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Photoelectron energy spectra have been measured on the layer compounds 1T -TaSe,, 1T -TaS,, and
2H -TaSe, as a function of both polar and azimuthal angle of emission. Light was incident normally
upon the sample and the photon energy in most of the experiments was 10.2 eV. The measurements
were performed in a specially constructed ultrahigh vacuum chamber using a movable retarding
potential-energy analyzer. The variations with polar angle of the positions of peaks in the spectra have
been used to plot experimental energy bands which are found to compare favorably with the
first-principles calculations of Mattheiss. The azimuthal dependence of the photoemission, and in
particular the Ta d-emission intensity, was found to display strong anisotropies. X-ray orientation of
the 1T samples revealed that if one assumes that the Ta d photoelectrons originate on Ta atoms, then
they propagate preferentially along directions which avoid neighboring chalcogen atoms. The relationship
with atomic orbitals and band theory is discussed. In the hexagonal crystal 2H -TaSe,, residual
threefold rotational symmetry is observed in the Ta d emission and is attributed to the shortness of

the photoelectron escape depth.

L. INTRODUCTION

It has been recognized for some time' that it
would be desirable to measure the photoelectron
energy spectra of solids as a function of the angle
of emission. So far, relatively few experiments of
this kind have been performed.?™® A conventional
photoemission experiment integrates the emission
over a large solid angle, and, in many cases, over
the entire solid angle into which the emission oc-
curs. Our original motivation for such angular
studies was a desire to map energy—versus—wave-
vector dispersion relations for electronic states in
solids directly from experiment, This first aim
was finally achieved on the layer materials 17-
TaSe, and 17-TaS,, and a preliminary account of
this work has appeared elsewhere.!® During the
course of the work it emerged that the technique
was capable of providing information not only on the
energy bands but also on the electronic wave func-
tions.* This follows if one turns one’s attention to
peak intensities rather than peak positions. Peak
positions are determined largely by the energy
bands (i.e., the energy eigenvalues of the electron
Hamiltonian). Peak intensities, on the other hand,
depend on the momentum matrix elements of the
optical transitions and therefore on the electron
wave functions,

The way in which angular photoemission studies
should reveal the energy bands is readily under-
stood as follows. Let us suppose that we have mea-
sured the kinetic energy E of an electron photo-
emitted into vacuum, and that we have also deter-
mined 6 and ¢, the angles of propagation of the
electron. The polar angle 6 is defined here as the
angle between the electron’s trajectory and the out-
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ward normal to the surface of the photoemitting
sample. The azimuthal angle ¢ represents the
angle of rotation about the normal. Measurements
of E, 6, and ¢ yield values for the three compo-
nents of the electron’s wave vector, kK’, in vacuum.
Taking the z axis along the surface normal, we
have simply:

k.= (2mE/1%)! ®sinfcos ¢,
k.= (2mE/n?)' %sinf sing, (1)

k! = (2mE/n?)" 2coss.

These components may be related to the compo-
nents k,, k,, and k, of the wave vector k which the
electron had inside the material. If the refraction
of the electron wave on crossing the surface bound-
ary is specular, the components parallel to the sur-
face, k and k,, will be conserved. The perpendic-
ular component %, presents more of a problem. In
a simple free-electron picture, the perpendicular
component %, will be given by

21,2 27,12
hk,zfik,+W, . @)

where W is the inner potential. We have attempted
to apply this free-electron refraction condition in
the analysis of our first angular photoemission
studies which were performed on GaAs.'® The un-
certainties involved in the use of a free-electron
refraction condition in a material such as GaAs,
having a complicated band structure, led us to con-
clude that further interpretation along these lines
would not be fruitful at this stage. We turned our
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attention instead to two-dimensional materials,

The problems indicated above are alleviated in
layer compounds such as the transition-metal di-
chalcogenides (7X,). These materials consist of
covalently bonded X-7-X sandwiches which are
loosely coupled to one another by van der Waals
interactions.!” Since electrons tend to be localized
within individual sandwiches, the energy bands in
the direction perpendicular to the sandwiches are
expected to be rather flat. Therefore, the band
structure is almost completely specified once it is
known in the two dimensions parallel to the crystal
layers. The validity of this assumption will be
discussed in Sec. II below from the vantage point
of recent first-principles band calculations by
Mattheiss. !® If the assumption of flatness is cor-
rect, however, it means that in angular photo-
emission studies of layer compounds, we need not
concern ourselves with the &, dependence but can
concentrate on the k, and %, dependence of the spec-
tra and the energy bands. Angular-resolved photo-
emission measurements have been made previously
as a function of 6 on the layer compound MoS, by
Williams et al. ,® and an analysis of their results
has been presented by Hughes and Liang.'® Con-
ventional photoemission work on various layer
transition-metal dichalcogenides has been done in
a number of other laboratories, 2072

After describing in Sec, III the details of our ex-
perimental method, we present in Sec, IV results
for the polar-angle dependence of the photoelectron
energy spectra in 17-TaSe,, 17-TaS,, and 2H-
TaSe,. From the positions of peaks in these spec-
tra, we map the two-dimensional energy bands in
the manner outlined above. These experimental
energy bands are compared with the first-princi-
ples calculations of Mattheiss.

In Sec. V we present results for the dependence
of the spectra on azimuthal angle. The emphasis
here will be on variations of the peak intensities
rather than the peak positions. We shall concen-
trate in particular on the intensity of emission from
the Ta-derived d states. The results will be dis-
cussed from two points of view, one which places
its emphasis on the properties of the final states in
the optical transitions, and another which places
its emphasis on the role of the initial states. An
important part of our discussion will be concerned
with the requirements of threefold as opposed to six-
fold rotational symmetry inthe azimuthal dependence
of the Ta d emission. Inthe 17 materials, for ex-
ample, a strict adherence to the two-dimensional
assumption requires that the energy bands have six-
fold rotational symmetry. On the other hand, the
site symmetry of the Ta atoms and the Ta-derived
d wave functions maintains threefold symmetry. In
2H-TaSe,, which has a hexagonal crystal structure,
it will be argued that the observation of residual
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threefold symmetry is a surface effect due to the
smallness of the photoelectron attenuation length.

II. PROPERTIES OF LAYER COMPOUNDS

We review here those properties of layer com-
pounds which we will need below in Secs. IV and V
in the interpretation of our experimental photo-
emission results, We describe first the crystal
structures of the 17 and 2H polytypes. We dis-
cuss also the electronic energy bands for the 1T
and 2H polytypes of TaS,.

A. Crystal structure

An interesting and useful property of layer com-
pounds such as the transition metal dichalcogenides
is that the same compound can often be prepared
with different crystal structures. These different
structures, or polytypes, share in common the
X-T-X sandwich sequence of the atomic layers.
They differ, however, in the coordination of the T
atoms, and also in the stacking and registry of
successive sandwiches with respect to each other,
In TaSe,, for example, the following polytypes have
been identified®: 17T, 2H, 3R, 4Ha, 4Hb, 4Hc, and
6H. In our work, we have investigated only the
two simplest structures, namely the 17 and 2H
polytypes.? Their unit cells are illustrated in
Fig. 1.

In the 17 structure (space group ng), each T
atom is octahedrally coordinated with X atoms.
Only one sandwich is required to define the unit
cell in the ¢ direction, and the structure has tri-
gonal symmetry about the ¢ axis: hence the desig-
nation “17.” To be more precise, the coordination
is not quite octahedral, but, due to distortion along
the ¢ axis, is actually trigonal antiprismatic. An-
other refinement concerns the positional parameter

FIG. 1. Unit cells of the crystal structures of the 17
and 2H polytypes of the layer transition-metal dichalco-
genides. Cross-hatched circles represent metal atoms.
Open circles represent chalcogen atoms.
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z defined in Fig. 1, Bjerkelund and Kjekshus?’
find for 17-TaSe, a value of z equal to 0.25+0, 01,
a range which contains the “ideal” value of 3. Our
own x-ray diffraction studies described inSec. IIID
suggest a value somewhat greater than 0.25.

We indicate in the 17 unit cell of Fig, 1 the di-
rections of the x, y, z axes. Also shown are an
alternative set of axes x’, y’, 2z’ which will prove
convenient in Sec, V when we discuss crystal-
field splittings in an octahedral ligand field,

In the 2H polytype (space group Dj,), the coordi-
nation of the 7 atoms is trigonal prismatic. The
unit cell in the ¢ direction spans two sandwiches,
and the crystal point group is hexagonal, hence the
“2H” designation. As can be seen from Fig. 1 each
individual X-7-X sandwich has threefold rotational
symmetry about the ¢ axis. The orientations of
alternate sandwiches are separated by a 180° rota-
tion about the ¢ axis. In other words, the sixfold
symmetry operation involves not only a 60° rota-
tion, but also a nonprimitive translation parallel
to the ¢ axis. Introduction of a surface into the
problem will break translational symmetry paral-
lel to the ¢ axis. Since the sixfold symmetry in-
volves such a translation, it also will be broken
and there will be a reversion to the lower threefold
rotational symmetry. This lower symmetry has
been observed in the photoemission properties of
2H-TaSe,. These results have been reported else-
where, !¢ and will be discussed further in Sec. VF.

An effect not considered in detail in this paper is
the occurrence of superlattice formation in the
crystal structures of the room-temperature phase
in 17-TaSe, and 17-TaS,.'"?%%® The superlattices
are thought to come about through the locking in of
the crystal structure to the periodicity of a gharge
density wave associated with certain regions of the
Fermi surface.® In the new crystal structure the
lattice parameter a is V13 times larger than that
indicated in Fig, 1, with the new unit cell being
nearly hexagonal but rotated by ~13° about the ¢
axis. However, the displacements of the atoms
from the 17 positions are less than 0.1 A, a value
comparable to the root-mean-square thermal dis-
placements at room temperature. Within the finite
angular resolution of our experimental apparatus,
the superlattice structure cannot be distinguished
from the perfect 17 structure. We have assumed,
therefore, that superlattice effects are not likely
to be important in the interpretation of our photo-
emission results., Possible exceptions to this will
be mentioned briefly in Sec. VE.

B. Electronic structure

Band schemes for transition metaldichalcogenides
have been presented by a number of authors, 73077
First-principles band structures for 17-TaS, and
2H-Ta$, calculated recently by Mattheiss!® using
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the augmented plane wave (APW) method are shown
in Figs. 2 and 3, respectively. In the energy range
—0.13 to 0.22 Ry, there exists, in both polytypes,
a group of bands which are derived primarily from
the S 3p orbitals. At slightly higher energies lie
the Ta-derived 5d bands. The dashed bands in the
upper portions of Figs. 2 and 3 correspond to the
Ta-derived 6s, 6p bands.

In the octahedrally coordinated material 17-TasS,,
the fivefold 54 band is split into two nonoverlapping
subbands, The threefold lower subband is asso-
ciated with the 5d orbitals, dj,2_.2, d,,, and d,2_s2,
loosely referred to as the “4,,” orbitals. The two-
fold upper subband is associated with the “e,” orbit-
ald,, and d,,. As will be discussed in Sec. VC,
these orbitals are not the true £,, and ¢, orbitals,
but are closely related to them. The main point
for our present purposes is that the Fermi energy
falls in the lower subband, so that the occupied Ta
d orbitals are expected to be primarily of #,, char-
acter. The density-of-states calculations by
Mattheiss (see Fig. 10 of Ref. 18) indicate that the
orbitals d,,2_,2, d,, and d z_2 are all strongly rep-
resented in the occupied region.

In 2H-TaS, there are twice as many bands as in
17-TaS, because there are twice as many atoms
per unit cell, The Ta 5d bands are split into an
eightfold upper subband and a narrow twofold lower
subband. The latter corresponds roughly to the
dy,2_,2 band of earlier empirical band schemes,!"30:33
However, as shown by Mattheiss, this subband con-
tains a strong admixture of the other “#,” orbitals,
d,, and d,2_2. Indeed, the hybridization between
the d, 2-,2 and d,,, d,2.,» derived bands is crucial in
bringing about the large gap between the twofold and
eightfold subbands,

The Brillouin zone of the 17 structure is shown
in Fig.4. We discuss here those features of its
geometry which will be relevant to further discus-
sion concerning sixfold as opposed to threefold ro-
tational symmetry. The irreducible wedge of the
Brillouin zone is indicated by bold lines in Fig. 4,
and the symmetry points ', A, L, M, H, and K
have all been labeled. The points M’ and L’ in Fig.
4 are fully equivalent by symmetry to M and L, re-
spectively, but have been given primed labels for
the following reason, The perimeters of the rec-
tangles TALM and TAL'M’ are fully equivalent to
each other by symmetry, but the interiors of these
rectangles are not. Likewise, the energy bands
[8(k) dispersion relations] over all corresponding
surfaces of the shaded and unshaded wedges in Fig,
4 are equivalent by symmetry, but there is no re-
quirement of crystal symmetry which demands that
the &(k) relations be identical in the interior of
these two kinds of wedge. The Brillouin zone and
the energy bands therefore retain the threefold ro-
tational symmetry of the real-space crystal struc-
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FIG. 2. Energy-band structure of 17-TaS, (courtesy Mattheiss).
ture. The k,, k,, k, axes of Fig. 4 are parallel re- Inspection of the first-principles energy bands in

‘spectively to the x, y, z axes of Fig. 1, so that the
unshaded wedges of Fig, 4 are the ones which would
correspond to the locations of the nearest-neighbor
chalcogen atoms if one were to imagine a metal
atom placed at the origin of %2 space.

Since the &(K) relations are constrained to be
identical over the surfaces of the two kinds of wedge,
one expects some tendency for them to be similar
in the interiors. This tendency is greatly reinforced
if one invokes the approximation of two dimension-
ality. If the bands were perfectly flat in the %, di-
rection, the energy bands along I'M would then be
identical with those along AL, and any other di-
rection parallel to T'M or I'M’. Similarly, the
8(k) dispersion relations would become identical
in the shaded and unshaded wedges, and would
therefore display full sixfold rotational symmetry.

Fig. 2 for the TA, ML and KH directions reveals
that there is some justification for the assumption
of flatness of the bands along %, in the occupied
region; the few exceptions to this have been dis-
cussed by Mattheiss. In summary, therefore, we
expect the occupied energy bands in 17-TaS, (and
also 17-TaSe,) to have sixfold symmetry or some-
thing close thereto. In anticipation of results to be
presented in Sec, V, we note that if strong three-
fold symmetry is observed in the photoemission
properties of the 17 materials, it appears that we
must look beyond the initial-state &(k) relations
for the explanation,

The Brillouin zone for the 2H structure is very
similar to that for the 17 structure. However,
since the crystal has sixfold rotational symmetry,
there is no longer any distinction between the shaded
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Energy band structure of 2H-TaS, (courtesy Mattheiss).
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and unshaded wedges of Fig, 4. If the photoemis-
sionproperties of a 2H material, therefore, display
even weak threefold symmetry, we must look be-
yond the occupied and unoccupied energy bands for
the explanation,

III. EXPERIMENTAL METHOD
A. Chamber and analyzer .

A special stainless steel ultrahigh vacuum cham-
ber was built for these angular dependence experi-
ments, and a schematic plan of it is shown in Fig.
5. The positions of the photoelectron energy ana-
lyzer and sampleare also shown, Ultraviolet light
from the exit slits of a McPherson 225 monochro-
mator passes through a LiF window and enters an
antechamber where it impinges on an ellipsoidal
mirror, which in turn brings the light to a focus on
the surface of the sample situated at the center of

the main chamber,

The mirror was made of stain-

less steel and was coated with an evaporated film
of gold. The sample and the monochromator exit

’?

FIG. 4. Brillouin zone of the 17 polytype.
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slits sit close to the foci of the ellipsoidal surface
of the mirror. In practice, the illuminated spot on
the sample was a somewhat enlarged image of the
exit slit with linear dimensions of 3-5 mm.

The sample is surrounded by a copper hemispher-
ical shell whose function is to create a drift region
free from electrostatic fields. A slot permits
photoelectrons propagating in the plane of the fig-
ure to exit from the hemisphere into an energy
analyzer which, by means of a rotary motion, can
be positioned at various polar angles ¢ with respect
to the surface normal., The azimuthal angle ¢ is
varied by rotating the sample about its surface
normal, To achieve this, the sample was mounted
on a Varian 981-0523 precision manipulator which,
in addition to the rotary motion, permits the sample
to be translated in the longitudinal direction and in
two perpendicular transverse directions, These
linear motions were used in fine adjustments of the
position of the sample and also in the sample-cleav-
ing procedure described below.

The energy analyzer indicated in Fig. 5 was op-
erated on the retarding field principle. In most of
our experiments, the entrance tube of the analyzer
was kept at the same potential as the hemisphere,
thereby extending the field-free region up to the
aperture (1.5-mm diam)atthe end of the entrance
tube (3-mm inner diam). Photoelectrons which pass
through the aperture enter a second tube of 3-mm
inner diam to which the retarding potential V, is
applied. Those electrons which emerge from the
end of the retarding tube are collected by a Bendix

Schematic plan of the measuring chamber and photoelectron analyzer.

4028 channel electron multiplier, Since the aper-
ture in the analyzer is rather small, the angular
resolution is determined partly by the angular size
of the illuminated spot on the surface of the sample
and partly by the collimating effect of the various
apertures through which the electrons must pass.
The azimuthal resolution A¢ is estimated to be
about 4° (i.e., there is a spread of £2° on each
side of our stated values for ¢); A¢ is independent
of 8 or ¢. The polar resolution A§ is estimated
to be about 4° for small 9, but is expected to de~-
crease with increasing 6 due to the cosine fore-
shortening effect on the angular width of the illu-
minated spot. The energy resolution of the analyzer
was estimated at about 0.2 eV by measuring the
sharpness of the Fermi edge in some preliminary
calibration experiments on polycrystalline copper.
The ambient magnetic field in the vicinity of the
sample and analyzer was cancelled to below 20 mG
by means of three orthogonal pairs of coils. Even
with these low residual magnetic fields, elec-
trons with kinetic energy less than about 1 eV can
still be appreciably deflected. We have therefore
attached less significance to the extreme low-ener-
gy end of our spectra, It is to be noted that our
experimental configuration is immune to the more
severe effects of magnetic deflection. The illu-
minated spot and the various tubes and apertures
through which the photoelectrons must pass define,
within certain limits, a rectilinear trajectory.
Photoelectrons whose trajectories have been curved
outside these limits by the residual magnetic field
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will not arrive at the detector. In other words,
the experimental configuration has a built-in fea-
ture which rejects the more excessively deflected
electrons. In confirmation of this, we have ob-
served that at the low-energy end, photoelectrons
tend to be relatively less abundant in the angular-
resolved spectra than in spectra obtained by con-
ventional methods which integrate over the entire
solid angle.

The photon energy used in most of our experi-
ments was 10,2 eV, Only a few measurements
were made at other photon energies. This was
dictated by the time-consuming nature of these ex-
periments. The collection aperture subtends about
0.01% of the total solid angle into which emission
occurs and signals are consequently low. We have
therefore concentrated our efforts on angular de-
pendences, and deferred detailed investigation of
the photon energy dependence for further study. It
would also be of interest, in some future study, to
investigate the effect of varying the angle of inci-
dence of the light; in the experiments described
here, the light was incident normally with an angu-
lar spread of several degrees, as indicated in Fig.
5.

The degree of polarization of the Iight in the
present experiments is not known with precision
but can be estimated roughly as follows. Measure-
ments by Derbenwick?® using a monochromator
similar to ours indicate that the light emerging
from the monochromator is virtually unpolarized.
The mean angle of incidence at the ellipsoidal mir-
ror is 75°, From the optical constants of gold at
10.2 eV given by Canfield et al.,>® we deduce that
the intensity reflectances for s- and p-polarized
light at this angle of incidence are 65% and 22%,
respectively., We conclude therefore that there is
a preference in our experiments for the electric
vector to be oriented normal to the plane of Fig. 5
to the extent given by these reflectivities, It would
be of interest, in future experiments, to investigate
systematically the effects of polarization on the
angular-resolved photoemission properties.

B. Sample preparation

The samples used in these experiments were
single crystals grown at Bell Laboratories by
DiSalvo. A thin ribbon, 0.03 mm thick, of copper
foil was attached to the edge of the underside of the
crystal with a silver-impregnated epoxy cement,
Epo-tek 417, in order to establish electrical con-
tact with the sample, Care was taken to avoid cur-
ing temperatures at which the 17 phase would trans-
form irreversibly tothe 3R polytype. The underside
was then cemented with a nonconducting/quick-dry-
ing epoxy cement, Veeco Ve-seal, to the end of a
copper rod attached to the end of the main shaft of
the precision rotary manipulator. The edges of
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the crystal were then trimmed with scissors so
that the sample had an approximately circular shape
with a diameter of about 6 mm. One end of a 0, 38-
mm-diam copper wire was cemented with Ve-seal
to the front face of the crystal, and the other end

‘was fastened to the stationary hemisphere support.

The cleave was accomplished by pulling the crystal
apart using the longitudinal linear motion of the
precision manipulator. The pressure in the vacuum
chamber at the time of cleaving was 1x10-'° Torr
or less. Immediately after cleaving, the sample
was advanced to the position shown in Fig. 5 and
the photoemission measurements were started.
(The cleaving blade indicated schematically in Fig,
5 was not employed in these experiments on layer
compounds, but was used in the work on GaAs men-
tioned earlier and reported elsehwere, 1*)

C. Data acquisition

The channel electron multiplier mentioned above
was operated at a relatively low gain of about
5% 10° so that the gain would be count-rate insen-
sitive even for as many as 10° electrons incident
per second. Pulses emerging from the multiplier
were capacitively coupled to a pulse amplifier
through a filter network which reduced high-voltage
transients and rf pickup. The output of the ampli-
fier was fed into an Ortec 715 Dual Counter/Timer
which, in turn, operated under the control of a
Nova 1220 minicomputer. The minicomputer was
also equipped with digital-to-analog converters
which provided the analyzer retarding voltage in-
crements as well as the oscilloscope and X-Y
plotter displays. Energy distribution curves were
obtained in the Nova by subtracting the counts ac-
cumulated at successive retarding voltages. A
three-point smoothing algorithm was then optional-
ly applied to the data. The spectra presented in

- this paper have all been three-point smoothed three

times., We checked that the spectra attained in this
manner were basically the same as those obtained
without smoothing from data accumulated for long-
er periods of time to improve the statistics. The
time required to accumulate a typical spectrum
was about a half hour,

D. X-ray orientation

After the photoemission measurements on the
17 crystals, the orientation of the sample was de-
termined by means of x-ray diffraction. Since the
outcome of these x-ray measurements is crucial
to much of the discussion in Sec. V, we describe
them in some detail. It is to be noted that merely
indexing a Lalie photograph without regard to the
intensities of the diffraction spots is ambiguous in
that it does not distinguish between the orientation
shown in Fig. 1 and the inequivalent orientation ob-
tained by a rotation of 180° about the ¢ axis. It
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was therefore necessary to resort to an intensity
analysis of the x-ray diffraction pattern,

In a kinematical treatment of x-ray scattering,
the amplitude of the scattered plane wave is given
by

%“Zfi et ’ @)
7

where G is the reciprocal-lattice vector separating
the incident from the scattered wave vectors; the
sum is over the atoms of the unit cell; r; is the
position of the ith atom, and f; is its scattering
factor, including anomalous dispersion but neglect-
ing thermal motion, *°

For the 17 unit cell of Fig. 1 with the origin
taken at the center of inversion as shown, we have

zpaOCfTa+2fchos(§- FSe ). (4)
|

_{fu +2fg. cos(27lz)
Penn =
Fra = fslcos(2mlz) + V3 sin(27lz)]

Equation (8) demonstrates that, for a given I, we
may rotate the crystal in the x-ray goniometer
about its ¢ axis in increments of 60° and observe
six diffraction maxima w hose intensities y*y al-
ternate between strong and weak values, Table I
compares calculated intensities with values de-
termined experimentally for reflections of the type
(017) using Mo Ko radiation.

The experimental results for odd I given in Table
I alternate from weak to strong in the same sense
as the calculated intensities. This establishes that
our assignment of Ty, =(3, 3,2) is correct, or, to
put it another way, our 17 crystals are indeed
oriented with respect to the x, y, z axes in the
manner indicated in Fig, 1.

The results for even / are of some incidental

TABLE 1.
tive units for 17-TaSe,.
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Let the position vector of the outermost (closest
to the crystal surface) Se atom in the unit cell be
given by

1 2 (1 2 1
rse=3ti+3t+28,=(3,5,2), O<z<3 (5)
where the conventional primitive translation vec-
tors are

6-0W31-5); Gdf; Gech, ®)

and 7, 7, F are unit vectors along the x, y and z
axes, respectively. The other Se atom in the cell
then at (- §,~3,-2). Let the vectors G be given
by

G(nkl)=2m(h1o; +k by + 15,) )

where the B; are the set of vectors reciprocal to
the¥;, and , k, I are integers. Equation (4) be-
comes

for h+2k=0 (mod 3)
for h+2k=%1 (mod 3). (8)

interest. Table I shows that if z were equal to its
ideal value of §, the diffraction spots for even !
would display sixfold symmetry. We see, however,
that the measured intensities alternate between
weak and strong values just as they do for odd 1.
Also, the sense of the alternation is consistent
with a value of z greater than the ideal value of 3,
and our best estimate would lie in the range,
2=0,256+0,002, This refined value for z cannot
|be taken too literally, at this stage, however,
since the atomic displacements it implies are com-
parable with those associated with the superlattice
distortions, which have been ignored in our analy-
sis. An important point for our present purposes
is that the refinements to z do not influence our
determination of the crystal orientation based on

Calculated and measured x-ray reflection intensities in rela-
The measured values quoted in the last column are

averages of the results at ¢, ¢$=120°, and ¢ +240°,

¢ Y*p(calculated) Y*YP(measured
(deg) (hkl) 2=0.240 0.250 0.260 (arbitrary units)
0, 120, 240 017 406 132 59 380
60, 180, 300 107) 4416 3918 2902 4800
0, 120, 240 019) 1896 2874 3241 3770
60, 180, 300 (109) 51 108 417 1370
0, 120, 240 018) 132 452 1188 2270
60, 180, 300 (108) 1188 452 132 730
0, 120, 240 (0110) 2648 1746 764 1120
60, 180, 300 (1010) 764 1746 2648 2630
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FIG. 6.
17-TaSe,, (b) 1T-TasS,, and (c) 2H-TaSe,.

the sense of the weak-to-strong alternation of the
odd ! diffraction maxima.

IV. VARIATIONS WITH POLAR ANGLE

In this section we present results and discussion
on the § dependence of the photoemission properties
of the layer compounds studied. Our main empha-
sis will be on the locations of peaks in the photo-
electron energy spectra and their relation to the
band structure. Except when otherwise stated, the
experimental measurements were performed using
a photon energy Zw=10,2 eV,

A. Photoelectric yield

Experimental results for the 6 dependence of the
total photocurrent (i.e., electron counting rate at
the detector in the absence of any retarding poten-
tial) are shown in Figs. 6(a), (b), and (c) for 17-
TaSe,, 17-TaS,, and 2H-TaSe,, respectively. In
each figure, results are shown for ¢ =0°, 30°, and
60°, which correspond, respectively, to moving
the analyzer in the TALM, TAHK, and TAL'M’
planes indicated in Fig. 4. It is seen that the ra-
dial plots of the photocurrent display appreciable
structure as a function of 6, and that these vari-
tions are different in the three different symmetry
planes,

In the 17 materials, the photocurrent in the
TALM plane is roughly twice as great as that in the
inequivalent TAL’M’ plane. The structure, how-
ever, is quite similar. For example, in the 17-
TaSe, results of Fig. 6(a), the prominent lobe ob-
served at about 6=55° in the TALM plane appears
also in the TAL’M’ plane but considerably scaled
down,

In 2H-TaSe,, the TALM and TAL'M’ planes are
no longer inequivalent, and we note in Fig. 6(c)
that the measured photocurrents in these two planes
are very close to each other. The slight difference

Polar angle dependence of the photocurrent at Zw=10.2 eV in the TALM, L'AHK, and TAL’ M’ planes for (a)

between the two curves is quite probably an experi~
mental artifact due to small movements of the il-
luminated spot over the surface as the sample is
rotated. Part of the difference, however, may be
due to residual threefold symmetry. In Sec. VF
below, we will show that the Ta d~emission dis-
plays significant residual threefold symmetry, and
that it can be related to the finite sampling depth of
the photoemission experiment,

B. Photoelectron energy spectra on 17-TaSe, and 17-TaS,

Experimental results for the 6 dependence of the
photoelectron energy spectra from 17-TaSe, are
shown in Figs. 7(a), 7(b), and 7(c) for the TALM,
TAHK, and TAL'M’ planes respectively. These,
and all other spectra in this paper, are referred to
initial-state energy, E ~7iw +$, where ® is the
work function, This choice of scale places the
zero of energy at the Fermi level, E.. (Strictly
speaking, the quantity F —7Zw + ® is the initial-
state energy only in the absence of effects such as
hold relaxation. *!)

Let us consider first the spectra for the TALM
plane shown in Fig. 7(a). On the basis of previous
photoemission work®-?* and the band structures
described in Sec. IB,'"!®30737 we identify the small
peak seen in some of the spectra between about
-1 eV and E, as emission from the occupied Ta-
derived d states., The larger peaks at lower ener-
gies are attributed to emission from the Se-de-
rived p states. Qualitatively, we see that the
shapes of the spectra vary quite dramatically with
0. A quantitative feature to which we draw partic-
ular attention is the movement to lower energies
of the uppermost Se p-emission peak as 4 is in-
creased, The Ta d-emission peak also shows some
tendency to fall to lower energies as 6 is increased.
In the lower p-emission energy region, a new peak
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FIG. 7. Photoelectron energy spectra for 17-TaSe, at Zw=10.2 eV as a function of polar angle 9, for (a) ¢=0°

(I'ALM plane), (b) ¢$=30° ('AHK plane), and (c) ¢ =60° (TAL’M' plane).

with the zero taken at the Fermi level.

emerges for 6 values above about 35°. This low-
energy p-emission peak is responsible for the lobe
centered at about 55° in the ¢ =0° yield data of Fig.
6(a).

The 6 dependence of the photoelectron energy
spectra of 17-TaSe, in the TAHK plane is shown in
Fig. 7(b). Features are observed very similar to
those observed in the TALM plane. The uppermost
Se p-emission peak, which appears very prominent-
ly at about — 1 eV in the #=15° spectrum, moves
to lower energies as 6 is increased.

Photoelectron energy spectra of 17-TaSe, taken
in the TAL'M’ plane at various values of § are
shown in Fig. 7(c). These are rather similar to
those observed in the TALM plane shown in Fig,
7(a), in that structures occur at the same initial
energies. The structures in the upper Se p-region,
however, are considerably smaller in relative in-
tensity than those observed in the TALM plane,
This would indicate that the energy levels of the ini-
tial states are similar in the TALM and TAL'M’
planes, but that the momentum matrix elements for
optical transitions may be different.

Experimental results for the 6 dependence of the
photoelectron energy spectra of 17-TaS, are shown
in Fig. 8 for the TALM plane only. The very prom-
inent peak seen at - 1,7 eV in the spectrum at

Spectra are plotted against initial-state energy

6=15° is identified as emission from states near
the top of the S-derived p bands. As in 17-TaSe,,
this uppermost p-emission peak moves to lower en-
ergies as 6 is increased. The main difference with
respect to the 17-TaSe, results is that the S p emis-
sion originates from a lower energy relative to the
Fermi level than the Se p emission. The prominent
features seen in the lower p-emission region of
17-TaSe, are not seen in 17-TaS,. Such effects
may occur but, because of the lower relative ener-
gy of the S p bands, may be obscuredby the thresh-
old cut-off effects. The absence of these low-en-
ergy features in 17-TasS, is consistent with the
absence in Fig. 6(b) of the prominent lobe which
occurs at §=55° in the photocurrent results of 17-
TaSe, in Fig. 6(a).

The small peak which occurs between about -1
eV and Ej is attributed to emission from the Ta
d-derived bands. This peak is either absent or
only weakly present in the spectrum at §=15°, but
is quite prominent in the spectrum at 6=25°, As
0 is increased further, this Ta d peak moves to
lower initial-state energies., Because of the choice
of vertical scale, these effects are not seen to
best advantage in Fig. 8. The effects are illus-
trated more convincingly in Fig. 9, which presents
spectra taken inthe TALM plane at the lower photon
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FIG. 8. Photoelectron energy spectra for 17-TaS, at

7w=10.2 eV for a sequence of polar angles. The azi-
muthal angle is kept constant at ¢ =0° (IALM plane).

energy of 8.9 eV, At 6=25°, emission is observed
in the energy range -1 eV to Eg, but it is rather
featureless, and only the Fermi edge is clearly
displayed. At 6=35°, we observe a well-defined
peak at - 0.3 eV, As 6 is increased, this peak
moves to lower energy, and is seen at —0.7 eV in
the spectrum at =75°. In this latter spectrum,
the peak is observed separate from the Fermi edge.
The behavior of this peak is reminiscent of the
angular photoemission studies on the (111) face of
Ag by Gustafsson et al.* A peak was observed

from the s-p derived levels in Ag which moved
with 6 in the manner predicted by the band struc-
ture. This peak, however, was riding on an angle-
insensitive background not predicted by simple
theories based on specular refraction. A similar
effect appears to be occurring in these experi-
ments,

C. Mapping energy bands

The spectra of Figs. 7(a) and 8 for the TALM
plane have been used to plot experimental §(k) dis-
persion curves. OQOur procedure is based on the
elementary considerations discussed in Sec. I.

For each peak in the spectra taken at 7w =10.2 eV,
we determined the kinetic energy E at the maxi-
mum of that peak. The parallel wave vector Kk,
corresponding to each of these values for E, was
evaluated from the simple formula

Ry =R+ E2)Y/ 2= (2Em/1®)" 2sine, ©)

We then plotted the initial-state energy E - 7w + @
versus k,, and the results are represented by the
filled and open circles in Figs. 10(a) and 10(b).

PHOTOELECTRON ENERGY DISTRIBUTIONS

|

-4 -3 -2 -1 0 = Ef
INITIAL ENERGY (eV)

FIG. 9. Photoelectron energy spectra for 17-TaS, at

7w=8.9 eV for a sequence of polar angles. The azimuth-
al angle is kept constant at ¢ =0° (TALM plane).



2098 N. V.

(c)

T

T

ELECTRON ENERGY (eV)

T

T
T

]

0 1 0 1 T
PARALLEL WAVE VECTOR

E4

FIG. 10. Electron energy vs parallel wave vector:
(a) experimental results for 17-TaSe, (full and open cir-
cles); (b) experimental results for 17-TaS, (full circles);
(c) APW results of Mattheiss (Ref. 18) on 17-TaS,. In
(a) and (b), wave vectors are expressed in units of the
I’ to M distance. The smooth curves included in (a) and
(b) are those of (c) except that the chalcogen p bands have
been given a rigid shift to higher energies.

Filled circles represent peaks with well-defined
maxima; open circles represent weaker peaks or
shoulders.

The basic assumptions in this procedure are as
follows. It is assumed that the refraction at the
boundary is specular, so that k, is the same both
inside and outside the material. It is assumed also
that the optical transitions are direct, so that the
initial state at energy E — 7w +® may be assigned
the same value for K, as that determined for the
final state. We concentrate here on the initial-
state energy rather than the final-state energy
since the assumption of flatness of the bands in the
k, direction is likely to have greater validity for
the occupied bands than the final-state bands. In
other words, leaving k, indeterminate is of less
consequence as far as the initial-state bands are
concerned,

We note that, for an individual spectrum in Figs.
7 or 8, 6 remains constant. It follows that, in a
plot of E - w + & versus (2mE/#?)!/2 sing, points
obtained from the same spectrum must lie on a
parabola. Two such parabolae (for §=35° and 55°)
are shown as dotted curves in Fig, 10(a). In the
spectra used here, k, is always within the first
Brillouin zone. The need to translate wave vectors
back into the reduced zone, as discussed earlier!3'!®
does not arise in this work.

The APW energy bands calculated by Mattheiss
for the T'M direction in 17-TaS, are shown in Fig,
10(c). This is merely a portion of the more de-
tailed results illustrated in Fig. 2. These bands
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display trends in good agreement with the experi-
mentally derived bands shown in Fig. 10(b). In
particular, the energies in the uppermost p band
and the occupied d band decrease with increasing
k, in both theory and experiment., The main point
of difference concerns the position of the S-derived
p bands relative to the Ta-derived d bands. As
shown in Fig. 10(b), better agreement is obtained
for 17-TaS, if Mattheiss’ p bands are given a rigid
shift of 0.8 eV to higher energies. This is consis-
tent with the result obtained in the x-ray photo-
emission spectroscopy measurements of Wertheim
et al,®

Likewise, in 17-TaSe,, if we assume that
Mattheiss’ results for 17-Ta$S, represent a good
first approximation fo the band structure, it is
seen in Fig. 10(a) that a rigid shift of the chalcogen
p bands by 1.6 eV to higher energies is required
to secure alignment between theory and experiment
for the position of the upper p bands. Once this
adjustment has been made, the peaks observed in
17-TaSe, at about -~ 2.9 eV also fall very close to
one of the lower p bands in Mattheiss’ calculation.
Between the uppermost p peaks and these peaks at
about -~ 2.9 eV, there is a third piece of experi-
mental structure in the —2.1 to -2, 7-eV range,
which decreases in energy quite rapidly with in-
creasing k,. This may correspond to the calculated
band in Fig. 10(a) whose energy is =1.1 eV at ,=0
and which also falls rapidly as &, increases. The
calculated band occurs, however, at a consistently
lower k, than the experimental band. This uis-
crepancy is not disturbing since, in Mattheiss’ cal-
culations, this particular band is markedly nonflat
in the %, direction, and so our assumptions are
less likely to apply. On the other hand, this inter-
mediate piece of structure may correspond to the
calculated band which occurs at consistently high-
er k,. The discrepancy in the values of %, might
then be attributed to the approximations involved in
the use of a simple rigid shift of the p bands.

We have chosen to compare our experimental re-
sults with the energy bands along the I'M direction,
but it would have been equally valid to have consid-
ered the AL direction (or any direction with the
same set of values for k,). Results have been pre-
sented here only for the TALM plane. In the TAHK
plane, the agreement with Mattheiss’ calculations
is less satisfactory owing to the appearance of
some unexpected d emission. This is discussed
below in Sec. VE.

D. Photoelectron energy spectra on 2H-TaSe,

Experimental results for the 6 dependence of the
photoelectron spectra of 2H-TaSe, are shown in
Figs. 11(a) and 11(b), which correspond, respec-
tively, to moving the analyzer in the TALM (¢=0°)
and TAHK (¢ =30°) planes. Spectra taken in the
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FIG. 11. Photoelectron energy spectra for 2H-TaSe,
at Zw=10.2 eV as a function of polar angle for (a) ¢=0°
(TALM plane) and (b) ¢ =30° (AHK plane).

TAL'M’ (¢ =60°) plane were found to be similar to
those in the TALM plane and are therefore not
shown, (As mentioned in Sec. 1B, the TAL'M’
plane is entirely equivalent to the TALM plane in
the 2H polytype; we retain the primed labels
merely for convenience,) The small peak which
appears in some of the spectra between ~1 eV and
E is once again identified as emission from the
Ta-derived d states. Note that for §<25°, the
emission in this region is weak and featureless,
but at 6=35° there is a prominent peak, This ab-
rupt appearance of the Ta d-peak is reminiscent of
the behavior for 17-TaS, illustrated in Fig. 9.

The behavior in the p~emission region of 2H-
TaSe, differs quite appreciably from that in 17-
TaSe,. At 6=15° in the TALM plane [Fig. 11(a)],
we observe two strong peaks in the p~emission
region of 2H-TaSe,. The upper peak at ~ 1,55 eV
is the stronger at §=15°, but becomes weaker as
6 is increased. The lower peak occurs at - 2,35
eV at §=15°, and moves to higher energies as 0 is
increased. At 6=35°, the two peaks appear to have
coalesced into a single peak located at —2.0 eV,
As 0 is increased further, two peaks are resolved
again, and the lower one moves to lower energies
with increasing 6.

In the TAHK plane for 2H-TaSe, [Fig. 11(b)], the

2099

spectrum at 6=15° is similar to that in the TALM
plane in that two strong peaks are observed at -1.5
and - 2.25 eV. The behavior on increasing 6 is
less dramatic than in the TALM plane. The upper
peak decreases in relative intensity as 6 is in-
creased, whereas the lower peak increases in in-
tensity. While there is some slight movement in
energy location, the coalescence observed in the
TALM plane does not occur in the TAHK plane,

A feature which the spectra in the TALM and
TAHK planes of 2H-TaSe, share in common, and
which is significantly different from the behavior
in 17-TaSe,, concerns the upper edge of the Se p-
emission contribution. In 2H-TaSe,;, the energy
location of this edge remains fairly stationary as
6 is varied. In 17-TaSe, (Fig. 7), on the other
hand, the upper edge of the p-~emission moves to
lower energies with increasing 6, We will see that
this qualitative difference is consistent with the
predictions of the band calculations,

Experimental 8(K) dispersion relations were
plotted for 2H-TaSe, in the TALM plane using the
same mapping procedure described above. The
results are shown as the filled and open circles in
Fig. 12. The smooth curves in Fig. 12 represent
the T'M portion of the calculated energy bands of
Mattheiss for 2H-TaS, (Fig. 3). The chalcogen p
bands, however, have been given a rigid shift of

ELECTRON ENERGY (eV)

PARALLEL WAVE VECTOR

FIG. 12. Energy bands for 2H-TaSe;. The full and
open circles represent the experimental results obtained
in the TALM plane [Fig. 11(a)]. The smooth curves rep-
resent the APW results of Mattheiss (Ref. 18) for 2H-
TaS,; the chalcogen p bands have been shifted upwards
rigidly by 0.9 eV.
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0.9 eV to higher energies relative to E,. We are
assuming here, as before, that the energy bands
of the disulfide represent a good first approxima-
tion to the energy bands of the diselenide. After
this adjustment has been performed, we observe
some encouraging correspondence between theory
.and experiment. The calculated band structure
shows three closely spaced bands which occur in
the range ~ 1.4 to - 1.5 eV at I', fall in energy as
k, is increased, and occur in the range - 2,7 to
-3.0 eV at M, We associate these bands with the
downward-trending set of experimental points rep-
resenting the downward-moving peak in Fig. 11(a).
The rigid shift of 0.9 eV was chosen partly to
achieve this alignment in Fig. 12. The calculated
band structure shows two closely spaced bands
which start in the range — 2.2 to —2.0 eV at I" and
move upwards in energy into the range — 1. 8 to
—1.4 eV at M. We associate this pair of bands
with the upward-moving set of experimental points
corresponding to the other prominent p-emission
peak in Fig. 11(a). The agreement in position is
quite good, particularly near the M point. In this
interpretation, the coalescence of the two prom-
inent p-emission peaks at about §=35° is due to the
crossing of the two upward-moving bands with the
three downward-moving bands. The existence in
the calculations on 2H-TaS, of these bands which
move upwards with increasing k, serves to explain
the roughly constant energy of the upper edge of the
p emission in the experimental spectra. In
TaS,, on the other hand, the calculated energy of
the upper p bands invariably decreases with in-
creasing k,, consistent with the strong movement
of the upper edge of the p emission in 17-TaS, and
17-TaSe,.

The experimental bands for 2H-TaSe, just below

(a)

$:=0°

- 3.0 eV also show some correspondence with the
adjusted theoretical bands. Finally, the experi-
mental d-emission peak falls close to the lower of
the two theoretical d bands. The abrupt appearance
of the d peak at about 6=35°, however, is more
consistent with the behavior of the upper theoretical
band since it falls below E only for values of &,
greater than about 45% of the T to M distance.

V. VARIATIONS WITH AZIMUTHAL ANGLE

In this section, we consider the azimuthal depen-
dence of photoemission. Our emphasis will be on
intensities rather than peak positions. In attempt-
ing to interpret the experimental results it is nec-
essary to go beyond the &(K) relations and consider
also the wave functions of the initial and final
states of the optical transitions which give rise to
the photoelectrons.

A. Photoelectric yield

The azimuthal dependence of the photoelectron
counting rate for electrons of all energies is shown
for three values of 6 in Figs. 13(a), (b), and (c) for
17-TaSe,, 17-TaS,, and 2H-TaSe,, respectively.
These figures are the azimuthal counterparts of
the polar dependence results of Fig. 6. At 6=55°,
the azimuthal dependence of the photocurrent in
17-TaSe, displays three major lobes centered about
the TALM planesand minor lobes about the TAL'M’
planes. At 6=25° and 35°, the azimuthal anisotropy
in 17-TaSe, is weaker than at §=55° but still dis-
plays strong threefold rotational symmetry.

The results for 17-TaS, are similar to those for
17-TaSe,, with the difference that the relative in-
tensity of emission at 6=55° is smaller. This is
consistent with the considerations in Sec. IV A and
IV B, where it was pointed out that the strong lobe

$:0°

FIG. 13. Azimuthal dependence of the photocurrent at §=25° (filled squares), 6=35° (filled triangles), and 6=55°
(tilled circles) for (a) 17-TaSe,, (b) 17-TaS,, and (c) 2H-TaSe,. Smooth curves have been drawn to connect the points.
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rect measure of the Ta d-emission intensity, Mea-
surements of the actual energy spectra revealed
that the energy location of the Ta d peak remains
above —1 eV for all values of ¢. Variations in the
cross-hatched area as a function of ¢ are there-

Se fore representative of variations in the actual d-

p ELECTRONS emission intensity and are not due to the d peak
moving in and out of the energy window.

The outer curve in Fig. 15 is a radial plot of the
azimuthal dependence of the total photoelectron
counting rate at 6=55°; this curve corresponds to
the total area under the photoelectron energy spec-
trum and, as already mentioned, it displays quite
conspicuously the threefold rotational symmetry of
i the crystal. Since the Ta d-emission is only a
{1 d small fraction of the total in 17-TaSe,, the outer
i ELECTRONS curve in Fig. 15 may be thought of as the Se p-

i emission. The inner curve of Fig. 15 represents,
on a five-times expanded scale, the azimuthal de-
pendence of the Ta d-emission. Three pairs of
major lobes are seen centered about the ¢ =0°,
120°, and 240° positions (FALM planes), and in-

FIG. 14. Energy spectrum of photoelectrons emitted dications of three pairs of minor lobes are seen
from 17-TaSe; at Aw=10.2 eV at.; the angles 6=55° and centered about the ¢ =60°, 180°, and 300° posi-
G e ot e e 13 AMOSRUES ons (TAL'M' lanes).

: The x-ray diffraction studies of Sec. IIID revealed
that the photoemission pattern is oriented with re-
. spect to the crystal structure in the manner shown
in the 6 dependence of the photocurrent in 17-TaSe, in Fig. 16. This figure shows the two outermost

PHOTOELECTRON ENERGY DISTRIBUTION

| |
-4 -3 -2 - 0:=Ep
INITIAL ENERGY (eV)

is associated with emission from lower-lying p atomic sheets of 17-TaSe,, and the radial plot of
states, and that in 17-TaS, this emission is atten- the Ta d-emission intensity has been centered on a
uated by threshold cut-off effects. It appears that Ta atom. If one adopts a localized picture and as-
emission from these lower-lying p states is re- sumes that these photoelectrons are actually cre-

sponsible also for strong azimuthal anisotropies in
the photocurrent,
In 2H-TaSe, [Fig. 13(c)], the results at 6=55°
display the strongest azimuthal anisotropy, and
the relative intensities of the §=55° lobes are close
to those at 6=55° in 17-TaSe,. The rotational
symmetry, however, is sixfold, consistent with the
hexagonal crystal structure of this polytype. 240°

180°

B. Ta d-emission intensity in 17-TaSe, and iT-TaSz

A series of experiments was undertaken in which
we isolated the Ta d-emission contribution to the
photoelectron energy spectrum and examined its
azimuthal dependence . In Fig. 14 we show a photo-
electron energy spectrum obtained on 17-TaSe, at
0=55° in the TALM plane, The Ta d emission
gives rise to a well-defined peak. The cross-
hatched area in the energy “window” from -1.15
eV to 0.0 eV will be taken as our estimate of the
Ta d-emission intensity. This area is very readi- |
ly measured in our particular experimental ar- ¢p=0°
rangement by setting the retarding potential at a FIG. 15. Radial plots of the azimuthal dependence at
value corresponding to the dotted vertical line in 6=55° of the total photoemission intensity (open circles)
Fig. 14. The Se p emission is thereby rejected, and, on a 5X expanded scale, the Ta d-emission intensity
and the remaining electron-counting rate is a di- (full circles) taken on 17T-TaSe; at Zw=10.2 eV.
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FIG. 16. The experimental Ta d-emission plot for 17-
TaSey at Zw=10.2 eV at 8=55° superposed on the two
outermost atomic sheets of the crystal structure.

ated on Ta sites, it is seen from Fig, 16 that they
propagate preferentially in directions between the
nearest-neighbor Se atoms rather than along the
Ta-Se bonds. We note also that the bifurcation
into pairs of major lobes corresponds to those tra-
jectories which avoid both first- and second-near-
est-neighbor Se atoms.

C. Shadowing effects in the final state

The azimuthal anisotropies observed in the Ta
d-emission results of Fig. 16 suggest that Se atoms
are opaque to photoelectrons of this particular en-
ergy and cast shadows. This shadowing hypothesis
receives support from further experiments on 17-
TaS, in which the lobe structure of the d-emission
was investigated as a function of 6. 17-TaS, is a
more suitable candidate for a study of this kind
than 17-TaSe, owing to the larger energy separation
of the Ta d-emission and chalcogen p-emission.

In 17-TaSe,, it is difficult to separate the d-emis~
sion at low values of 0 since it tends to be over-
lapped by the Se p-emission. This problem is al-
leviated in 17-TaS,, where the edge of the chal-
cogen p-emission occurs at lower energies, and

it is possible to separate the Ta d-emission even
at low values of 6.

The results for the 8 dependence of the lobe struc-
ture of the Ta d-emission are illustrated in Fig.
17. At 6=15° (not shown), the radial plot is quite
close to a circle; this corresponds to Ta d -photo-
electrons emerging almost normal to the surface
and without obstruction from the S neighbors. At
6=25°, indicated by open squares in Fig. 17, a
rather broad bulge appears in the ¢ =0° direction,
and corresponds to the shadowing effect of the
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nearest S neighbors. At 6=35°, indicated by open
triangles in Fig. 17, the bulge splits into two lobes
separated by 36°, The bifurcated lobe structure
becomes more pronounced as § is increased fur-
ther. On the shadowing hypothesis, we interpret
the valley between the lobes as the shadow cast by
the second-nearest S neighbors.

It is of interest to speculate on what would hap -
pen if the photon energy could be varied continuous-
ly over a wide range., We would expect that for
some final-state energies the Se atoms would be
transparent as in the Ramsauer-Townsend effect.
Such experiments could be accomplished by the use
of synchrotron radiation, We anticipate some val-
uable connections with theoretical and experimental
work on the phenomenon of extended x-ray absorp-
tion fine structure (EXAFS). Sayers et al.*® have
shown how EXAFS is related to multiple scattering
effects in the wave function of a photoelectron as it
radiates outwards from its atom of origin—a sit-
uation very similar to thatenvisaged here. Indeed,
Liebsch®® has already formulated a theory of angu-

Yo =0°
8=25° ~0—0-
35° o0
55° —0—0—
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FIG. 17. Azimuthal dependence of the Ta d-emission
intensity from 17-TaS, at Zw=10.2 eV for various polar
angles. The origin 0 represents the center of a Ta
atom as in Fig. 16; dashed circles indicate first- and
second-nearest-neighbor S atoms.
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lar-resolved photoemission which incorporates
these effects.

D. Initial states and atomic orbitals

In Sec. V C we have emphasized the role of the
final states in producing the observed anisotropies.
In this section, we will discuss the results from a
point of view which emphasizes the properties of
the initial states in the optical transitions. We
follow very closely the approach of Gadzuk. **

Let us represent an observed photoelectron by
the plane wave e ¥, Neglecting refraction atthe
boundary and band-structure effects, let us also
assume that ¢'%'F will serve also as the final state,
1f), in the optical transition which gave rise to the
photoelectron, This key assumption deliberately
deemphasizes the final-state effects, and tends to
isolate the role of the initial state in producing the
observed anisotropies. Let us represent the ini-
tial state in a typical optical transition by a tight-
binding Bloch sum over lattice sites ﬁ,,

|i)=)" ¢(T-ReiR (10)
14

The wave function ¢(T) represents the appropriate
atomic Ta d orbital or combination of atomic or-
bitals. The contribution I,,(f)) of this transition to
the observed intensity of photoelectrons with wave
vector p will be proportional to I{fI¥. Al#)|?,
where A is the vector potential of the incident
radiation, It is then easy to show that

L(B) = 4%* (cos®y) | 6(B)[26(8, - 8, - rw))_6(R-G-D),

G
(11
where (11)

o) = [ e o) aty (12)

and is simply the momentum representation of the
orbital q)(f). The sum is over all reciprocal-lat-
tice vectors G. The cosy term involves the angle
¥ between the vectors p and A. Since the radiation
is not polarized, we must take the average (cos?y)
which happens to be a constant for our apparatus
provided 6 is held constant. This is a consequence
of our particular experimental configuration., Since
we choose to rotate the sample rather than the ana-
lyzer in order to vary ¢, it follows that (cos?y)A%?
does not vary and may therefore be factored out.
The main result expressed in Eq. (11) is that the
angular dependence of the photoemission intensity
will have impressed upon it the angular dependence
of the orbital | $(p)|2. Speaking more generally,
the angular distribution of photoemission intensity
is, in this simple picture, a map of the momentum
density of the initial-state wave function, The
crucial assumption here, of course, is the use’of
a plane wave ¢i%? for the final-state wave function.
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FIG. 18. The experimental Ta d-emission plot super-
posed on the 2,=0 plane of the Brillouin zone. The
points of intersection between the broken circle and the
broken radial lines represent the estimated mean k-
space locations of the optical transitions contributing to
the major lobes.

The second 6 function in Eq. (11) embodies the
requirement of K conservation in the optical tran-
sition. This is purely a band-structure effect and
would apply even if we had used a more elaborate
form for the final-state wave function, The re-
quirement of kK conservation is considered further
in Fig. 18, where we have superposed the radial
pattern of the Ta d-emission of 17-TaSe, at 6=55°
onto the 2,=0 plane of the Brillouin zone. The
average kinetic energy of these photoelectrons leads
to an estimate of the parallel component of p, and
the broken circle in Fig. 18 has been constructed
with a radius of this magnitude. Broken radial
lines have been drawn along the centers of the
major lobes. The points of intersection between
the circle and radial lines therefore represent the
mean k-space locations (at least intwo dimensions)
of the optical transitions which gave rise to the ob-
served photoelectrons. Reassuringly, these points
fall inside the Fermi surface which, as indicated
in Fig. 18, consists of electron pockets centered
about the M points“; i.e., the occupied Ta d
states reside within these pockets.

An important feature of the Ta d emission is the
conspicuous threefold rotational symmetry. As
mentioned in Sec. IIB, the assumption of flatness,
of the bands in the %, direction leads one to expect
a sixfold symmetry for the energy bands, at least
for the occupied levels. Pairs of lobes centered
about the ¢ =60°, 180°, and 300° are detected,
but they are considerably less intense than the
major lobes. Interms of the initial-state picture
outlined above, we attribute the strong threefold
symmetry to the modulating effect of the | ¢(D)|?
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terms of Eq. (11). Referring back to Fig. 16, this
would imply that the momentum density of the oc-
cupied Ta d orbitals is piled up in directions be-
tween the nearest-neighbor Se atoms rather than
along the Ta-Se bonds. We explore now the extent
to which this is consistent with our present knowl-
edge of the nature of the occupied Ta d orbitals.
We note that the angular dependence of an atomic
orbital is the same inboth real space and momentum
space, *®

In the absence of more detailed calculations, we
adopt here a crystal-field or ligand-field philoso-

“phy. We assume perfect octahedral coordination
and employ the primed coordinate system of Fig, 1
in which the x’, y’, 2z’ axes are taken along Ta-Se
bond directions. In this coordinate system, crys-
tal-field splitting will result in a lower energy for
the three degenerate t,, orbitals (i.e., those or-
bitals whose angular dependences are x'y’ /7%,
v'2’/7%, and z’x'/7?%) than for the two degenerate
e, orbitals [whose angular dependences are (3z'2
—72)/7% and (x'% —y'%)/#2]. Since there is only one
Ta d electron available, this simple crystal-field
picture implies partial but equal occupancy of each
of the #,, orbitals. This is reasonably consistent
with the orbital decomposition of the densities of
states calculated by Mattheiss.!® Mattheiss shows
that the centers of gravity of the subbands based on
the “t,,” orbitals »* - 3%, xy, and 32% — 7? are close to
each other and are considerably lower in energy
than the center of gravity of the subband based on
the “e,” orbitals yz and zx. In the true band situa-
tion, however, these basis states are mixed with
each other in proportions which depend on position
in 2 space. To represent the occupied levels as
the #,, states of the crystal-field approach is there-
fore only a rough approximation, but it is of some
interest to see how far it goes in explaining some
of the observed anisotropies.

We note here that, in the x, y, z coordinate sys-
tem, the orbitals 3z% — 72, x2 —»%, and xy, some-
times referred to as the %, orbitals, are only
loosely describable as such. The true 7, content
is given by the following equations:

d322_72 = (dx'y' +dyoge + dt'x')/@ ’
dxa-yz = (2dx'yl - dy't' - dz'x' +\/§'d3l'a'72)/3’

dw = - (dy'z' +d‘p,: +dx,2_ylz)/\/3-. (13)
It is seen that the orbitals d,2.,2, d,, are not entire-

ly of ¢,, character but have a one-third intensity
admixture of the e, orbitals d,,.2_,2 and d,.2_.2, re-
spectively. Likewise, in performing the inverse
transformation of coordinates, it is found that the
true 4, orbitals, d,.,., dy.,., and d,.,. are com-
posed primarily of the dy2_z2, dz2_2, and d,, orbit-
als but have a slight admixture of d,, and d,,.
Mattheiss has emphasized the importance of in-
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FIG. 19. (a) Azimuthal dependence at §=55° of the in-
tensity of the ¢y, orbitals; the dashed curve represents
the orbital whose angular dependence goes as x’y’ /»%;
the full curve represents the total intensity of all three
tye orbitals. (b) Azimuthal dependence of the total ¢y,
intensity at various values of 6.

cluding properly the d-d hybridization effects with-
in the “4,,” subband since they are responsible, in
some cases, for the gross qualitative features of

the bands.!® Further to this, our simple analysis
above indicates that d-d hybridization between the
“t,¢” and “e,” orbitals is also likely to be of importance,
since some admixture of the “e,” orbitals is required
in the occupied states if only to satisfy symmetry

in the octahedral crystal-field limit.

The ¢ dependence at 6 =55° of the 4, orbital
Id,+ys |2 is shown as the dashed curve Fig. 19(a).
The full curve in Fig. 19(a) represents the angular
dependence of the sum of the intensities of the three
l,¢ Orbitals at =55°. The total intensity of the %,
orbitals at several other values of 4 is shown in
Fig. 19(b). In each curve, three broad lobes are
observed centered about the ¢ =0°, 120°, and 240°
directions, consistent with the stronger weight of
the major lobes in the measured d emission. The
angular dependence of the %, orbitals, however,
does not display the bifurcation into pairs of lobes
as observed experimentally.?” We must therefore
look beyond crystal-field effects for an explanation
of the bifurcation.

One possible explanation for the bifurcation is
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FIG. 20. Azimuthal dependence of the Ta d-emission
intensity from 17-TasS, at Zw=7.8 eV for 6=55° (open
circles) and 6 =75° (open squares); smooth curves have
been drawn to connect the points; the dashed curve repre-
sents, for comparison, the results for 6=55° at zZw=10.2
eV. As in Fig. 17, the dashed circles represent the po-
sitions of first- and second-nearest-neighbor S atoms
with respect to a Ta atom at the origin 0.

that it is a band structure effect and arises through
the k-conservation requirement that the optical
transitions be confined to certain regions of k space
as indicated in Fig. 18. Some support for this con-
jecture is to be found in the photon energy depen-
dence of the lobe structure. The ¢ dependence of
the Ta d emission at 7y =7.8 eV is shown in Fig.
20 for 6=55° and =75°. As in the results at 7w
=10.2 eV, pairs of major lobes are observed cen-
tered about ¢ =0°, and indications of pairs of minor
lobes are seen centered about ¢ =60°. Also the
total angular extent of the pair of major lobes is
smaller at § =75° than it is at 6 =55°. The lobes,
however, are less well developed at 7y ="7.8 eV
than in the corresponding curves at 10.2 eV. Qual-
itatively, differences of this kind are to be expected
from considerations of the k-conservation require-
ments in the optical transition and in the photo-
electric escape process. First of all, since the
kinetic energies of the Ta d photoelectrons are
smaller at 7w =7.8 eV, &, will also be smaller than
in curves for the same ¢ at 7w =10.2 eV. Secondly,
the perpendicular components 2, may also be dif-
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ferent, due to the movement through Kk space of the
surface of constant interband energy difference as
7w is varied.

E. Forbidden d emission

We draw attention here to certain features of the
experimental results which do not permit of simple
interpretations such as those given above. We re-
fer to the failure of the Ta d emission in 17-TaSe,
and 17-TasS, to disappear at certain angles where
the calculated band structure predicts that it
should. It is apparent from Fig. 10 that below a
certain value of 6 the Ta d emission in the TALM
plane should disappear, because the d band is un-
occupied for small values of k,. The experimental
spectra of Figs. 7(a), 8, and 9 do indicate an
abrupt drop in the d-peak intensity. The d emis-
sion does not disappear entirely, however, but is
still present at 6 in the form of a featureless back-
ground.

A more serious problem arises with the azimuthal
dependence of the d emission. The band structure
for 17-TaS, in Fig. 2 predicts that there should be
no occupied Ta d states along the 'K or AH di-
rection., We note in Fig, 18 that the measured Ta
d-emission for 17-TaSe, shows well-defined min-
ima in the six I'K directions but does not drop to
zero. (The results for 17-TasS,, part of which are
shown in Fig. 17, are the same in this respect.)
It may be seen in Fig. 7(b) that the d-emission
contribution in the actual photoelectron spectra for
the TAHK plane is not a featureless background,
but is a well-defined peak. Bearing in mind the
shifts of the p bands proposed in Sec. IV and their
possible influence on the shape of the d bands, we
cannot rule out the possibility that the calculated
bands are incorrect as far as this detailed behav-
ior is concerned. If the calculated bands are cor-
rect, however, we have no convincing explanation
for this result, and can only offer the following
suggestion.

a. Nondivect transitions. Spicer?® and Doniach®®
have argued that if the optical transition is accom-
panied by electron scattering, %k conservation, in
the one-electron sense, will not apply; i.e., it
would be possible to observe photoelectrons in the
TAHK plane, even though there were no initial
states in this region of k-space.

b. Suvface states. Owing to the shortness of the
sampling depth of the photoemission experiment,
the bulk band structure may provide only a rough
guide to the form of the observed spectra. Emis-
sion from surface states has been observed in a
number of laboratories.5%5!

¢. Diffuse vefraction. If the surface is not per-
fectly smooth, an electron crossing the boundary
may be diffracted such that X, is changed by an
amount not equal to a reciprocal lattice vector.
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This could result in the appearance of Ta d photo-
electrons in the TAHK plane.

d. Supevlattices. The shorter reciprocal lattice
vectors of the superlattice may produce surface-
diffraction effects of the kind discussed in ¢c. How-
ever, it has been argued in Sec. II A thatdue to the
smallness of the atomic displacements, superlat-
tice effects should be unimportant; i.e., it seems
unlikely that the weak diffraction associated with
the superlattice could give rise to d emission in
the TAHK plane whose relative strength is compa-
rable to that in the TALM plane, An effect which
may be due to the superlattice, and which is inkeep-
ing with this requirement of weakness, can be ob-
served in the results for 17-TaSe, shown in Fig.
18. In each pair of major lobes, the lobe at higher
¢ is slightly larger than the other. The consistency
of this effect indicates that it is significant. It is
observed also in 17-TaS, but not in 2H-TaSe, (see
below) which does not form a superlattice at room
temperature.

F. Escape depth in 2H-TaSe,

The ¢ dependence of the Ta d emission has also
been measured in the 2H-polytype of TaSe,, and the
results for 6 =55° are shown in Fig. 21. Asin
Fig. 15, the outer curve in Fig. 21 represents the
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FIG. 21. Radial plots of
the azimuthal dependence
at =55° of the total photo-
emission (open circles)
and, on a 10x expanded
scale, the d-emission in-
tensity (full circles) from
2H-TaSe,.

total photocurrent. The inner curve represents,
on a 10-times-expanded scale, the photocurrent in
an energy window which contains the Ta d-emission
peak. As expected for the 2H polytype, the sym-
metry of the emission is close to sixfold. How-
ever, in the Ta d-emission, we note significant re-
sidual threefold symmetry; the pairs of lobes cen-
tered at ¢ =0°, 120°, and 240° are larger thanthose
centered at 60°, 180°, and 300°. We attribute this
lower symmetry to the finite attenuation length of
the photoelectrons. The threefold symmetry of the
outermost Se-Ta-Se sandwich impresses itself on
the observed emission.

Let us assume that the photoemission from the
outermost (or first) sandwich and the other odd
third, fifth, etc.) sandwiches would look rather like
the inner curve of Fig. 15. Let us assume that the
even (second, fourth, sixth, etc.) sandwiches pro-
duce a similar pattern, but rotated through 180°,
In a simple approximation, the observed pattern
will be a superposition of the even and odd patterns
in the ratio e"*/?, where d is the intersandwich
spacing (which, for 2H-TaSe,, equals ¢/2=6.35
A)_sz We find that a reasonable simulation of the
d-emission pattern of Fig. 21 can be obtained by
superposing two of the d-emission patterns of Fig.
15 in the ratio 0.61:1. This yields an estimate of
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7=13 A for photoelectrons of this particular ener-
gy (about 9.4 eV above the Fermi level), This
value is comparable to those obtained on other
materials by different methods, %

The crude analysis presented above assumes that
the ctystal surface consists of an unstepped cleav-
age plane. Inspection of the 2H structure in Fig. 1
reveals that either of two orientations for the out-
ermost sandwich are possible depending on whether
the cleave takes place along the upper face of the
unit cell, or along its midplane. We have no esti-
mate of how many steps were present on our sample
surface.’ We note, however, that averaging over
multiple steps of both orientations will enhance the
sixfold symmetry at the expense of the threefold
symmetry. This would lead us to overestimate 7,
so that the true value may well be smaller than the
13 A quoted above. We have no knowledge of what
the preferred orientation of the outermost Se-Ta-Se
sandwich actually was in our experiments.

VI. CONCLUSIONS

It has been found in this series of experiments on
layer compounds that angular-resolved photoemis-
sion spectroscopy offers a wealth of information
not attainable with conventional photoemission tech-
niques. The information derived falls roughly into
the following three main categories.

(i) Monitoring the positions of peaks in the photo-
electron energy spectra as a flinction of angle has
enabled us to plot empirical 8(k) dispersion rela-
tions which compare favorably with first-principles
calculations by Mattheiss.!® The directness of the
method is to be contrasted with other techniques
which infer the band structure from some derived
quantity such as, the density of states.
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(ii) Measurement of the angular dependence of
the photoemission intensities appears to be giving
information on:the properties of the electronic
wave functions. It is not yet clear just how much
of the observed anisotropy results from the prop-
erties of the final states in the optical transitions
(as in the recent formalism by Liebsch*), and how
much is due to initial-state orbitals effects (as in
the approach of Gadzuk*). If an energy range can
be found in which it is reasonable to treat the final
state as a plane wave, one has the very appealing
result that the photoemission intensity is propor-
tional to the momentum density of the initial-state
wave functions. To test this possibility, theoretical
calculations of the momentum density would be
welcome. There may ultimately be some fruitful
connections here with Compton scattering and pos-
itron annihilation studies, which also measure
some section of the electronic momentum density.

(iii) The surface sensitivity of the photoemission
process reveals itself in the observed rotational
symmetry of the emission. Symmetry analysis
therefore offers a promising way of separating
bulk and surface contributions to the spectra in
systems where the surface and bulk atoms are
arranged with different symmetry.
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