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Location of Optical Transitions in k space from Angular Photoemission Measurements on Wf

R. R. Turtle and T. A. Callcott
Department of Physics, University of Tennessee, Knoxville, Tennessee

(Received 4 September 1974)

The energy and emission angle of electrons photoemitted from the (110) and (111) sur-
faces of W have been measured for photon energies between 7.7 and 10.7 eV. For prom-
inent transitions, the component of internal k vector tangential to the surface was ob-
tained from angular measurements on each of the two surfaces. The two components of
k were used to determine the internal k vector of prominent transitions occurring in the
plane defined by the (110) and (111)axes.

It is well known that the angular distribution of
photoemitted electrons contains information
about the crystal momentum (or wave vector k)
of the states involved in the photoexcitation pro-
cess. However, previous papers on angular pho-
toemission have not demonstrated the feasibility
of determining the wave vectors of states partic-
ipating in direct optical transitions by photoemis-
sion measurements alone. Feurbacher and Fit-
ton measured emission normal to three single-
crystal faces of W in order to study only those
direct transitions occurring along principal crys-
talline axes, but, as will be shown, missed ob-
serving a strong group of transitions causing
emission in directions between the (110) and (111)
axes. ' Other workers~' have published studies
of angular photoemission. They have derived
values of the wave vectors of states participating
in the emission process, but have eliminated the
uncertainty in the normal component of k inside
the crystal by means other than photoemission
measurements. In this paper we report angular
photoemission studies made on the (110) and (111)
faces of W crystals for photon energies between
7.7 and 9.7 eV and analyze the data to obtain the
location in wave-vector space of some of the di-
rect transitions contributing to photoemission in
this energy region.

As first discussed by Kane4 in reference to
angular photoemission measurements, only the
tangential component of k is conserved when an
electron of wave vector k propagates through the
solid-vacuum interface. The normal component
of k inside the crystal cannot be determined from
a single measurement without detailed calcula-
tions of the internal band structure such as those
performed by Mahan for simple metals. ' We
used Kane's idea to overcome this limitation by
identifying the same transitions in angular photo-
emission data from the two different crystal sur-
faces. Peaks in emission from the two surfaces
are identified with the same transition from the

coincidence in energy and from considerations
of smoothness and symmetry. The two compo-
nents of k allow us to specify wave vectors for
direct transitions occurring in the plane contain-
ing the (111) and (110) axes. For emission in
other directions the reported measurements ex-
plicitly specify only two components of a three-
component internal wave vector.

A more complete description of the experimen-
tal apparatus will be published in a later paper.
Briefly, experiments were performed at pres-
sures in the 10 "-Torr range. The oriented
single crystals were electropolished before
pumpdown and cleaned by electron bombardment
heating. Low-energy-electron diffraction was
used to check sample surface condition and ori-
entation.

The data reported here were taken with light
incident at 60 from the sample normal. How-
ever, the direct transitions could be obtained
with about the same intensity using normal pho-
ton incidence.

The forward hemisphere was covered by two
angular motions. The detector was scanned in
polar angle measured from the sample normal.
Different azimuths were observed by rotating
the sample about its normal. The angular reso-
lution was about 3 . Magnetic fields in the elec-
tron-drift region were a few milligauss.

Energy analysis of photoemitted electrons was
performed by a retarding-potential analyzer
mounted in front of a particle-counting detector.
Electron counts in an energy window of width
4V centered on a retarding potential V~ were
stored in the active channel of a multichannel
scalar. By moving the detector as the multichan-
nel scalar was stepped from channel to channel
the polar angular distribution of photoemission
was mapped at a given energy. Families of such
curves taken at different azimuthal angles then
provided complete information on the angular
distribution of photoemission at a given retarding
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FIG. 1. Curves showing the spatial distribution of
photoemission from (a) the (ill) and (b) the (110) faces
of W produced by 7.7 eV photons and with a -2.5-V re-
tarding potential. Arrows indicate the prominent peaks
produced by direct transitions. Principal symmetry
directions through which the detector scanned are in-
dicated.

voltage and photon energy. Figure 1 shows a few
curves from two such families taken on the two
single-crystal surfaces at a retarding potentia1
of —2.5 V for 7.7 eV photons. The scans were
made in the symmetry planes defined by the sam-
ple-normal and off-normal symmetry directions
that label the curves. The peak that appears
close to the sample normal on all the curves is
an artifact. The structures of interest for our
analysis are the prominant peaks indicated by
arrows that appear off the normal over restrict-
ed ranges of azimuthal angle. All angular struc-
ture showed threefold rotationa1 symmetry on the
(ill) surface and twofold symmetry on the (110)
surface as expected for the bcc crystal structure.

In Fig. 2 we plotted the angular positions of
direct transition peaks for a photon energy of
7.7 eV and various retarding potentials in addi-
tion to V~ = —2.5 V. The peak positions for the
curves were taken from families of curves like
those shown in Fig. I made at different retarding
potentials. The direct transitions give rise to
emission cones centered on the (110) direction.
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FIG 2 A~ar loci of stro~ direct transition peaks
from W for a photon energy of 7.7 eV and a range of re-
tarding voltages Vz. Two lobes of the pattern from
the (111) face and most of the pattern from (110) face
could be scanned during a single experiment. The po-
lar angle 0 is measured radially from the center of
each plot.

Emission is strong in the plane defined by the
(111) and (110) directions, but it is not confined
to it. As one approaches the plane defined by the
(110) and (100) directions emission from direct
transitions disappears. Similar results are ob-
tained at other photon energies up to about 9.7
eV, where this group of transitions disappears
and is replaced by another group of transitions
which gives rise to emission in the (111) direc-
tion.

The tangential component of the external elec-
tron momentum is

where K is the kinetic energy of the electrons in
vacuum, m is the free-electron mass, and 6) is
the polar angle of emission. The tangential com-
ponent of the crystal momentum k is then given
by

K is determined from the retarding potential and
the position of the low-energy cutoff of the energy
spectrum of photoemitted electrons.

After k~~ for two different surfaces for the same
transition have been determined from data like
those shown in Figs. I and 2, the internal k may
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be calculated for transitions in the (110)-(111)
plane. If the positions of the transitions are cal-
culated for a series of retarding potentials and a
single photon energy the curve through these
points gives the locus in the (111)-(110) planes
of k space where the bands are separated an
amount equal to the photon energy and there is
an appreciable joint density of states for direct
transitions. In Fig. 3 these joint-density-of-
states curves are plotted as solid lines for pho-
ton energies between 7.7 and 9.7 eV. On this plot
features of the Brillouin zone are indicated by
the conventional symmetry notation. The data
points along the arcs are labeled with the retard-
ing voltage at which they were obtained. In Fig.
3 contours of constant final-state energy are
drawn as dashed lines through the experimen-
tal points. These give a partial plot of levels of
final-state energy ~z measured from the Fermi
level in the (111)-(110)plane of k space. Simi-
lar contour plots may be constructed through
points of equal initial-state energy c, = e& —hv.

The results of Fig. 3 indicate that transitions
are occurring between initial and final bands
which increase in energy with increasing value
of k. From the solid lines it is clear that the
separation increases as one moves from the
(110) toward the (111) direction. From the
dashed lines, it is clear that the final-state en-
ergy also increases as the transitions approach
the (111) direction. The opposite trend is found
in the contours of initial energy. The sharp cur-
vature near D probably reflects critical-point
structure in the vicinity of the zone boundary.

Direct comparison of these results to published

FIG. 3. Contours of constant band separation ( )
and constant final state energy (-—-j in the (ill) —(100)
plane of k space for %'.

band-structure calculations is not possible since
most of the transitions occur away from major
symmetry directions. However, the trends noted
in the previous paragraph may be compared to
those expected from calculations for the Z, A,
and D symmetry directions. " In these calcula-
tions pairs of approximately parallel bands in-
crease in energy from I" along A and Z to I' and
N, respectively. Both upper and lower bands are
hybridized and split at large k. The separation
of these bands is greater along the A than along
the Z direction, and the upper band is at higher
energies along A than along Z, in qualitative
agreement with the trends we have observed.

The results reported also cannot be compared
directly to the experimental work of other au-
thors. The most relevant experimental study is
that of Feurbacher and Fitton who studied emis-
sion normal to the (111), (110), and (100) faces
of W. Above about 9.0-eV photon energy they
observed electrons emitted normal to the (111)
face which they attributed to direct transitions
giving rise to emission in this direction. Our
measurements in this energy region (not pre-
sented in this paper) confirm their results. In
addition, at lower photon energies, they observed
emission from both the (110) and (111) surfaces
which they tentatively attributed to a surface
emission process. We believe that these elec-
trons are more probably produced by direct tran-
sitions and subsequently elastically scattered into
the normal direction. This explanation assumes
that this scattering is sufficiently isotropic to
weaken the peaks due to direct transitions with-
out altering their essential form or position. The
electrons would then have the same energies as
those produced by the strong direct transitions
we have described in this paper. Also, no sig-
nificant variation in the number of these normal-
ly emitted electrons was observed when the inci-
dent angle of the light was varied between 0 and
45'. A strong dependence would be expected for
a surface emission process.

In this paper we have analyzed only a small
part of the information available from the angu-
lar-emission experiments. The results present-
ed lend credence to the assumption of tangential
k conservation and to the applicability of direct
transitions within a volume band structure for
photoemission in W.

/Research supported by the National Science Founda-
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Low-Temperature Specific Heat of Polysulfur Nitride, (SN)„
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Measurements of the specific heat of crystalline (SN)„ in the region 1.5-10 K are re-
ported. A linear temperature contribution to the specific heat is found and interpreted
as arising from an electron state density of 0.18 state/(eV spin molecule) and a one-di-
mensional tight-binding conduction band of width -0.9 eV. Analysis of the lattice speci-
fic-heat contribution supports existing evidence that (SN)„ is a highly anisotropic crystal-
line polymer and suggests a possible explanation for the apparent absence of a Peierls
transition. .

Much attention is currently being directed to-
ward the study of conducting one-dimensional
(1-D) systems. " Recently, Walatka, Labes, and
Perlstein' (WLP) have suggested that the crystal-
line polymer polysulfur nitride, (SN)„, may be
another example of a 1-D conductor. They have
reported metallic levels of dc electrical conduc-
tivity in (SN)„over the temperature range 4.2-
300 K, in contrast to all other known 1-D con-
ductors in which a metal-insulator transition oc-
curs within this same temperature region. This
exciting result clearly demonstrates that further
studies on the properties of (SN)„are important
for understanding the nature of 1-D conductors
and should lend insight into ways to stabilize the
metallic state in present and future 1-D materi-
als. In pursuit of this objective, we report here
the first specific-heat measurements on (SN)„.
These results, along with conductivity, thermo-
power, and magnetic-susceptibility data on our
crystals, indicate that metallic behavior in (SN)„
persists at temperatures down to 1.5 K. Our
data enable an estimate of -0.9 eV for the conduc-
tion-band width to be made on the basis of a sim-
ple 1-D tight-binding model. Moreover, the de-
pendence of specific heat on temperature above
3.2 K gives clear evidence for the importance of
anisotropic force constants in (SN)„. An analysis
of these data leads us to suggest that the Peierls
transition may be suppressed by fluctuations in

(SN)„because of weak interchain coupling.
Our samples were prepared in a manner simi-

lar to that described by ALP except that unpoly-
merized S4N4 and S,N, were removed from the
(SN)„by resublimation rather than by washing
with benzene. The S,N, starting material, care-
fully purified by recrystallization followed by
gradient sublimation, was stored under vacuum
before using. Chemical analysis of the resulting
brass-colored (SN)„crystals indicated N, 29.60;
S, 69.61 (calculated, N, 30.41; S, 69.59). The
only other element found in a specific analysis
was hydrogen [(0.2+2)/o by weight]. X-ray mea-
surements on compressed samples agreed with
the known x-ray structure' of (SN)„and gave no
indication of S4N4 or S,N, inclusions. Our x-ray
data also gave no evidence of noncrystalline
phases. Full details of the preparation and char-
acterization of our (SN)„crystals will be present-
ed elsewhere.

In order to compare our samples directly with
those of ALP, we have performed conductivity
and thermopower measurements between 1 and
300 K. The conductivity along the fibrous direc-
tion (each crystal being a bundle of parallel fi-
bers) was measured by using a standard four-
probe ac technique. ' Typical room-temperature
conductivities (oaT) averaged 600 (0 cm) ' with
considerable variation among samples, it being
difficult to accurately determine the cross-sec-
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