Fokj=+0.4 A~* the upper Ta B8 peak is  materials are.

seen to broaden. This broadening coincides with the maxi- zwick et al*° have published a high-resolution photo-
mum in the Fermi level intensitysee Fig. § and may indi-  emission study of the CDW state inTiTaS,. They found
cate overlap with a dispersing feature too weak to be sepahat the splitting of Ta 8 states into subbands was clearly
rately resolved. Thus one may speculate that the Mottassociated with the metal to semiconductor transition. In our
Hubbard transition is not complete, but that some dispersivgase the situation is similar, but the transition is forced by

band remains to cross the Fermi level, making the compounghtercalation rather than by change of temperature.
a poor metal. Such a dispersive band may have a nyxdd

character, and if the character is largplyandp, , that could
explain why it is not direcly observed, as the other bands of
this character are also invisible at the photon energy used. In- Angle-resolved photoelectron spectroscopy has been used
this context it may be appropriate to compare with the re+g study the electronic structure oT4TaSe before and after
lated compound T-VSe,, wherep-d hybridization modified  in sjtu intercalation with Rb. Rb g core level spectra pro-
the Fermi surface and was revealed mainly through notablgides strong evidence that most of the deposited Rb interca-

V. CONCLUSIONS

variations in emission intensity from the \Wi3band?’ lated. Formation of Rb networks instead of intercalation has
recently been reported, but we believe that such results re-
F. Comparison with the C91T-TaSe, system quire higher deposition rates and/or the presence of oxidizing
species.
11
The study of the Cs/ll-TaSg system by Crawackt al. For the pure T-TaSe, the valence bands are in fairly

did not include detailed valence band mapping, but producegoog agreement with with calculated non-CDW LAPW

otherwise results almost identical to what we found for thebands. The only clear CDW effect is a splitting of the T 5
Rb/1T-TaSe system. Their assignment of surface and inter—band into nondispersive subbands, but arobiralFermi sur-

calation compone_nts in Cs_core level spectra is completel¥ace is found in agreement with the LAPW calculations. The
analogous to our interpretation of Rip 4pectra. They found survival of this Fermi surface can be attributed to strpng

Cs.|r'1tercalat|on to have the same effect on the TEODW. hybridization, which counteracts the Tal &orrelation ef-
splitting as we obtained with Rb, and also the changes in th?ects

;aeasgurbeagg ?J(Iaaegzsertigsb(; \\/lzlgncszlamg:rr{ dssmggtrt;et%edlddigortx tThe intercalation with Rb gives rise to prominent changes
see evidenc% for any remaining weak mztallici,t af%er o ' the electronic band structure by adding more electrons to
y 9 y he host layers and by reducing the surface-perpendicular

intercalation, but that is quite possibly a feature also of th . . . :
11 and dispersion through weakening of the interlayer elec-
Cs/IT-TaSg system. Crawackt al.™ used LEED to deter- tronic coupling. The charge transfer alters the CDW period-

mine that the CDW periodicity changed frod11_3><. V13 1o icity by changing the Fermi surface nesting, and the reduced
0(2‘/§X_4) upon Cs intercalation. Since there is a stronggrface-perpendicular dispersion decreases the hybridization
correlation between Taf4splitting and CDW periodicity, it tween Se @ and Ta &l states. The Fermi surface around
seems reasonable to believe that accurate LEED studies 0f @ : - .
IS destroyed by a Mott-Hubbard transition, but some remain-
the Rb/T-TaSe system would have revealed the same pe- K i level | weight0.4 AL f
riodicities. ing wea Fermi level spectral weight0.4 away from
I' suggests that the metal to semiconductor transition is not
_ _ complete. One may speculate that a small circular Fermi sur-
G. Comparison with 1T-TaS, face, involving hybridization withp, andp, states, remains
The closely related compoundTiTaS, differs from  aroundl'. In contrast, the valence bands of Se drigin are
1T-TaSe by having a more complicated CDW phase dia-found to agree very well with the non-CDW LAPW bands.
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The Rb intercalation increased the CDW splitting of the  Clearly, there is a need for continued theoretical and ex-
Ta 4f core level. This change can be explained as conseperimental efforts to understand the formation and modifica-
quence of altered CDW periodicity. In contrast, a smalltion of CDW’s in 1T-TaS, and IT-TaSe. Particular atten-

CDW splitting of the Se @ core level vanished upon Rb tion should be paid to the correlation effects, which are
intercalation. This is tentatively an effect of the CDW be- strong in these systems.

coming more confined to the Ta layers through redycet!
hybridization.

Pure IT-TaSe has a simpler CDW phase diagram than
1T-TaS and remains metallic down to zero temperature. We
believe that a fundamental reason for this is the stropggr We want to thank F. ey for providing the Ir-TaSe
hybridization, which weakens the correlation effects in thesamples and the staff at MAX-lab for valuable assistance.
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