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The valence bands of the layered compound \/&ed the related intercalation compounds,X3e,,
K,VSe, and CgVSe, have been investigated by means of angle-resolved photoelectron spectroscopy, and
compared to self-consistent linear augmented plane-Wa&B'W) band calculations. The intercalation com-
pounds were prepared situ by deposition of Na, K, and Cs on Vgeleavage surfaces. The intercalation was
monitored by core-level spectroscopy, and although K was found to intercalate more slowly than Na and Cs,
estimated alkali concentrations »f0.2—0.3 were reached for all three alkali metals. Additional depositions
mainly seemed to increase the intercalation depth. Good agreement between LAPW calculations and valence-
band spectra was found, in particular for the dispersion along the layers. Normal-emission spectra, obtained at
different photon energies, indicated vanishing perpendicular dispersion, but in spectra measured under varia-
tion of the emission angle some band-edge signatures were seen, which suggests that some perpendicular
dispersion remains, in accordance with the LAPW calculations. The lack of dispersion in the normal-emission
spectra could be due to intercalation induced structural transformations, leading to stacking disorder. Also
correlation effects may contribute. The rigid-band model is found inadequate, except as a crude approximation,
for describing the changes during the initial phase of intercalation. It might be used to describe the continued
intercalation, however, under condition that the intercalation modified bands are used. The need for studies that
probe both electronic and crystallographic structiimeluding defectsis stressed.S0163-18288)08536-1]

[. INTRODUCTION calation with species larger than the available interstitial sites
will affect the degree of anisotropy, since an increase of the
Layered transition metal dichalcogenidéBMDC'’s) are  interlayer separation is then inevitable. As a consequence,
highly anisotropic materials with a multitude of interesting one may then expect changes not compatible with the RBM.
properties, often regarded as prototypes of two-dimensional In earlier investigations of intercalation complexes, these
(2D) materials. Each layer consists of a hexagonal transitiomvere produced by methods not compatible with ultrahigh-
metal sheet sandwiched between two similar chalcogemacuum conditions. More recently, intercalation has been
sheets. The interaction between adjacent layers is weak arsthown to occur spontaneously as suitable intercalants are
van der Waals-like. Many distinct TMDC polytypes are UHV depositedn situ onto clean surfaces of many TMDC's.
found, with differences in the intralayer coordination of the Such systems are well suited for studies by means of surface
metal and in the stacking of the layers. Periodic lattice disscience techniques, such as photoelectron spectroscopy
tortions (PLD’s) and associated charge density waves(PES or inverse photoelectron spectroscdfiyES. Particu-
(CDW's) are frequently observed. larly valuable is the possibility to follow closely the changes
Of particular interest is the ability of TMDC's to form in the electronic structure at any stage of the intercalation
intercalation complexes, with foreign atoms or molecules infrocess. So far, most PES studiesro$itu intercalated TM-
troduced into the van der Waals gaps between the I&yers. DC's have been done with noble mefafs or alkali
The intercalation of TMDC's is usually associated with metal§=28 as intercalants. By exploiting the angular depen-
transfer of electrons from the intercalant to the host layersdence in PES, it is possible to map the valence bands in
and this charge transfer is indeed considered to drive thdetail!®!921:22242%nd to compare with calculated bands of
intercalation process. The intercalation-induced changes aistercalated TMDC's.
often described in terms of the rigid-band mod@BM), in Among the most studied TMDC's is Vgewhich adopts
which it is assumed that the electronic band structure of théhe 1T structure, characterized by octahedral coordination of
host lattice remains basically unchanged, with only the bandhe metal and layers stacked without lateral displacement as
filling being altered by the charge transfer. However, inter-illustrated in Fig. 1. VSgis metallic due to a half-filled band
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17-VSe, Alk"alliT ir:ggalf}ted tween the VSglayers, as shown in Fig. 1, thus retaining the
- e2

1T structure. The structural parameters used in the calcula-
tions for VSe were 3.35 and 6.12 A for the in-plaita axis)

and interlayer(c axis) lattice parameters, respectivél\Re-
garding the alkali-metal-intercalated compounds, the in-
plane lattice parameter was increased to 3.58 A for all three
compounds, while the interlayer lattice parameters were in-
creased to 6.70 A (Navgg 7.77 A (KVSe), and 8.70 A
(CsVSe). These estimates were based on comparisons with
other alkali-metal intercalaté3® and ionic radii
consideration§! Also shown in Fig. 1 are the corresponding
bulk and surface BZ's.

B. VSe

Figure Za) presents the LAPW band structure of \{Se
At (and abovethe Fermi energ¥r five conduction bandé
derived mainly from V 3l orbitals, and belowEg six va-
lence bands primarily of Sepdcharacter. Two Sestbands
about 14 eV belowEr are not included in the figure. Be-
tween the V @ conduction bands and the higher conduction

FIG. 1. Crystallographic structure ofTtVSe, and the assumed bands(not shown is a fundamental gap of more than 1.5 eV.
AT structure of alkali-metal-intercalated VSeA=Na, K, or Cs.  With a work function of 5.76 eV for vSg®! the vacuum
The corresponding surface and bulk Brillouin zones are shown ifevel is found just above the upper edge of this gap, which
the lower left corner. induces image potential statésand has a profound influ-

of V 3d character, and its band structure has been well charence on the electron emission properties of ¥Sefhe cal-
- ) ’ . cul i idth of the | i d of
acterized using PES and IPESand found to agree fairly - ated occupied width of the lowest conduction bandjo

well with calculations®—7 VSe, exhibits a (4<4) CDW/ character, is 0.8 eV, about twice as much as found
LD below 112 K. which is much weaker than for other experimentally’>° Near T the distinction between valence

group V 1T polytypes. This and other anomalies are attrip-2nd conduction pands is somewhat blurred, as thedy: 3
uted to the V @ band being very narrod? band overlaps with the uppermost Sp Bands.

As a step toward better understanding of the properties of N present band-structure calculation shows an overall
alkali-metal-intercalated TMDC's, and of the mechanismsdualitative agreement with earlier calculations®’but is the
behind in situ intercalation, here we report self-consistentONly one to predict a direct, although very smél meV),
band-structure calculations for V;sand for the hypothetical ©verlap between the valence and conduction bands at the
compounds NaVSe KVSe, and CsVSg together with ~Zone center. Such an overlap was inferred by the high-

angle-resolved photoemission results from ¥ Sgefore and ~ resolution photoemission study of Ref. 30, although the hole
afterin situ intercalation with Na, K, and Cs. surface at the zone center, indicated in that study, is not

reproduced by the calculation.

II. BAND-STRUCTURE CALCULATIONS

C. NaVSe, KVSe,, and CsVSeg

Figures Zb)—2(d) show the calculated band structures for
the hypothetical alkali intercalation compounds. The V
3d-derived conduction bands are altered for all three com-
pounds by hybridization with alkali § 4s, or 6s bands,

A. Method and crystal structures

Self-consistent scalar-relativistitband-structure calcula-
tions of VSe and the hypothetical compounds Na\(Se
KVSe,, and CsVSg were obtained by applying the linear

augmented plane-wavd APW) method within the local- tivelv. which | the fund tal band f
density approximation of density-functional theory. The cal-reSPECIVELY, WhiCh may cance’ the fundamental band gap o

culations used 6%& points in the irreducible part of the Bril- Puré VSe. This clearly happens for CsVgewhich displays
louin zone(BZ) together with 400 LAPW basis functions. & wealth of higher bands, with additional contributions from
The parametrized Ceperley-Ald&rform of the exchange- €MPYy Cs 4 and A states. Of the NaV$eand KVSg con-
correlation potential was used. There were no restrictions ofuction bands, only the three lowest are shown. The Se 4
the potential, i.e., the calculations were of so-called full po-bands, which are excluded also from Fig&)22(d), are not
tential type, which is important in such highly anisotropic much affected by the intercalation, but for Cs\{$Seree Cs
structures as studied here. 5p-derived bands are found just a few eV higher in energy.
In order to limit the calculational efforts, the intercalated Some characteristics of the LAPW band structures are sum-

alkali atoms were assumed to occupy octahedral sites berarized in Table |I.
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FIG. 2. Calculated LAPW band structures @ VSe,, (b) NaVSe, (c) KVSe,, and(d) CsVSe.

ceptance, and in both systems the total energy resolution was
. EXPERIMENTAL DETAILS typically 0.1 eV. Both systems are equipped with low-energy
electron-diffraction(LEED) optics.
Two different experimental systems were used for record- The VSe single crystals were attached to the sample
ing the photoelectron spectra. The first one, with a base presrolder by silver-filled epoxy resin. Clean mirrorlik€001)
sure typically 8< 10~ ** torr, is equipped with a rare gas dis- surfaces were obtained by cleavagsitu. The samples were
charge lamp providing unpolarized Heradiation v 5z imythally oriented in thel K and T' M azimuths by
=21.22 eV). The other system, with base pressure about EEED, which showed sharp hexagonak 1 spots with low

X 10 %torr, utilizes synchrotron radiation from beamline . ; ;
! S . kground, confirming the high lity of th rf . Th
41 at the MAXI storage ring in Lund, Sweden. The beamline .baC ground, cor Ing the high quality of the surfaces. The

incorporates a toroidal grating monochromator providing!nequ_iyalemr M apdl“ M, crystallographic directions were
photons with energies in the range 15—-200 eV and pmarizdgentlfled as described in Ref. 32. The samples were kept at
tion in the plane of incidence. The incidence angle of the/©0M temperature at all times. Na, K, and Cs were deposited
incoming light ¢ was kept at 45° in both experimental sys- from carefully outgassed getter sourd@&AES positioned

constant currentdifferent for different alkali sourcedor a

TABLE |. Calculated band-structure characteristics of pure andcertain time, typically 2—5 min. The alkali metal started to
alkali-metal-intercalated VSe All entries are binding energies evaporate about 45 s after the current was switched on. The
(relative toEf) in eV. Values for the highest and lowest Sp 4 amount of alkali metal deposited depends strongly on the
bands at each symmetry point are separated by a slash. evaporation conditions, but we estimate that far more alkali
metal was deposited than required to obtain monolayer cov-
erage. The deposition and intercalation process was moni-

VSe, NaVSe KVSe, CsVSe

V 3d M 0.6 0.8 0.9 1.0 tored by recording alkali-metal core-level spedia 2p, K
L 0.8 0.9 0.8 0.8 3p, and Cs 4). Valence-band and core-level spedige 3
Se 4 r 0.1/59 0.5/5.7 0.4/5.3 0.4/5.4  and V 3p) were recorded for both pure and alkali-metal-
A 0.1/4.4 0.6/4.7 0.5/4.8 0.4/4.8 intercalated VSg
M 1.2/5.8 2.0/5.6 1.8/5.5 1.9/5.7 The clean(000)) surface of VSgis known to be chemi-
L 0.9/5.8 1.9/5.6 2.0/5.3 1.9/5.5 cally very inert due to the absence of dangling bonds, but the
K 2.9/4.7 3.4/4.6 3.2/14.6 3.2/14.7 alkali-metal-intercalated surfaces turned out to be remark-
H 2.5/47 3.2/4.8 3.4/4.6 3.4/4.5 ably inert as well. Core-level and valence-band spectra indi-
Se & 12.5/14.7 --- 12.9/14.5 cated only moderate contamination, and showed no signifi-

cant surface degrading during time intervals extending up to
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L L A I Spectra of the K B core level recorded withy=33 eV
after repeated K depositions are shown in Figh)4Again
Se 3d two peaks,| and S are observed, but in contrast to the Na
results, pealSis here the dominant feature. Spedirg (ii),
hv =130 eV and (iii ) were recorded after one, three, and five depositions,
respectively. The magnitude of each deposition was succes-
sively increased, going from 2 min at 5.0 A for the first
deposition to 5 min at 5.3 A for the fifth deposition. The
elapsed time between the first and fifth depositions was 7.5
h. Peakl is gaining in intensity for each K deposition, but
remains at 17.4-eV BE, while pedk has almost constant
intensity but gradually shifts from 19.0 to 18.4 eV.
Figure 4c) shows Cs 4 spectra during the course of Cs
deposition. The spectra were recorded wWith= 100 eV (us-
ing second-order grating diffractipnAfter an initial deposi-
tion (5 min, 5.0 A four conspicuous peaks appear, as seen in
spectrum(i). The Cs 4l level is a doublet with 2.3-eV spin-
orbit splitting, and the d3,, and 4ds,, components, are fur-
ther split into two peaks each, corresponding to chemically
different forms of Cs. In analogy with the Ngp2and K 3p
cases, we label thed4,, peaksl, and S;, and the 45,
peaksl, and S,. Spectra(ii) and (iii) were recorded after
T I NN NI two and ten depositions, respectively. Going from one to ten
5756 5 453 52 depositiond ; (I,) only shifts slightly downwards, from 75.7
E-Ep (V) (78.0 to 75.8(78.1) BE, while S; (S,) shifts markedly up-
wards, from 76.979.2 to 76.4(78.7) BE.
The Se 4 bands, located approximately 14 eV below the

Intensity (arb. units)

FIG. 3. Se 3l core-level spectra recorded withy=130 eV and

6=0° for VSe and after deposition of Na. Elapsed time after the F | | I idered o . " |
first Na deposition is denoted by Spectrum(i) is from VSe, (ii) ermi level, are usually considered as “semicore = 1evels,
after one Na deposition tE0h), (i) after one deposition despite the fact that band calculations predict significant dis-

(t=6.5h), and(iv) after a second Na deposition<{17.5 h). persion. The very small photoexcitati_on cross section of
these levels can be enhanced by lowering the photon energy,
48 h after the initial alkali-metal deposition. This inertness isbut then problems arise due to the inelastic background,
probably due to the fact that no metallic alkali overlayer iswhich becomes very intense and uneven at low kinetic en-
formed at room temperature. The LEED pattern remaine@rgy. The background variations can be largely eliminated,
sharp but fainter after intercalation. The background intenhowever, by measuring in the constant-final-ste@FS

sity increased, but no superlattice spots were seen. mode, in which the emission angle and the kinetic energy is
kept constant while scanning the photon energy. Such CFS

IV. EXPERIMENTAL RESULTS spectra from VSgand CgVSe, with E,;,=6.0eV, are

shown in Fig. %a): (i) for VSe, with 6=60° (probing along

A. Core levels the ML line), (i) for VSe, with §=0° (probing along thd"A

Figure 3 shows Sedcore-level spectra recordéd from  line), and (iii) for CsVSe, with #=0° (also along thd"A
the clean VSeg surface, (i) immediately after the first Na line). The latter spectrum also contains a contribution from
deposition(2 min, 6.0 A, (i) 6 h later, and(iv) after a the Cs % levels, but these features are also easily observable
second Na depositiof2 min, 6.0 A 17 h after the initial in the ordinary energy distribution cury&DC) mode. To
one. The spectra were measured normal to the surfdce (illustrate the usefulness of the CFS, mode, Figh) Shows
=0°) with hy=130 eV. Se 8 spectra obtained after K and the Se 4 and Cs % CFS spectra from Fig.(8) together
Cs depositions are not shown, as the results were not signifivith a corresponding EDC.
cantly different from those obtained with Na. Figure Hc) shows the V d core-level spectrum obtained

Figure 4a) presents Na @ spectra recorded with from clean VSe. It is extremely broad and distortédue to
hy=82 eV after Na deposition. Spectruf) was recorded rapid super-Coster-Kronig core-hole degawhich hinders
with #=0° immediately after the first Na depositiéd min,  the extraction of useful information. This level is therefore
6.0 A). One strong peak, labelddappears at 30.7-eV bind- not discussed in the following.
ing energy(BE) together with a weak structu®at 31.8-eV
BE. Spectrum(ii) was recorded 0.5 h later, with=75°, to
enhance the surface sensitivity. In spectriin), which was
recorded 13 h after the deposition, again with 75°, peak Extensive measurements of valence-band EDC’s were
remains at 30.7-eV BE, but peakhas shifted to 31.4-eV performed on pure and alkali-metal-intercalated ¥ Se or-
BE. In spectrun{iv), which was recorded wit@=0° imme-  der to map the band structure. Different series of EDC’s
diately after the second Na depositi@t h after the initial were measured, either at normal emission with different pho-
one), the BE of peakSis still reduced, but the spectrum is ton energiegnormal emission serigsor with constant pho-
otherwise very similar to the initial one. ton energy at different emission anglésangular series

B. Valence bands
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FIG. 4. (a) Na 2p core-level spectra withv=382 eV (§=0° unless notedduring the course of Na depositions. Spectriiiis recorded
after one Na depositiort €0 h), (ii) after one deposition bui=75° (t=0.5 h), (iii) after one deposition bui=75° (t=13 h), and(iv)
after a second deposition= 17 h). (b) K 3p core-level spectra withy=33 eV (§=0°) during the course of K depositions. The Sk®re
level (excited by second order grating diffractjois marked. Spectruni) is measured after one K depositiot=0 h), (ii) after three
depositions {=3 h), and(iii) after five depositionst&7.5h). (c) Cs 4d core-level spectra with various amount of deposited Cs with
hy=100 eV andd#=0°. Spectrdi), (ii), and(iii) were recorded after one, two, and ten Cs depositions, respectively.

By applying a bias(—5.0 V) to the sample, the work band-structure characteristics, which were determined from
function could be determined from the cutoff energy of thethese data, are summarized in Table II.
secondary electrons. We fourdt=5.7 eV for the clean

VSe,, in good agreement with other measureméhtShe V. DISCUSSION
work function of CgVSe, was determined in the same way, '
and here we found=3.5¢€V, i.e., a decrease by 2.2 eV. A. Intercalation process
Figure @a) presents normal-emission EDC’s of VSeth Distinct chemically shifted alkali-metal core-level peaks

hy=20-40eV. The strong and very sharp peak Mar a6 3 common feature of alkali-metal/TMDC
arising from V 3 band states, dominates at all photon ener-gystemds17-1921.22.26-28 he peaks labelled, 1, andl, in

gies. The Se g band peaks are weaker in intensity and muchgigs  42)—4(c) are attributed to intercalated alkali-metal at-
broader, but several _of the structure_s are seen to disperse &hs, while the peaks, S, , andS, are associated with atoms
the photon energy is changed. Figure®)66(d) shows  on the surface. This identification is confirmed by the angu-
analogous normal-emission EDC's for N&S&,, K,VS&,  |ar dependency of the relative intensities, as seen in Fa. 4
and CgVSe,. The spectra all show a strong nondispersivesor the case of Na deposition: At normal emission péak
peak just belowEg, two or three minor peaks below it, and dominates, but at grazing emissiof= 75°) peaks andS

a relatively intense broad peak at the valence band bottonpecomes similar in magnitude, as the photoelectrons from
For NaVSe, and K,VSe, some slight dispersion is observed, intercalated Na are suppressed by the longer distance to
e.g., for the broad peak, but for (3456, no dispersion is  travel before reaching the surface. In general, the intercala-
seen within the experimental resolution. TheiSe, peaks  tion peaks are more narrow than the surface-related peaks,
are more broadened and less well defined than for the othgfhich reflects the more well-defined chemical state of the
systems. __ intercalated alkali-metal atoms. As the charge balance be-
__Angular series of EDC’s were recorded in theK and  tween intercalant and host layers depends on the stoichiom-
I' M(I" M") azimuthal directions withhv=21.22 eV (Hel etry, the intercalation peaks may shift when more metal is
line) and withhv=14, 24, 30, and 38 e\synchrotron ra- deposited. Such effects are small, however, and we observed
diation. These EDC'’s are not explicity shown hefteut  a slight(~0.1 eV) such shift only for the C&/Se, system.
some of them have been published elsewhertnstead, the A comparison with previous alkali/TMDC studies sug-
results of these measurements are condensed into structigests that the core-level BE’s of intercalated alkali species
plots, as described and discussed in Sec. V. Experimentare rather independent of the host material: For the Na 2
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FIG. 5. (a8 Se 4 spectra for VSg and CgVSe, measured in the CFS mode with;,=6.0 eV. Spectrunti) is from VSe with
0#=60° (corresponding td/), (i) from VSe, but with §=0° ("), and(iii) from CsVSe, (after four Cs depositionsith #=0°. The inset
shows the calculated dispersion of the Sebénds alond"M (full lines) and AL (dashed linegs A weak doublet structure due to Sel 3
electrons, excited through second-order grating diffraction, is also indidde@s 5p and Se 4 normal-emission spectra from §&Se,
(after four Cs depositionsneasuredi) in the CFS mode witlk,;,= 6.0 eV, andii) in the EDC mode witthvy=65 eV.(c) V 3p core-level
spectrum measured from VSeith hy=130 eV andd=0°.

level we find good agreement with results from the Na/yvSe cleavage planes. Contamination of the surface may introduce
and Na/Tagsystems'8and for Cs 4l our BE’s agree very additional alkali adsorption sites, as well as modify the al-
well with those reported for Cs/Ti&nd Cs/ZrSg?1?228For  ready existing sites. With this interpretation, the time-
the K 3p level, however, we find a BE of 17.4 eV for the dependent shifts of surface core-level features simply reflect
intercalation component, in contrast to 18.4 eV as reportea redistribution of the surface alkali atoms, either by forma-
for the K/WS, systent As this latter value is close to our BE tion of new defect sites, or induced by surface contamina-
for the K 3p surface component, one may speculate that théion. During the intercalation reaction, the alkali atoms are
peak reported for K/WgSwas actually surface related. believed to enter the interlayer gaps via crystal edges, surface
In contrast to the intercalation peaks, the ones originatingteps, and other defects, from which they rapidly diffuse
from surface alkali species depend significantly not only oralong the layers. As a frontline of diffusing atoms moves into
the deposited amount of alkali metal, but also on the elapsepreviously unintercalated parts of the crystal, the layers are
time. This is particularly evident in the Nap2grazing emis- bent and wedged apart, which may cause them to break,
sion spectra of Fig. @): In spectrum(ii), soon after the whereby new defects are formed. Another type of structural
initial deposition, the surface compone®peaks at 31.9-eV change, which could be important in this context, concerns
BE, while in spectruniii), recorded 13 h later, th® peak the stacking of the layers. Diffraction studies of powder
appear shifted to 31.4-eV BE. Figureg¢btand 4c) show samples have shown that the coordination of the intercalated
analogous shifts of the K and Cs surface components, ahlkali ions can be either octahedral or trigonal prism#tié¢®
though here the time dependence is not separated from tHehe obtained structure depends on the alkali concentration
effect of repeated alkali depositions. A full understanding ofand ionic sizgand also on the covalency of the ho$tut for
the observed changes would require detailed knowledge dhe heavier alkaligand for Na in moderate concentratjcm
alkali adsorption sites on the V8surface, which is not yet 3R stacking with trigonal prismatic alkali coordination is
available. Alkali-metal atoms are highly mobile on TMDC generally expected. Such a stacking change is implied by the
cleavage planes, and a recent study of the Cs/AyStem has large increasé~1.6 A) in the layer separation observed for
shown that several different alkali overlayer phases may exthe Na/VVSg system by scanning tunneling microscopy. Dur-
ist, depending on temperature and coverdgehe absence ing a 1T— 3R transformation adjacent layers are required to
of any extra LEED spots during the present study suggestslide relative to each othéf,which could produce more de-
that the alkali-metal atoms remaining on the YSerface are fects, and also change the coordination of alkali atoms al-
disordered at room temperature, occupying slightly inequivaready trapped by defects. Stacking changes duiingitu
lent sites. Further adsorption sites may also be found at suintercalation of large single crystals have not been studied so
face defects, such as steps, vacancies, and dislocatiorfgy, but as the sliding sheets are much larger than in powder
where alkali-metal atoms could be quite firmly trapped, assamples, such stacking transformations will probably occur
these defects are presumably more reactive than the idealore slowly. Further investigations will hopefully resolve
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TABLE Il. Experimental band-structure characteristics of pure and alkali-metal-intercalated XBentries are binding energies
(relative toEg) in eV. Entries are as in Table |, except that the symmetry points refer to the surface Brillouin zone.

VSe, Na,VSe, K,VSe CsVSe
V 3d M 0.5 0.4 0.3 0.5
Se 4 r 0/5.7 —-15.4 /5.3 /5.5
M 1.2/6.0 1.7/5.6 2.0/5.3 1.6/5.7
K 2.7/14.9 2.9/5.2 2.9/5.2 3.0/14.9
Se & 13.0/15.1 /15

whether such slow stacking transformations may contribut@roached. Studies of other situ intercalation systems have
to the observed surface alkali core level shifts. yielded a variety of stoichiometries: hlaNSe, (Ref. 11,

The spectra in Fig. 4 indicate that VSis intercalated Naps;TaS (Ref. 18, Ky sWS, (Ref. 9, CgeTaSe (Ref. 13,
with Na or Cs much more easily than with K. Already from and Cg.ZrSe, (Ref. 2J).
the beginning the Na and Cs core-level spectra are domi- Analogous estimates of the number of surface alkali-
nated by the intercalation peaks, without drastic changes afnetal atoms per formula unit of the first V.Shost layer
ter additional depositions. Apparently, the composition in thesuggest a significantly larger value for (g.2—0.3 than for
near-surface region did not change much after the initiaNa (<0.1) or Cs (0.1-0.2. Surface contamination may
depositions. Further depositions seem to mainly increase thatrongly influence both the the adsorption of deposited alkali
intercalation depth. Contrary to this behavior, a much largemetals, and its subsequent intercalation or trapping at the
part of the deposited K remained at the surface and the insurface. The clean VSesurface is extremely inert, but one
tercalation rate was lower. Several depositions were requireghay imagine that the reactivity of the surface should increase
before the intercalation peak became comparable in intensitgrastically after alkali-metal deposition. However, neither in
to the surface peak. Furthermore, the K depositions wereore-level nor in valence-band spectra have we observed sig-
accompanied by large increases in the inelastic backgroungificant contamination induced features within the timespan
of the valence band spectfsee Fig. 6c)], which indicates of the measurements, except possibly for K deposition which
an accumulation of disordered K species on the surface. Theaused a large increase in the valence-band inelastic back-
different alkali intercalation tendencies are not due to simpleground. However, this latter background increase is prima-
size effects either, as Cs intercalates about as easily as Ndly an indication of surface disorder, which does not neces-
The lower intercalation rate of K is possibly due to the in-sarily involve contamination. So, although surface
tercalation compound being less stable than for Na or Cs, bufontamination will eventually occur and affect the surface
it may also be due to larger stability of the K surface specieschemistry of any alkali/TMDC systems, we have not found
In particular, if a relatively stable K overlayer is formed, evidence for contamination being the primary cause of the
with low sticking probability for additional K at room tem- observed time dependence of the surface alkali core levels.
perature, this may act as a shield against further K adsorption
and intercalation.

Our observations of K being less prone to intercalate was
further corroborated by Na/K codeposition experiments, Apart from information about the chemical state of a cer-
which are reported in greater detail elsewhérgvhen Na tain element through the appearance of chemically shifted
was deposited onto V$already intercalated with K an ex- components, the line shape of individual core-level peaks
change reaction was observed, with Na replacing most of thearries information about the local screening of the corre-
intercalated K, which returned to the surface. sponding core holes. For metallic systems the screening by

Writing the chemical composition after intercalation asthe conduction electrons gives rise to many-electron excita-
AVSe, (A=Na, K, or Cg, one may estimate the alkali- tions within the conduction band, which results in asymmet-
metal concentratior from the relative spectral intensities of ric lineshapes with a characteristic tail on the high-BE side
the Na 2, K 3p, and Cs 4 levels as compared to the Sd 3  of the peak’®~>* Through the screening by low-energy exci-
level, using calculated atomic photoionization crosstations, the line shape becomes strongly dependent on the
sections’® Generally,x seems to saturate at 0.2—0.3 afterdensity of states close to the Fermi levelCore-level line
repeated depositions. For Na and Cs the saturation conceshapes of metallic TMDC'’s have been successfully modeled
tration was reached quickly, but for K it was reached moreby taking into account the conduction electron screening re-
slowly. It should be pointed out that accurate determinatiorsponse and the finite core-hole lifetirfie>® It is clear from
of x from core-level intensities is extremely complicated dueFig. 4 that, in addition to its 0.8-eV spin-orbit splitting, the
to the uneven depth distribution of the various elements, wittSe 3 line shape is asymmetric with a characteristic “metal-
the first intercalated alkali-metal layer being buried under dic” tail already for pure VSeg, and the line shape becomes
full VSe, sandwich. Therefore, the numbers given here ar@ven more asymmetric as the sample is intercalated with Na.
not to be taken too literally. However, seen as lower limits, This is contrary to what one would expect from the RBM: As
the estimated concentrations appear reasonable, and the samsre electrons are transferred to the initially half-filled low-
ration tendency, seen for all three alkali metals, is striking. ltest V 3d band, the reduced number of unoccupied states
seems that a migration to a larger intercalation depth is emavailable just above the Fermi level should lead to reduced
ergetically favorred as the saturation concentration is apmetallic screening. The failure of the RBM in the present

B. Core-level screening
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case is not unexpected, however, as according to the LAP\&Epproximating the final-state bands with a free-electron pa-
calculations intercalation with Na, K, or Cs should result inrabola, shifted by a suitable inner potenti&;=#2k?/2m
three partially filled bands taking part in the screening pro-+V,. Although such an approach produced partial agree-
cess, instead of only one. ment between our LAPW bands and \4S®rmal-emission
The full width at half maximum of the Sed3, level was  data in a previous study, serious discrepancies remained
increased from 0.6 to 0.7 eV by the initial Na deposition, butqye to the very complicated nature of the \Spper bands.
was not changed significantly by the additional depositionsHowever, exactly those upper bands needed for proper map-
Most of this broadening is probably part of the screeningping of the perpendicular dispersion can be determined by
induced line-shape changes, possibly with some additio”ﬁ)ery-low-energy electron diffractionVLEED) measure-
broadening due to random variations in the coordination ofnents®” In a recent study® we applied this technique to
Se atoms by Na. The BE of the Seg}, level was initially  vSe, as a supplement to normal-emission PES, and found
53.3 eV, with an increase by about 80 meV observed directlycellent agreement between the experimental data and the
after the initial Na deposition. With time, the shift was re- | Apw bands alongl'A, except that the flat band2 eV
versed, and 6.5 h later the peak appeared with about 45-me5(e|0\,\,|5F was placed~0.3 eV too low by the LAPW calcu-
lower BE than for pure VSg After 13 h the 35, peak had  |ation, and that the dispersive band minimumAat~3 eV
returned to its initial BE, and a second Na deposition causefle|ow E-, was placed-0.1 eV too high.
no change. This peculiar behavior can be analysed in terms For the PES data obtained with variable emission afgle
of two different contributions: (i) intercalation-induced the parallel wave vector of each observed transition can be
changes of the electronic structure, including the concentrayatermined ak,=0.512/E, sin 6 (with k, andE, in units of
tion dependent amount of charge transferred to the host layg -1 gng e\).52 Direct comparison with the LAPW bands is
ers; and(ii) the local effect on the first host layer of surface 5,y possible, by means of structure plots showing the initial
alkali species, Whi(_:h may_also include some charge transfeg,ie energy for each spectral peak as a functiok, along
As the concentration of intercalated alkali metals and the, rgjevant azimuthal direction. The structure plots represent-
nature of the surface species are both time dependent, tt“g:g our angular series of EDCs for VSere shown in Fig. 7,
combined effect is rather complex. for Na,VSe, in Fig. 8, for K,VSe, in Fig. 9, and for CgVSe,
in Fig. 10. As the perpendicular wave-vector comporignt
is undetermined, we compare our experimental points with
the LAPW bands corresponding to the symmetry planes with
Before comparing with the experimental results, it isk, =0 ('MK plane of the BZ, full line and k, =/c
worth considering the band-structure changes upon alkali incALH plane of the BZ, dashed lings or each line irk space
tercalation as predicted by the LAPW calculations. For allyith constantk,, the minimum and maximum energies of
three compounds the valence-band maximum is locatéd at each band are with few exceptions, found at the intersection
but the conduction-band minimum, which is foundlafor  with these planes, and so the experimental points of Figs.
VSe, behaves differently. It remains ktfor NaVSe, butis ~ 7-10, which appear in the shaded areas between associated
found atM for both KVSe and CsVSg Similarly, the  pands, are also consistent with the calculations. To be strict,
valence-band minimum is found dt for NaVSe (as in  the experimental points should be compared to the surface
VSe,), but atM for KVSe, and CsVSg Furthermore, the projected band structure, but the shaded areas constitute a
calculations predict a small direqt/d overlap atI' for  close approximation. Filled and open symbols indicate con-
KVSe,, but smallp/d gaps for both NavVSgand CsVSg  spicious and weak spectral peaks, respectively. In Figs, 7
This may indicate a difference in the alkali/host hybridiza-7(b), and 1@b), symbols of different shapes are used to dis-
tion, which is possibly connected with the lower intercalationtinguish between results obtained with different valuebigf
tendency of K, but without further calculations this remainsas the involved transitions will differ in terms &f . In Fig.
highly speculative. Thus, with the exception of the perpeng(b), symbols of different shape indicate whether the results
dicular dispersioridiscussed in Sec. IV Dthere is no obvi- were obtained after one or two Na depositions.
ous dependence of the band-structure characteristics on the For VSe, the agreement between experiment and calcu-
size of the intercalated alkali. In this context one may con{ation is generally very good, and most spectral features can
sider the hybridization of the host bands with unoccupiethe readily identified. Figure(@ shows the structure plot for
alkali-metal states. In addition to the similar alkalstates, the ' K azimuth compared with the LAPW bands along
there are also Na8states, K 8 states, and Csfdstates, andAHL, and Fig. Tb) the structure plot for the M
respectively, which should interact very differently with the andT’ M’ azimuths compared with tHeM andAL bands. It

occupied states. This may contribute significantly to the dif-
ferenF():es between NaV§e|y<VSe2 and CgVSg Y should be noted that although the bands in th& and

Normal-emission EDCs reflect the band structure alond M’ directions look the same, peak intensities could change
the 'A line in k space, and the dispersion of some featuresdrastically due to matrix element effects, and excitations may
ashv is varied, which is clearly seen in Fig(é, proves that Switch between different final bands when changing between
several bands of pure Vsare dispersive also perpendicular the two different directions. o
to the layers. To compare this perpendicular band dispersion A Spectral feature_could therefore be weak or invisible
with the calculated bands, we need to find the perpendiculavhen measuring in thE M direction, but clearly observable
wave-vector componen, for each direct transition. To do in ' M’ (or vice versy and if a peak associated with a
this accurately requires that the final-state bands are knowegrtain initial band appear to shift when going from one azi-
however. In many cases, a satisfactory analysis is possible byuth to the other, this may indicate a change to a different

C. Agreement with calculations
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FIG. 7. Structure plots for VSealong the(a) I' K and(b) I' M directions. Filled symbols correspond to conspicous spectral peaks, open
symbols to weaker structures. The experimental dat@)invere obtained withHO) hv=21.22 eV and ¢ ) hv=24 eV; in (b) with (V)
hv=14 eV, (O) hy=21.22 eV,(O) hv=24 eV, ($) hr=30 eV, andA) hv=38 eV. Comparisons are made with the YEAPW bands
calculated alonda) I'KM (full lines) and AHL (dashed lines and(b) I'M (full lines) and AL (dashed lines

final band(and differentk, ). Despite the overall agreement, occupied V 31 width is larger than reported before, but still
some deviations are found. In Figay two weak experimen- significantly smaller than the calculated occupied width of
tal structures without corresponding LAPW bands are see0.8 eV. It should be noted, however, that the calculations
aroundK. The first one, just belo;, can be explained by place the minimum of this band &t while atM the band is
indirect transitions from the occupied portions of the lowestonly 0.6 eV belowEg, in better agreement with the experi-
V 3d band, which crosseg&r at k;~0.7 A~! to emerge mental dispersion. Actually, apart from being about 0.1 eV
again halfway betweeik and M. Also, the other feature, higher in energy, the experimental points follow the LAPW
about 1.3 eV belovEg, is probably due to inelastic transi- band along"M(I'M") fairly well. Close to the zone center,
tions, although their origin is less clear. As listed in Table Il, however, complications arise due to overlap with Se 4
the minimum of the half-filled V 8 band is found 0.5 eV bands®® There is an apparent discrepancy in Figb)7be-
below E¢, at M, i.e., the observed occupied bandwidth istween the experimental points for the lowest Se dand

0.5 eV. Due to the Fermi-Dirac cutoff, the Vd3peak be- aroundM andM’, in that the points arountl’ fall almost
comes distorted nedEr, however, and is never seen to 0.4 eV below the calculated band. As the perpendicular dis-
reachEr. As a consequence, the apparent dispersion of thpersion of the band is virtually zero here, this is not an effect
V 3d peak is only 0.4 eV. The value of 0.3 eV, reported in of different final bands. Rather, the discrepancy is due to the
Ref. 30, is actually the apparent dispersion, while the mini-corresponding EDC peaks being too brd#tttough lifetime
mum reported was also about 0.5 eV belgw. Thus, the broadeningto allow for accurate determination of their BE.
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__FIG. 8. Structure plots for N&Se, along the(a) T K and (b) ___FIG. 9. Structure plots for {/Se, along the(a) 'K and (b)

I' M directions. Filled symbols correspond to conspicous spectral” M directions. Filled symbols correspond to conspicous spectral
peaks, open symbols to weaker structures. The cifciesnond$  peaks, open to weaker structures. The experimental data were ob-
in theT" M direction refer to experimental data after oieo) Na tained withhv=24 eV. Comparisons are made with the K\{Se
depositions. The experimental data were obtained with LAPW bands alonga) 'KM (full lines) and AHL (dashed lines

=24 eV. Comparisons are made with the Nay8&PW bands and(b) I'M (full lines) and AL (dashed lines

along (8 'KM (full lines) and AHL (dashed linegs and (b) I'M

(full lines) and AL (dashed lines pounds with less occupied Vd3bands. Another discrepancy

is that the V 3 peak is visible in the vicinity oK, despite

the fact that the band here should be ab&¢e The V 3d
electrons are known to become localized inM$e, and in

. h ..Na,VSe, for x>0.6 (Ref. 3, but the fact that some disper-
band about 0.3 eV higher than calculated, in agreement wit ion is still seen, and that the peak show a pronounced loss of

the recent PES/VLEED study. . . intensity close to where the calculated band crogse®n
The agreement between experimental points and calcu- —

lated bands, in different azimuthal directions, is also strikingapproa‘:h'h%’ |'nd|cat'es that the band p'lcture still .'S Yal'd'
after intercalation with alkali metals, as can be seen in Figs/h€ remaining intensity ak can be attributed to indirect
8—10. From the core-level spectra, a concentrakier0.25 transitions, or due to energy broadening of the band, result-
was estimated for all compounds. The near-surface regiotld in a tail belowEg even atk. The LAPW calculations
appear to be rather homogeneously intercalated, and the iglso predict additional V @ bands to reach belo& around
tercalation induced changes are obviously well developed., but we were not able to observe them directly. However,
The EDC’s from KVSe, have high inelastic background the increased Sedsline-shape asymmetry, commented upon
levels, but the agreement between experimental points arl Sec. IV B, might be a consequence of these bands being
LAPW bands is still notable. A common feature of all three populated. The weak features observell &4-eV BE) andK
compounds is that the observed dispersion of the lowest ¥1.6-eV BE for CsVSe, are probably also due to indirect
3d band(just belowEf) is much smallef0.1-0.2 eV than  transitions from critical points with high density of states,
calculated. One must remember here, however, that the apnd also for the other compounds some weak features may
parent dispersion is reduced by the Fermi-Dirac cutoff, ande due to indirect transitions.

that the calculations were made for the fully intercalated In addition to the results shown in Fig. 2, the LAPW
compounds, while the measurements were done on congalculations also yielded two dispersive bands of Selar-

Regarding the flat band about 2 eV bel@&y aroundF, the
experimental points in both Figs(&f and 7b) place this
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states and the above-mentioned ispersion reversal, it is also
clear from Fig. %a) that the visible effect on the Ses4tates
of the Cs deposition is small.

Figure 5b) shows Cs P spectra measured in both CFS
and EDC modes from G¥Se,. In analogy with the Cs d
levels one finds separatg§, and 5,,, features, each split
further into surface and intercalation components. The inter-
calation peaks have BE's of 10.4 and 12.0 eV. The LAPW
calculations resulted in three dispersive (s liands in the
BE range 9.6—-12.3 eV, but detailed comparisons are not
meaningful, since the calculations neglected the spin-orbit
splitting. Considering the complications posed by Fermi-
level distortion, incomplete intercalation, lifetime broadening
of Se 4p bands, and the effects of perpendicular dispersion,
the experimental band-structure characteristics collected in
Table Il still compares very favorably with its calculated
counterparts in Table I.

E-Eg @V)

A

D. Reduced dimensionality

AN Y W S S Ul LY. Generally, intercalation of TMDC'’s with alkali metals in-
— R 7 . ;
7 X ////%/' y Mga Iy & . creases the spacing between the host layers, which reduces
/ // ek 2 e o the direct electronic overlap between the layers, and hence
y

©

i the perpendicular dispersion. This is in strong contrast to
4 TMDC's intercalated with 8 transition metals, where strong
e hybribization between host valence states and intercalént 3
| Ay : , y
/4/////%/ > states strengthens the interlayer bon&ﬁgThe alkali-
g induced changes in the interlayer coupling are clearly mani-

“r, Cs.VSe, | ° | . fested in the calculated LAPW bands of Fig. 2: For YSe
05 0 05 o 1 > two bands belovwEg, presumably of Se @, character,_ are
(b) ky (A7) seen to have strong dispersion along Eh& symmetry line.
— The upper one of these has a width of 2.8 eV, but on inter-
_ FIG. 10. Structure plots for G¥Se;, along the(@ I' K and(b)  c5jation with Na, K, and Cs the width is reduced to 1.8, 1.2,
I' M directions. Filled symbols correspond t_o conspicous: spectrabnd 0.8 eV, respectively. Similarly, the width of the lowest
peaks, open to weaker structures. The experimental da@were )54 is reduced from 1.5 eV, to 1.1, 0.6, and 0.6 eV, respec-
ﬁbtf"gle(;;"'tch”EZLZZ.ev; in(b) W'thd(o) ht';]:tﬁ‘l e(;/’ Eg:é%\; tively. The calculated perpendicular dispersion over the
v=21.22eV. Comparisons are made with the Csy entire BZ is discernible in Figs. 7—10 as the vertical widths
bands alqnga) KM (full lines) ."’mdAHL (dashed line and (b) of the shaded areas. Also, some earlier calculations for
T'M (full lines) andAL (dashed lines intercalated TMDCs predicted reduced perpendicular
acter. The calculated BE range of these bands was 12.5 14d-?spersionz_1,22,24,eo—63
' . 9 W """ The measured EDC'’s of pure VSare characterized by

eV for pure VSg, and slightly narrowef12.9-14.5 eV for dispersive spectral features in directions both perpendicular
CsVSe. A curious effect of the Cs intercalation is that the and parallel to the layerfsee Figs. @), 7(a), and Tb)],

Se % band dispersions qlprigA ar_e_reve_rsed. This is most which clearly shows that the valence band is of 3D character.
likely caused by the additional minima in the perpendicular . o g
Although the analysis of normal emission EDC'’s in terms of

periodic potential introduced by the alkali-metal layers. The . . S .

. N ) perpendicular dispersion is complicated, our recent study
CFS spectrdi) and(ii) in Fig. 5(a), corresponding td" and i, 6)ying VLEED measurements shows that the PES results
M, respectively, show two peaks and one shoulder in the Bire in good agreement also with the calculated perpendicular
range 13.0-15.1 eV for VSeThe LAPW bands along'M dispersion for VSg
(and AL) are shown as an inset in Fig(a, on a common The most striking effect on of the alkali intercalation seen
energy scale. Two peaks, with Be's of 13.9 and 15.1 eV argy pES is the great reduction of peak dispersion in the mea-
experimentally observed at normal emissigorresponding  syred normal emission EDC[§ig. 6(b)—6(d)]. For NaVSe,
to I'), with an additional shoulder at 13.0-eV BE. In the some small dispersion remaitet most 0.3 eV for the upper
spectrum corresponding to tiM point the peak at 15.1-eV dispersive band, which is almost a factor of 6 less than cal-
BE remains, while the other peak is shifted to 13.3-eV BE.culated, possibly also for KVSe,, but for C§VSe, no dis-
However, this shift may not be due to true dispersion, as ipersion at all is found within the experimental accuracy. This
could be just an effect of the shoulder becoming more promimay be interpreted as a transition from 3D to 2D character of
nent. Despite being rather core-level-like, the experimentathe valence band, caused by intercalation-induced decou-
width of the Se 4 “band” is in fairly good agreement with  pling of the VSe layers, but the effect is very much stronger
the LAPW width, and the measured average BE is only 0.5han predicted by the LAPW calculations. This is a serious
eV higher than predicted. Despite overlap with the @s 5 discrepancy, particularly so when considering the good

E-Eg (eV)

&
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agreement found for the parallel dispersion. The explanatiobe stacking disorder, induced by thél-+3R structural

may fall into two different categories: either the perpendicu-changes mentioned previously. In th&-2 3R transforma-

lar dispersion is really reduced much more than predicted, otion the symmetry of the primitive unit cell is changed from

otherwise the sensitivity of the PES experiment to the perhexagonal to rhombohedral, but it still contains the same

pendicular dispersion is somehow lost for the intercalatediumber of atoms, and the hexagonal surface BZ is un-

samples. changed, so the band structure should be very similar, except
If the perpendicular dispersion after intercalation really ispossibly near certain symmetry points. If the transformation

much less than calculated, one straightforward explanatioi large crystals is partially inhibited by inhomogeneous in-

would be that the interlayer separation is larger than assumegrcalation or by defects pinning the sandwiches together,

in the calculations. This explanation is contradicted, how-this may well result in stacking disorder.

ever, by the good agreement found between the experimental

and calculated parallel dispersions, which are also sensitive E. Charge transfer and the RBM

to the interlayer separation. Other explanations may involve

correlation effects which could cause localization on the lay-

ers as the interlayer overlap is reduced below some critic

limit, but without improved theoretical modeling and further

It was pointed out already in Sec. | that, strictly speaking,
e RBM is unlikely to describe the intercalation induced
hanges in the electronic structure accurately. This assump-
experimental evidence this remains highly speculative tion Is acpgntuated by the. calculated LAPW bands, e}nd

y clearly verified by the experimental results. The strongly in-

The other possibility to consider, that the valence band reased anisotropy upon intercalation is not predicted by the

still have perpendicular dispersion after intercalation, bUtRBM and other significant changes, incompatible with the

that normal-emission EDC’s becomes insensitive, is to SOMB oM. are found also in the mapping of bands parallel to the
extent supported by some features in the experimental strug ' P

ture plots(Figs. 8—10: Consider the two spectral features ayers.

A The charge transfer from alkali metals to host layers is
that are observed for NéSe, at I' with a BE around 5 eV.  complete in the sense that, after intercalation, the valence

The stronger feature has about a 0.6-eV-higher BE than thgieirons provided by the alkali metals are found to occupy
weaker feature, but both peaks appear in the energy rangg 34 pands associated with host layers, rather than alkali-
spanned by the lower dispersiV& band. It can be argued meta)-derived bands. Due to hybridization between alkali
that both peaks originate from that band, as no other stat€feta| and host layer bands, one should expect these occupied

should contribute. With similar arguments one can assigihangs to have at least some small fraction of alkali-metal
about 0.6- and 0.5-eV dispersions to the corresponfliAg  character mixed into them, which would still leave some of

bands of KVSe, and CgVSe,, respectively, although the ihe charge on the alkali metal ions. Whether the ionization of
lower quality of the KVSe, surface requires some caution. the alkali metal is complete or not, is therefore largely a
The multiple peaks seen between 1.5- and 3.0-eV BE for al,atter of semantics.

three intercalation compounds indicate even larger remaining Although there are notable changes in the details of the
perpendicular dispersion, but the presence of more than ongyng structure upon intercalation, as well as hybribization
band in this energy range makes the interpretation more Urlsetween host and intercalant, the RBM admittedly describes
certain. Nonetheless, considering these indications seen ksential aspects of the intercalation in a conceptually simple
the angular structure plots, it appears likely that the Perpenyay, which is why it may still be used as a first approxima-
dicular band dispersions are close to the calculated resuli§n Under conditions that band widths and energy gaps are
also for the intercalated samples. In order to explain why the,ot greatly affected, the RBM is particularly useful if the

perpendicular dispersions are not seen in the normalsjectronic bands are represented by their density of states
emission EDC’s, one may recall that tkeconservation in o)y 16

the photoemission process depends on the translational sym- another observation is that most of the RBM incompat-
metry of the sampl&’ The almost perfect periodicity along _ible changes seem to occur at a very early stage of the inter-
the surface of a well-prepared sample leads to rather strigta|ation, This is reflected by the striking agreement between
conservation ok, (in a reduced zone scheméut in the oy | APW calculations, assuming fully intercalated samples,
perpendicular direction one has to consider the very limitechng our experimental results obtained with alkali-metal con-
mean free path of the photoelectrons. With only the fewgcentrations estimated to be on#y25% of that. It seems that
uppermost layers contributing to the photocurrent, Kl the |ayer decoupling, and the associated major electronic
conservation is significantly relaxed, and as a consequencgrycture modifications, take place immediately after the on-
the hv-dependent dispersion of direct transition peaks  set of intercalation, and that the effects of continued interca-

normal-emission EDC)sbecomes less visible, and nondis- |ation are relatively well described by application of the
persive structures reflecting the one-dimensional density 0gm on the modified band structure.

states along rods of constatmay appear. Apparently, for

the case of pure V§ehere_ is sufficienk cor_ws_ervation for VI. CONCLUSIONS

the perpendicular dispersion to be clearly visible, but not for

the intercalated samples. Several circumstances may contrib- The electronic structure of pure and alkali-metal-
ute to this: There is less dispersion to be seen in the intercantercalated VSghas been studied using angle-resolved pho-
lates, and simultaneously thle, conservation is further toemission. Na and Cs easily intercalate ¥ Sehile K in-
weakened by increased interlayer distat@med possibly de- tercalates at a markedly lower rate. The concentration of
creased escape depthAnother reason, perhaps the mostintercalated alkali metals appeared to reach some kind of
prominent one, for breakdown of thke conservation, could equilibrium at about 0.25 alkali atoms per \\Sermula unit,
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with diffusion to larger depths favored at higher concentrafar below those assumed in the LAPW calculations, which is
tions. The increased asymmetry of the Stl8vel after in-  why the effects of continued intercalation might be reason-
tercalation reflects changes in the conduction-band structurgbly well described by the RBM, applied on the modified
and a modified carrier density. band structure.

The valence bands of Vgevere found to be of 3D char-  Further studies are required to resolve the question of
acter, and in good agreement with the LAPW band calculawhether then situintercalation induces stacking disorder via
tions. In situ intercalation with Na, K, and Cs induced a jncomplete structural transitions. In particular, there is a need
transition from 3D to 2D character, which is largely ex- for studies that probe both crystallographic and electronic
plained by charge transfer to the host lattice and decouplingtrycture, which are strongly interrelated. Structural changes
of the VSe layers induced by the intercalated alkali ions. gccurring upon intercalation may create various kinds of de-
Also, after the intercalation good agreement was found befects, which in turn may have a strong influence on both the
tween the experimental results and the LAPW band calculag|kali-metal adsorbtion on the surface and the diffusion into
tions, particularly in terms of band dispersion parallel to thethe pulk, which is why it is essential that the defect structure
layers, but the calculations do not fully support the 3D to 2Dan( its influence on thin situ intercalation kinetics are in-
transition, as some perpendicular dispersion are still preyestigated. A better understanding of the resolution (or

dicted. This discrepancy could be due to redukedesolu-  |ack of it) in angle-resolved PES from intercalated TMDC's
tion in normal-emission measurements, structural rearranggs also desirable.

ments with associated stacking disorder, or correlation
effects which may weaken the interlayer coupling. The
LAPW calculations show differences between Nay,Se
KVSe,, and CsVSgwhich cannot be explained as alkali size
effects. This work was supported by the Swedish Natural Science

The observed changes in both experiments and calcul&®esearch Council. L. llver, J. Kanski, and P.-O. Nilsson are
tions are more extensive than predicted by the RBM, whickacknowledged for stimulating discussions. We also want to
should be used only as a first approximation. It is remarkthank Professor F. lwy for providing high-quality VSeg
able, however, that the major modifications of the bandsamples, and the staff at MAX-lab for their skillful assis-
structure are well developed already at alkali concentrationtance.
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