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Absolute band-structure determination by target current spectroscopy: Application to Cu(100)

V. N. Strocov* and H. I. Starnberg
Department ofPhysics, Chalmers University of Technology and Goteborg University, S-412 96 Goteborg, Sweden

(Received 3 April 1995)

Experimental data obtained by application of target current spectroscopy (TCS) to the Cu(100) surface
are presented, and used for absolute mapping of unoccupied electronic bands, i.e., without requiring
knowledge about any other bands. A simple scheme for data analysis which yet allows for accurate band
mapping was used. All features observed in the experiment could be identified as due to either the bulk
band structure, or to surface-barrier resonances. Good agreement with ab initio band-structure calcula-
tions was found. The potential of TCS for band mapping and for studies of excited states are discussed,
emphasizing the need for appropriate calculational schemes.

I. INTRODUCTION

The most important concept for the understanding of
the physical properties of crystalline solids is undoubted-
ly the electronic band structure. The most widely used
methods for obtaining detailed information about the oc-
cupied and unoccupied electronic bands are photoemis-
sion spectroscopy (PES) and inverse photoemission spec-
troscopy (IPES), respectively. A fundamental limitation
associated with these methods is that they both exploit
processes involving two states: In PES, transitions occur
from states below the Fermi level Ez to states above,
while in IPES transitions occur from higher to lower
states which are all above EF.

By using PES in its angle-resolved mode (ARPES) one
easily determines energies of occupied electronic states as
functions of k~i, the wave-vector component parallel to
the surface. But also to obtain the perpendicular com-
ponents ki one needs additional information about the
final states involved. In principle, unoccupied states can
also be determined by ARPES, but beforehand
knowledge about the initial states is required in such
cases.

A particular advantage of IPES is the possibility to
probe states between EF and the vacuum level, but again
a full wave-vector determination requires knowledge
about the higher states from which the electrons are
deexcited.

Different approaches have been used to circumvent
this problem, but a particularly straightforward solution
is offered by using the band-structure information provid-
ed by low-energy electron diffraction (LEED) and related
methods, since in these only one electronic state is in-
volved. ' Two closely related methods for obtaining
this information are very-low-energy electron diffraction
(VLEED) and target (or total) current spectroscopy
(TCS). Both methods employ an electron beam of
kinetic energy E, typically is in the range 0—30 eV,
directed onto a sample surface, and in VLEED the elasti-
cally reflected current is measured as a function of E,
while in TCS the absorbed (transmitted) current is mea-
sured. The transmission T is related to the reflectivity by

T=1—R —R;,

where R, and R; are the elastic and inelastic reflectivities.
R, represents reflected electrons which have undergone
energy-loss processes, but it also contains a contribution
due to emission of secondary electrons. Although depen-
dent on the kinetic energy of the primary beam, R; usual-

ly varies slowly, so that TCS data essentially contain the
same information as R, obtained from VLEED measure-
ments. From an experimental point of view, TCS has the
advantage of being more convenient to apply than
VLEED, although the results can be analyzed by the
same means.

Apart from band-structure features, R, (E ) and T(E )

may also exhibit narrow oscillations due to surface reso-
nances. ' These oscillations are known to converge to-
ward the threshold E=A (Kii+g) /2m, where an addi-
tional diffracted beam appears, and are caused by in-
terference between the specularly reflected beam, and
preemergent diffracted beams traveling along the surface
via multiple reflections between the substrate and the sur-
face barrier. Since elastic damping is weak in the barrier
region, these features are narrower than those related to
the bulk bands.

There is a close connection between PES and IPES on
one hand, and LEED on the other, because in terms of
one-step photoemission theory the higher states involved
in PES and IPES are LEED states, of the same kind as
those excited in a VLEED or TCS experiment. "

One way in which TCS data can be used is to carry out
full calculations from first principles, and to verify these
calculations by comparison between calculated and mea-
sured spectra. Possibly a few free parameters in the cal-
culational scheme can be varied as to obtain the closest
agreement possible. In a sense, these parameters are then
determined from experiment, on the condition that the
theoretical model used is physically sound. The ap-
proach favored by us is to use a procedure for band map-
ping point by point, where an approximate calculational
scheme is used as a guide, but where extreme accuracy is
not required in the calculations.

In this work we demonstrate how a conventional
LEED unit, of the kind available on most UHV systems
used in surface science, may be utilized for band mapping
by TCS. We have applied the technique to the Cu(100)
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surface, which has been thoroughly studied by different
methods, and which is theoretically well understood. For
these reasons Cu(100) is well suited as a testing ground
for TCS. We also demonstrate the necessity of adequate
calculations in order to interpret the data correctly. The
band mapping is carried out starting from an approxi-
mate band structure and VLEED calculation, which is
corrected with use of the experimental TCS data. A very

important advantage of this kind of semiempirical band
mapping is that time-saving approximate methods can be
used for the calculations, without compromising the ac-
curacy of the final band mapping.

II. EXPERIMENTAI. DETAILS

We have measured VLEED spectra by the TCS
method, using a conventional LEED Auger unit (PHI
15-120). When analyzing and presenting TCS data it is
preferable to work with the first derivative dT/dE, rath-
er than with the transmission T itself, as the dT/dE max-
ima and minima can be directly associated with band
edges and similar features of the band structure.
Differentiation also enhances the spectral fine structure,
while suppressing the inelastic background. The dT/dE
curves were obtained by numerical differentiation of the
measured absorbed current. A retarding field between
the electron gun and sample was produced by biasing all
grids (and the gun drift tube) to +100 V. This retarding
field swept away all secondary electrons and enabled mea-
surements down to zero kinetic energy. ' The electrons
left the gun with energies in excess of 100 eV, and were
retarded to very low kinetic energy as they approached
the sample. A special advantage of the experimental
geometry is that most of the retardation takes place in
the immediate proximity of the sample. Such conditions
are favorable for efficient operation of the gun, and mini-
mize the influence of stray magnetic and electrostatic
fields. In addition, magnetic fields were suppressed by
means of rnu-metal screening and external Helmholz
coils. The sample was kept as close as possible to the
electron gun exit, and a well-focused beam was obtained
over the whole 0—35-eV primary energy range. The pri-
mary beam current was typically kept at 1 pA, as larger
currents degraded the focusing. As an upper limit for the
energy spread of the beam, we may take the width of the
first dT/dE peak (corresponding to the onset at zero
kinetic energy), which was 0.8 eV [full width at half max-
imum (FWHM) j.

When the sample is rotated, the retarding field deflects
the incident electrons, thereby increasing the incidence
angle. ' The deflection is larger the smaller the primary
energy is. This effect reduces the variation of K~~ along
any experimental spectrum. ' ' In principle K~~ should
vary less over the spectral range (0—30 eV in our case)
the higher the bias voltage is, but we chose + 100 V, since
higher voltages resulted in unacceptable disturbances of
the electrons trajectories (caused by protruding manipu-
lator parts at the ground potential).

The Cu(100) sample was cleaned in situ by standard ion
bombardment and annealing. Once the surface was

thoroughly cleaned, overnight contamination could be re-
moved by flash heating. The surface cleanliness was
monitored by the dT/dE spectra themselves, as these are
much more sensitive to contamination than, e.g. , Auger
electron spectra. ' An additional indication of high sur-
face purity and negligible roughness was the appearance
of surface resonance structures.

The incidence angle was set by rotating the sample
around the vertical axis. The normal-incidence orienta-
tion was easily found by using the strong angular depen-
dence of dT/dE spectra. ' ' Due to the symmetry of the
Cu(100) surface, normal incidence corresponds to ex-
tremal energies of spectral features. The normal-
incidence orientation was easily determined by searching
for the maximum energy of the spectral features at about
25 eV. We observed that the setting also minimized the
energy of target current onset.

The approximate azimuthal orientation was set by
visual inspection of the diffraction pattern. An accurate
setting was thereafter found by watching for extremal
spectral behavior upon variation of the azimuthal orien-
tation. Due to the syrnrnetry of the surface Brillouin
zone, such extremal spectra indicate either I X and I M
azimuthal directions.

Although the strong angular dependence of our
dT/dE spectra in principle allows for sample alignment
with high accuracy (+0.5'), the sample holder geometry
used by us (main rotation around a vertical axis plus az-
imuthal rotation around an axis in the horizontal plane)
prevented us from eliminating a residual vertical devia-
tion (1 —2') between the surface normal and the beam.
In principle, such a vertical misalignment will result in
deviations from the symmetry lines of the surface Bril-
louin zone as K~~ varies. Deviations from the correct
symmetry planes will lift the degeneracy of related bands,
and result in splitting of spectral features. The fact that
our measured spectra do not show appreciable splittings
shows that the misalignments were minor.

III. EXPERIMENTAL RESULTS

The dT/dE spectra measured with electron incidence
scanning along the I M and I X azimuthal directions are
presented in Figs. 1(a) and 1(b), respectively. The spectra
exhibit a profusion of features, which are all strongly
dependent on the incidence angle. Of the possible inelas-
tic processes, electron interband transitions will reflect
surface or bulk density of states, and the corresponding
spectral features should therefore not depend appreciably
on the incidence angle. Neither should any other inelas-
tic processes (e.g., plasmon excitations) show a pro-
nounced angular dependency. The observed dispersion
therefore verifies that all spectral features are of elastic
origin.

The dominant features in Fig. 1 are rather broad
(widths & 2 eV). They are connected by dashed lines and
labeled A —G with superscripts + or —depending on if
they appear as maxima or minima. By comparison with
band-structure-based calculations, we show below that
they are associated with well-defined critical points (CP s)
of bands (such as band-gap edges). Some features are due
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produced by inelastic scattering justifies the analysis of
TCS data by elastic VLEED calculations, at least on Cu.

As mentioned above in Sec. II, the bias +100 V is too
small to ensure Kll conservation. By calculating electron
trajectories, assuming asymptotic spherical symmetry for
the field away from the sample, we found that an increase
«K~~ by 21%%uo can be expected as the kinetic energy is
scanned from 5 to 35 eV. The calculations also predicted

Kll to be highly sensitive to residual misalignments and
stray fields, in particular for energies below 10—15 eV. It
turned out that Kll could be determined more accurately
by empirical methods: In each spectrum, the first point
with well-defined Kll is the target current onset, where
the energy becomes sufficient for electrons to penetrate
into the sample. There Kll is obtained from the relation
E=A K~~/2m. Other points with well-defined K~~ are
those where a diffracted beam emerges. These points are
the ones toward which the surface resonance oscillations
converge, and K~~ can be found using that E=A

(K~~~

+g) /2m, g being the associated surface reciprocal vec-
tor. Between the target current onset and the diffraction
thresholds, Kll was obtained by linear interpolation, with
an uncertainty of 2—3 %%uo.

Having found the experimental Kll with satisfactory
accuracy, the next step is to relate every experimental ex-
tremum of dT/dE to a specific CP. This is easily done
with the assistance of the reference calculations, as is il-

0
lustrated in Fig. 3 (for the case KI~=1. 195 A ', I M az-
imuth). Throughout the multitude of bands, dT/dE ex-
trema are produced only by CP's of bands which are
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FIG. 3. Calculated reference bands along kll
=
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0

8), and kll=KII+~]0 (B—C) for All 1.195 A in the I M az-
imuth. The bands which are strongly coupled to incident plane
waves are drawn with bold lines. The corresponding calculated
dT/dE spectrum is shown to the right. The dT/dE extrema
are connected with the associated CP's by arrows.

matched with the incident plane wave, exp[iK r]. As
mentioned above, this is the case if a band has a leading
component which satisfies kll+ Gll

=Kll. ' Utilizing the
Fourier expansion generated by the calculations, one may
identify such bands (indicated by bold lines in Fig. 3).
The other bands are not significantly excited, and do
therefore not contribute to dT/dE.

We may distinguish between two di8'erent kinds of
CP's. The first kind is found where the kll=Kll+g lines
cross perpendicular symmetry planes, e.g., I X8'L or
XWU planes in the present case. As ki is well defined on
these planes, such CP's are particularly useful for band-
mapping purposes. The other kind of CP's are due to hy-
bridization band gaps in the interior of the BZ, and k~ is
not well defined by k-space geometry. It is clear from
Fig. 3 that the extrema labeled E, E+, D, and D+
correspond to interior CP's, while G+ is due to a CP in
the I XR'K plane. By this kind of analysis we found that,
of all CP signatures seen in our dT/dE spectra, only the
F+ and G+ features (for both I'M and I X azimuth) cor-
respond to symmetry plane CP's. For this reason these
features are indicated by bold dashed lines in Figs. 1 and
2.

For the measurements with Kll in the I M azimuth, we
found that the CP corresponding to F+ was located in
the intersection of the line kll=Kll with the XS'U plane,
and followed the lower Z, band along the XW line. As

Kll exceeded the XW distance, F+ disappeared from the
d T /dE curves, and instead G + emerged, corresponding
to a CP in the intersection of the umklapp line

kll=Kll+g&o with the I XR'E plane, which scans the
upper Z, band along the XR line.

In the I X azimuthal, F+ correspond to a CP which
follows the S& band from X to U in the XR'U plane, while
the umklapp feature G+ maps the 2& band from E to I.
To determine the energy of the experimental CP's we first
determined how much the calculated dT/dE features
have to be shifted in energy to coincide with their experi-
mental counterparts. The experimental CP energies were
thereafter obtained by shifting the corresponding calcu-
lated energies by the same amount. This way we found,
throughout the entire Kll range, the energies of the CP's
giving rise to F+ and G+.

The CP's corresponding to F+ and G+, and located in
k space where kll =Kll+g lines intersect I XS'K or XS'U
symmetry planes, are mainly found outside the irreduc-
ible wedge of the BZ. By folding the experimental bands
to standard symmetry lines, we obtained the experimental
band structure as presented in Fig. 4. The experimental
points are superimposed on bands produced by a self-
consistent linearized augmented plane-wave (LAPW) cal-
culation, using a parametrized exchange-correlation po-
tential. ' The experimental energies are accurate to
within about +0.25 eV, while values of Kll are deter-
mined accurately within +0.02 to +0.04 A

The final result presented in Fig. 4 shows the feasibility
of TCS as an independent method for band mapping.
The experimental points are in reasonable overall agree-
ment with the LAPW calculation. However, the experi-
mental data definitely reveal band gaps between the two
Xi (S& ) bands along 1 IVX, and between the two Zi bands
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FIG. 4. The experimental points along I KX and XR' which
are obtained from the dT/dE spectra in Figs. 1(a) and 1(b), re-
spectively. The size of the experimental points are approxi-
mately in accordance with the experimental inaccuracy. The
superimposed bands (dotted lines) were calculated by the
LAPW method.

along X8, which are not seen in the LAPW calculations.
Most likely this is an artifact of the LAPW calculation,
because bands of the same symmetry should interact in
the presence of the crystal potential, to produce such
gaps. In fact, these band gaps are apparent in other
band-structure calculations. Possibly the experimental
band gaps are somewhat exaggerated due to misalign-
ments, which may put K~~ slightly off the correct azimu-
thal directions.

In principle, a crude understanding of TCS data could
be gained from just plotting dT/dE maxima and minima
against K~~, together with calculated bands along ap-
propriate symmetry planes (with well-defined k~). The
main problem here would be that association of spectral
features with the calculated bands would be confused by
TCS features produced by interior CP's. In the present
case such features outnumber those associated with
symmetry-plane CP's, but in other systems (e.g., layered
materials) this may be a lesser problem. Furthermore,
such an analysis would be inaccurate, because the vanish-
ing electron group velocity at the extremal points and the
inelastic smoothing both tend to shift the dT/dE maxima
and minima away from the corresponding CP energies.

It is obvious from the analysis of the data that ap-
propriate VLEED calculations are absolutely necessary
in order to interpret the measured dT/dE curves correct-
ly. Basically three crucial questions are answered by the
calculations: (I) Which CP's produce significant dT/dE
spectral features? (2) Which CP's are located on symme-
try planes in k space? (3) How large is the energy

difference between each CP and its corresponding spec-
tral maximum or minimum? Our study shows that accu-
rate results can be obtained even with fast approximate
methods, but application of first-principles LEED calcu-
lations may of course improve the precision further. As a
full calculation invoking the potential barrier at the sur-
face should reproduce surface resonance features, it
would also be useful for studies of surface barriers.

Although most observed spectral features are due to
CP's not located on perpendicular symmetry planes in k
space, they still carry useful information about the band
structure. We found that variations in the pseudopoten-
tial of our approximate band calculations only produced
negligible changes in the values of k~ obtained for interi-
or CP's. This means that these CP's can also be quite ac-
curately determined, and that they are consequently use-
ful for verification of band-structure calculations, or as
input in band-fitting schemes.

From a strict point of view, VLEED probes excited
electronic states, while band calculations normally refer
to the ground state. In excited-state calculations one
has to include the inelastic scattering and finite lifetime of
states away from E~, and both E and k become complex
entities. When excited-state bands are plotted (as Re E
versus Re k), one typically finds continuous lines closing
the gaps of the ground-state band structure. ' Consider-
ing this it may seem surprising that all major band-
structure features of the experimental spectra (Fig. I) are
so well reproduced by calculations (Fig. 2) based on the
ground-state band structure. It seems, however, that this
closing of band gaps is not very relevant, at least from a
VLEED point of view. Although bulk states are intro-
duced in the gaps, these states are characterized by such
large values of Im k that they are not efficient in trans-
porting the electrons. One may say that an effective band
gap remains, for which the edges of the ground-state
bands are replaced by the inflection points of the complex
excited-state bands. ' Since the self-energy corrections
are not very pronounced in the VLEED range, these
inflection points do not differ appreciably from the
ground-state CP's and result in more or less the same
d T/dE extrema.

However, there is a possibility that some of the band-
gap enhancement seen when comparing mapped bands to
LAPW calculations (e.g., for S,-S, and Z, -Z, gaps in
Fig. 4) is due to an excited-state effect: In contrast to the
gap edges of the ground-state bands, the corresponding
inflection points of the excited-state bands are somewhat
displaced from the symmetry lines, toward the BZ interi-
or, thereby lifting symmetry degeneracies. From the
ground-state point of view, this may result in effectively
wider band gaps. To resolve this issue, further calcula-
tions based on the excited-state approach are required.

It is interesting to note that, compared to the ground-
state bands, excited-state bands appear to be more free-
electron-like. This fact is often used to justify the free-
electron approximation for them. However, the features
of dT/dE provide strong evidence of drastic changes in
the composition of band states at inflection points, and
these changes are clearly beyond the free-electron ap-
proximation.
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It should be pointed out that the similarity between
upper PES states and LEED states is violated when
electron/hole interactions are accounted for, because in
PES there is a hole present which is not involved in
LEED states. This fact can possibly be exploited in stud-
ies of excited-state effects. The similarity between upper
IPES states and LEED states remains, however, as in
both cases an electron is added to the system under study.
The results obtained here are consistent with those previ-
ously obtained from other Cu and Ni surfaces. ' '

VI. CONCLUSIONS

We have studied the unoccupied band structure of Cu
by TCS, and demonstrated how this method can be uti-
lized for absolute band mapping above the vacuum level.
As the method provides information complementary to
that obtained by PES and IPES, with modest experimen-
tal requirements, it has potential for widespread use in
the future.

All structures seen in experimental d T/dE spectra can
be understood as either bulk band signatures or surface
resonance oscillations. The strong angular dispersion of
all spectral features excludes significant contributions
from inelastic processes.

Fairly good agreement was found between our TCS
mapped bands and a self-consistent LAPW calculation.
Of the deviations observed, some could be attributed to
inaccuracy of the LAPW band structure, while others are
more likely due to a small experimental misalignment. A
third possibility is that excited-state efFects lead to an in-
creased virtual splitting of adjacent bands.

Our results show that the use of an appropriate calcu-
lational scheme is of utmost importance, in order to in-
terpret the spectra correctly. However, with the ap-
proach taken by us it is possible to map bands accurately

even with an approximate calculational scheme. The
scheme used by us is well suited for fcc metals, and its ex-
tension to other structures is straightforward. Alterna-
tive schemes may be developed that refines accuracy fur-
ther, or which are better suited for more complicated
structures, and by inclusion of model surface barriers in
the scheme one may extract more information about the
surface electronic structure.

We have found a close relationship between TCS data
and the ground-state band structure, despite the closing
of band gaps suggested by excited-state calculations. The
reason for this seems to be that the states in these closed
gaps decays too quickly to support any significant trans-
port of the incident electrons. From an electronic trans-
port point of view an effective gap remains, with the
ground-state gap edges replaced by the inflection points
of the excited-state bands. Although the real parts of
excited-state bands may look very free-electron-like, the
free-electron approximation is not justified in general.

A particularly interesting development would be to
achieve a better understanding of excited-state effects.
TCS should be a useful technique in such studies, and in
the end additional insights may benefit the analysis of
TCS data considerably.

The most significant advantage of the present data, as
compared to other methods, is that the upper states were
obtained without assumptions about any other states.
This can be exploited in (inverse) photoemission investi-
gations for determination of lower bands.
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