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New Method for Absolute Band Structure Determination by Combining Photoemission with
Very-Low-Energy Electron Diffraction: Application to Layered VSe;
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We have combined photoelectron spectroscopy (PES) and very-low-energy electron diffraction
(VLEED) to study the electronic band structurdk) of a material with complicated unoccupied
upper bands, which are incompatible with the free-electron approximation. Using VLEED, we have
experimentally determined these bands, and accordingly optimized the PES experiment. PES band
mapping using the VLEED upper bands enabled the first consistent resolution of the lower occupied
bands, in particular, the perpendicular dispersiofk,), for a layered material. The combination
of PES and VLEED is a powerful method to resolve even very complicdiékl) absolutely.
[S0031-9007(97)03570-9]

PACS numbers: 73.20.Dx, 61.14.Hg, 79.60.Bm

The electronic band structuiig(k) is a key concept in Our scheme for VLEED band determination [10], re-
understanding the properties of crystalline solids. Phoeently extended to the excited-state description [11], uses
toelectron spectroscopy (PES) gives detailed informatiomn approximateeference calculatiorof E(k,) and the
aboutE(k), but involves both occupied lower and unoc- corresponding’(E). The analysis is focused on the Bloch
cupied upper electron states. Accurate band mapping afave partial transmission§PTs)|7,|> [12]. The behav-
one of these states, in particular of the dispersion perperer of T(E) is dominated bycoupling bandscharacter-
dicular to the surfac&(k ), requires that the other state is ized by large PTs; th@regularity points (IPs) in these
known. In PES, the lower bands are commonly mappedbands, characterized by extremal variationEdk, ) [11],
using empirical free-electron-like upper bands. This is notause the extrema il /dE. The experimental energies
generally appropriate, as the upper bands of many materef these IPs are then directly found from the experimen-
als are far more complicated. tal dT/dE spectra. The coupling bands between the IPs

The layered transition metal dichalcogenides [1] areare obtained by a referenband interpolationor by band
typical examples of this. Extensive PES [2-5] and in-fitting. The procedure is simplified by neglecting the ab-
verse PES (IPES) [6] studies have given good knowlsorptionV; (no-absorption approximatignby which the
edge of the dispersiorE(k)) parallel to the surface. IPs become ordinargritical points (CPs).

However, mapping of£(k ) with free-electron-like up- We report the first band mapping using combined
per bands have produced inconsistent results; also, addidl.EED and PES: The very complicated upper bands of
tional structures due to multiple upper bands have beeWSe, were first determined by VLEED, and then used in
seen [7]. mapping of the lower bands by PES. This enabled the

For materials with complicated upper bands, accuratéirst consisten(k, ) resolution for a layered material.
PES band mapping therefore requires independent deter-Unoccupied upper bands-The VLEED experiment
mination of the upper bands. As the photoemission finaJ13] was carried out with a standard four-grid LEED
states are time-reversed LEED states [8], these bands aueit in the retarding field mode. Optimization of its
directly accessible by very-low-energy electron diffractionoperation, using explicit ray-tracing calculations [14],
(VLEED), covering the energies about 0—35 eV relativeenabled precise VLEED measurements, with the beam
to the vacuum leveE,,.. Typical final state energies in diameter less than 1.5 mm. ThE(E) spectra were

PES band mapping are in this range. obtained by the target-current-spectroscopy technique,
VLEED band determination is based on the fact that theneasuring the current absorbed by the sample. The elastic
elastic electron reflectioR(E), or transmissiorif’(E) = origin of the spectral structures was confirmed by their

1 — R(E), is determined by the matching of a wave apparen&; dispersion.

function in vacuum (plane wave superposition) to a A reference calculation of (k) and the corresponding
wave function in the crystal (Bloch wave superpositionT(E) was made in the no-absorption approximation, as re-
>, T.¢,), under conservation of the momentum parallelliable excited-state calculations on \tSare lacking. We

to the surfaceK; [9]. T(E) structures correspond to calculatedE(k) within the local-density approximation
Bloch wave changes, which are associated wilft,) of the density-functional theory (LDA-DFT) using the
irregularities. self-consistent linearized-augmented-plane-wave (LAPW)
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method. |T,|*> and the totalT (E) were found from the Next, the referencelT /dE was compared with the

LAPW bulk Bloch waves, using a conducting-Fourier- experimental one, in Fig. 1(b) (full line). In average,

component group velocityfCFC-v,) approximation [15]. the experimental extrema (and the associated CPs) are at

The absorption was simulated (1) by damping &) 0.7 eV higher energy, due to the self-energy correction

variations in i _ YiE) 0 ~ AX. The poor agreement between 4 and 9 eV is due
proportion td 7 WhereV; 3eV, . p g

and (2) by Lorentzian convolution with half-widt,(£). 0 @ common weakness of band calculations in this
We modeledV;(E) by a linear function with a Fermi- region. Everywhere else, the one-to-one correspo_ndence
Dirac-like step at the plasmon thresholtl,, ~ 16 eV between the extrema of the reference and experimental

[3], and estimated the parameters from experimental spe€ /dE is clear, and from their energy differences we
tra: V;(E) = 0.3 + 0.04E + ;OElh . with E in eV mapped the corresponding experimental CPs. The whole
relative Evac L+~ bands, in Fig. 1(c), were obtained by_ band_lnterpo!atlon
The VLEED band determination started with analy-We gorrected the.reference bands.pleceW|se by linearly
sis of how the referencé&(k,), in Fig. 1(a), is con- varying energy shifts to fit the expenmental 'CPs [16]_.
nected with the referenceT/dE, in Fig. 1(b) (dashed _Thg excned-_state band smoothing was simulated: The
line): We identified the coupling bands as those havprlnmpal coupling band branches were connected by real
ing substantial|T,|>. At lower energies, each of their IN€S across the gaps, and the (£) were Lorentzian

CPs produces an extremum T /dE. Close to 10 eV smoothed with half-widthV;(E) in the extended zone
the increased absorptiory causesdT/dE extrema from’ scheme. The resulting bands, in Fig. 1(d), are exactly the
adjacent CPs to overlap. Above the plasmon threshol{PPEr bands required for PES band mapping [17].

V; = 1.5-2.5 eV, which smoothes out almost all’/dE A free-electron parabol@—(k + G)? + Voo will fit
structure. the experimental upper bands only locally: the parameters

m™ and Vo depend strongly o andkj, which makes
such an approximation of the upper bands inadequate
E-Eyge (eV) [13]. Without experimental VLEED corrections, also the
I smoothed calculated LAPW upper bands are inappropriate:
the deviations are as large as 1.5 eV, leading in the PES
band mapping t&, errors of up ta).5|T"Al.
Conceptually, the main advantages of experimental
VLEED bands are that they (1) are corrected from band
calculation inaccuracies, and (2) include the true self-

dT/dEarb.ul) 0.177 0.354

I72= 0 energy corrections.
0.125  0.250 The experimental upper bands were now used to op-

timize the PES experiment for accurate band mapping.
Ml SR S From the experimental upper, and the calculated lower
bands [18], we constructed the structure plot in Fig. 2:
For every photon energfiw, the plot shows the lower
band energie€; — Er, for which a direct transition to

an upper band is possible. The corresponding photoemis-
sion peaks have amplitudes proportional to the lower band

E EF (eV)

Se4p

A

FIG. 1. VLEED band determination: (a) The refererti, )
along 'A with the PTs|T,|> shown by gray scale, and [(b),
dashed line] the normal incidene /dE. The corresponding 10 20 30 7o V)

CPs and thedT/dE extrema are indicated. [(b), full line]

The experimentaliT /dE, (c) E(k,) interpolated between the FIG. 2. Photoemission structure plot from the experimental
experimental CPs, and (d) the excited-state simulation for th&/LEED upper bands, and LAPW lower bands. Of the
principal coupling bands. amplitude factors|T,|*> are shown by the gray scale of Fig. 1.
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one-dimensional density of staté%, to the matrix ele- (SEE) peaks as descending lines with+ /iw = const.
ment |Mﬁ|2, and to the PTYT,|>. The peak broaden- The remaining peaks are due to the lower bands, in agree-
ing [19] is shown by shading; it i8V; horizontally if the =~ ment with Fig. 2: The two dispersionless peaks are due
hole lifetime is neglected. Vertical cuts of the plot cor- o the Sedp, , and V3d bands, and the dispersive peaks
respond to energy distribution curves (EDCs), taken foflue to the Setp, and Sedp; bands. The intensities
Fiw = const. differ from |T,,|?, or even vanish, mainly due to/ ;|

For k, -resolved band mappin§l3], the EDC peaks variations.
should be (1) clearly resolved from adjacent peaks, and (2) Of the dispersive peaks, not all are reliable for band
sufficiently narrow, compared to the bandwidth, that vari-mapping, as found from the plot in Fig. 2. For thee
ations of amplitude factor%%, |Myi2, or |T,|? within the band, the peak_s below 18 eV are reliable, except where
peak widths do not shift the peaks from the-conserving ~ they overlap with SEE features. From 22.5 to 24.5 eV
positions. According to these criteria, the plot suggestdhey are less reliable because of increased broadening,
that the Setp, band can be mapped using < o =< and above 24.5 eV inappropriate becausi of merging of
20 eV and, less accurately) = iw = 24 eV;the Setp? peaks from two upper bands. For the §& band, the
band usingl5 < iw < 23 eV. To obtain sufficient peaks belowiw = 23.5 eV are reliable, from 23.5 eV to
sampling of these bandsw should be changed in steps 25 €V less reliable, and from 25 to 30 eV inappropriate.
finer than 0.5 eV. Close to and above the plasmon thresHbove 30 eV, peaks corresponding to two upper bands
old, the increasing/; broadens the peaks, which may shift &€ resolved, and may be used for band mapping, although
them from thek, -conserving positions, or even merge they are less reliable because of large broadening. Here
them. Band mapping here is less accurate, or even imt IS Very clear how multiple upper bands produce spectral
possible. Note that this detailed recipe for an appropriP€aks corresponding to differeht ; such effects are often
ate PES experiment would not be available without thdgnored in PES analysis. _
VLEED study, and that it differs significantly from com- _ For explicit mapping of the occupied bands, we used
mon practice due to the complicated upper bands. the EDC peakg in the specified regions, avoiding Where

Occupied lower bands-The PES experiment was they overlap with core level or SEE peaks, and obtained
done at the MAX-lab synchrotron radiation facility, Lund, k. from the corresponding experimental VLEED upper
Sweden. We measured normal emission EDCs, chang@nds in Fig. 1(d). Figure 4 shows the experimental
ing hw in 0.25-eV steps in the band mapping regionPOINts |mpo§ed on the LAPW b_ands. The points from_ the
below iw ~ 25 eV, and in 0.5-eV steps above. The réliable regions are black, while those from the regions
EDCs were scaled by normalizing the intensities beWith large broadening are gray. . _
tween spectral peaks, and rendered to a gray scale All experimental points from the reliable regions
intensity mapl (E;, fiw), in Fig. 3. This map in fact com- Show strikingly consistent dispersions for both thet ge
bines the EDC mode with the constant-initial-state modénd the Sed4p; bands. This consistency is in strong
(cuts alongk; = const), and the constant-final-state mode
(E; + hw = cons) in one single representation. One
easily recognizes some irrelevant peaks: core level peaks
excited by higher-order-diffraction light as straight as- )
cending lines, and inelastic secondary-electron-emission

E;-Eg (eV)

E-E (eV)

4

Sedp - Lt

15 20 25 30 71 (eV) I ’ A

FIG. 3. Experimental photoemission intensity map. The con+IG. 4. PES band mapping using the experimental VLEED
trast is increased by subtracting a smooth background. upper bands, imposed on the LAPW bands.
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contrast to results for similar layered materials, obtained[4] H.l. Starnberg, H.E. Brauer, P.O. Nilsson, L.J. Holle-
with free-electron-like upper bands, although empirically boom, and H.P. Hughes, Mod. Phys. L&t1261 (1994).
adjusted [2,5]. We stress that our results are free from anyl5] R. Claessen, W.P. Ellis, C. Janowitz, C.G. Olson, Z.X.
adjustable parameters, as the upper bands were deter- Shen, V. Eyert, M. Skibowski, K. Friemelt, E. Bucher,
mined in an independent VLEED experiment. Clearly, _ and W. Schattke, Phys. Rev.), 2453 (1996).

. : [6] A.R. Law, P.T. Andrews, and H.P. Hughes, J. Phys. C
proper upper bands are crucial for consistent band 3 813 (1091): V. Langlais, H. Belkhir, J-M. Themlin,

mapping. . . : J.-M. Debever, L.-M. Yu, and P.A. Thiry, Phys. Rev. B
The gray points, corresponding to the less reliable re- 55 150495 (1995).

gions, are apparently shifted towards the band interiors.;71 g pehike and W. Schattke, J. Phys2@, 4437 (1987).

This is expected, as the larger broadening of the EDC(g] p.J. Feibelman and D. E. Eastman, Phys. Re10B4932
peaks induces peak asymmetry close to the band edges, (1974); J.B. Pendry, Surf. S&7, 679 (1976).

which effectively shifts the peaks from their direct transi- [9] G. Capart, Surf. Scil3, 361 (1969); J. B. Pendnlow
tion positions. Energy Electron Diffraction(Academic Press, London,
In conclusion, for the first time, a combination of 1974).
material with very complicated upper bands. The key[ﬂ] \é Nd StrOC&V, H@S;agggergégagq F)Pr.‘O. NF;Issorg J. ngs.
point is that the VLEED experiment not only gave the ondens. Mattess, ( ); Phys. Rev. B (to be
- ; . published 15 July 1997).
proper upper bands, including the self-energy correction

Lo . 12] We assume the Bloch wave normalizatipnp’ ¢, dr = 1
but also enabled optimization of the PES experiment fo ] in the crystal half-space. prp, pudr

accurate mapping of the lower bands. The PES datg;3) v.N. Strocov, H. Starnberg, and P.O. Nilsson, J. Phys.
measured in accordance with this, were represented in an = condens. Matte8, 7549 (1996). Compared to that study,
intensity map, which provided clear identification of the we have refined both the experimental technique and the
spectral structures. Mapping of the lower bands, from computational procedure.
the direct transition PES peaks and the VLEED uppeil4] V.N. Strocov, Meas. Sci. Techndf, 1636 (1996).
bands, gave consisteAtk ) in a layered material, for the [15] The PTs of the bulk Bloch waves, were approximated
first time. by a function F(C¢/,vy) of (1) the so-called conducting
Conceptually, we have proven that by combining Foqrier compone/nts of¢, in the interstitial region,
VLEED and PES one can determifi€k) (1) absolutely, satisfying k; + G = Ky [10], and of (2) the group
- L . - velocity v»”. Assuming a nonreflective surface barrier,
without limiting approximations, and (2) completely, woE 5 o
covering both upper and lower bands. One can perform ' (Cénvg) Was found as|T, | = 5, (v, S)", where
the VLEED experiment using a standard LEED or IPES ~ S» = 4/vi 2 (Cg)?, and theS; summation is over all
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band calculation. The combination of VLEED and but gives accurate energies of thgE) features, and
PES extends accurate band mapping to many materials S easily implemented on top of a conventional band

. . . . calculation.
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CPs, and are therefore positioned less accurately; however,
these bands give negligible contribution in PES too.
[17] VLEED band determination may be largely refined,

*Also at Institute for High-Performance Computations and particularly in the band smoothing simulation, if based on
Data Bases, P.O. Box 76, 194291 St. Petersburg, Russia. _ at least an empirical excited-state calculation [11].
[1] R.H. Friend and A.D. loffe, Adv. Phys36, 1 (1987). [18] The analysis does not depend critically on a particular
[2] O. Anderson, R. Manzke, and M. Skibowski, Phys. Rev. shape of the lower bands: Any curves suffice, which
Lett. 55, 2188 (1985). monotonously connect the band edged andA.
[3] E. Pehlke, W. Schattke, O. Andersson, R. Manzke, and19] N.V. Smith, P. Thiry, and Y. Petroff, Phys. Rev. &,
M. Skibowski, Phys. Rev. Bl1, 2982 (1990). 15476 (1993).

470



