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We review the experimental apparatus presently available for use in inverse photoemission
spectroscopy (IPES) in the vacuum ultraviolet (5-30 eV) energy range. We consider the design and
use of different photon detectors including the gas-filled Geiger Muller counters and the more recent
solid-state isochromat detectors. We review the properties of various tunable photon detectors
employing either gratings or lenses as the dispersive element. Detection of the polarization of the
photons and its role in the emission process is alse discussed. A survey of the different electron gun
designs is presented with a discussion of the limitations imposed by space-charge effects on both the
available current and the achievable momentum resolution. Finally we present a brief review of spin-
polarized IPES (SPIPES) and discuss the intreduction of spin polarization in the incident electron

beam.

. INTRODUCTION

The last decade has seen the rapid development of in-
verse photoemission spectroscopy (IPES) as a technique for
investigating the unoccupied states above the Fermi level in
solids.’ As such it complements the earlier technique pho-
toemission spectroscopy (PES) which provides information
on the occupied states.” In PES an incident photon excites an
electron from an occupied state below the Fermi level to an
unoccupied state above the Fermi level. Shown in Fig. 1(a),
the electron in this final state is the detected particle. Con-
versely, in IPES, Fig. 1 (b}, an incident electron couples into
an unoccupied state and makes a radiative transition {o an-
other uncccupied state above the Fermi level. The detected
particle is now the photon emitted in the transition. Neglect-
ing the required occupation of the initial state in PES, the
two techniques are generally considered as time reversed
processes.” However, the two methods may be treated as
time reversed only for delocalized systems as found in the
solid state. For such systems it can be shown’ that the differ-
ential cross sections do/dw for the two processes are related
through the ratio R given by

_ (do/dw)pgs . (/ic )2
T (do/deddeps N/

where A, and A,, are the wavelengths of the emitted parti-
cles. This ratio is a reflection of the different densities of final
states available for the two transitions. In the UV energy
range R is approximately 10~ ° and in the x-ray range ap-
proximately 107 °. The low cross section for emission of
photons in IPES is the principal reason for the relatively
slow development of the technique as compared with PES.
However, even with the problenis associated with such a low
cross section, IPES has advanced considerably, and indeed
the analogs of many of the phenomena previously observed
in PES have now also been observed in IPES spectra.

The unoceupied states above the Fermi level have been
examined using a number of techniques other than IPES.
These experimental methods include appearance potential
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spectroscopy (APS)° and near edge x-ray adsorption spec-
troscopy (NEXAFS)® where, in both cases, core electrons
are excited to unoccupied final states above the Fermi level.
In the former case excitation is via incident electrons and in
the latter case via photons. The unoccupied states have also
been examined using two-photon spectroscopy.” Here an ini-
tial photon excites an occupied state below the Fermi level to

FIG. 1. Energy level diagram comparing photoemission (PES) with in-
verse photoemission (IPES). {a) In PES, a photon promotes an electron
from a filled state below £/, to an unfilied state above ¥, .. (b) In IPES, an
electron that has coupled to an unfilied state above £, makes a transition
to an unfilled state between £, and £, with the emission of a photon.
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an intermediate state above the Fermi level; this intermedi-
ate state is then probed by excitation with a second photon.
The first two techniques, APS and NEXAFS, do not have
the ability to map out the & dependence of the unoccupied
states. IPES and two-photon spectroscopy share this ability.
However, while the latter technique has demonstrated the
highest energy resolution, it has not yet been possible to ap-
ply it to as wide a variety of experimental systems as IPES.

The basic experimental requirement of IPES is an elec-
tron source providing a well-defined bear and a photon de-
tector with limited bandwidth. The sampling of the Brillouin
zone in solid-state experiments is determined entirely by the
angle of incidence of the electron beam. Having selected an
angle of incidence, experiments are carried out either by
scanning the incident electron beam energy and detecting
photons emitted at a constant energy (isochromat mode) or
by fixing the incident electron energy and collecting photons
emitted over a range of energies (parallel detection, or spec-
trograph mode). In the isochromat mode, the parallel com-
ponent of the crystal momentum k| is given by

ﬁz
where m, is the electron rest mass, E, is the energy of the
final state above the Fermi level, ¢ the work function of the
material, A the (fixed) photon energy, and @ the angle of
incidence. In instruments capable of detecting photons at
variable wavelengths, & is given by

k= ( ;’;" ) (JE, — ¢) sin 6, (3)

2m(? = 4 .
k) = \/Ef+ﬁm——¢ sin &, (2)

where now E; is the fixed incident electron energy defined
with respect to the Fermi level. Example £-resolved inverse
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FIG. 2. KRIPES data taken on
Pd (110} as a function of &, the an-
gle of electron incidence in the T X
azimuth. The incident electron en-
ergy was 22.5 eV relative to E,.
Features labeled BB are attributed
to direct transitions within the
bulk band structure. The feature
labeled S, is identified as a sur-
face state.

ENERGY (eV)
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photoemission (KRIPES) spectra recorded from a Pd(110)
surface as a function of the angle of incidence of the electron
beam are shown in Fig. 2. The spectra were taken with fixed
incident electron-beam energy and all emitted photons were
detected in parallel using a spectrograph to be described lat-
er. Discussed in detail elsewhere,® the spectra show disper-
sion of both bulk- (BB) and surface- (SS8) derived bands.

In this article, we review the experimental probiems as-
sociated with IPES. We examine the different photon detec-
tors currently available and then discuss the various electron
sources used in the technique. Our discussion will be limited
to the generation of low-energy electrons and detection of
photons in the UV range (5-30 eV). Photon emission in the
X-ray range, or bremsstrahlung isochromat spectroscopy
(BIS), has been reviewed elsewhere.® The latter technique
requires electron sources operating at higher kinetic energies
(in the 1-keV range) and photon detection is generally ac-
complished with a crystal monochromator.

if. PHOTON DETECTORS
A. Isochromat detectors

The photon detectors used in IPES have fallen into two
categories, those that operate in an isochromat or fixed pho-
ton energy mode and those that are tunable, allowing detec-
tion at different photon energies.

Detectors of the isochromat type include the Geiger
Mulier counter, which was introduced te the technigue by
Dose and co-workers.'® The construction of this detector,
shown schematically in Fig. 3(a), is relatively simple: a
stainless-steel tube, typically 25 mm in diameter, is closed at
one end by a calcium fluoride (CaF,) window and filled
with jodine gas to a pressure determined by its room-tem-
perature vapor pressure (0.1 Torr). The combination of the
transmission properties of the window and the photoioniza-
tion cross section of the gas determine the photon energy
detected and the bandwidth, as shown in Fig. 3(b). A pho-
ton with an energy lower than the cutoff of the window but
higher than the ionization potential of the gas will initiate an
electron cascade which is collected by a central electrode.
Samson’! has noted that detectors of this type have the ad-
vantage of high sensitivity, low noise level, and complete
insensitivity to wavelengths longer than the ionization po-
tential of the gas. Several authors have reported improved
stability with the introduction of helium at a partial pressure
of approximately 400 Torr into the gas cell. The increase in
pressure allows the detector to operate on the plateau region
ofits gain curve. Asseen in Fig. 3(b), the standard combina-
tion of CaF, window and iodine vapor produces a photon
detector centered at 9.7 eV with a band pass of approximate-
Iy 0.8 eV.

A more recent development has been the replacement of
the CaF, window by SrF,.'? This moves the detected photon
energy t0 9.5 eV and reduces the bandwidth to 0.4 V. The
authors report a further reduction in the bandwidth if the
temperature of the SrF, entrance window is raised from 20
to 70 °C. Any reduction in the bandwidth will of course be
accompanied by a reduction in the transmission. Indeed,
published spectra using a SrF, window'? indicate that the
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FIG. 3. {a) Schematic diagram of the Geiger Muller detector. The central
electrode, floated 1o a positive potential, collects the electron cascade cur-
rent generated by incident photons. (b) Bandpass characteristics of the
Geiger Muller counter. Transmission of the CaF window (- --), pho-
toionization cross scction of the iodine vapor (---), and the product of these
two (— 3.

overall count rate decreases by approximately an order of
magnitude compared to CaF,.

A more complete description of the operation and con-
struction of the Geiger Muller detectors is given by Sam-
son,'! who also details a number of other possible combina-
tions of window and gas filling. Combinations that have
already been used in IPES experiments include CaF,/CS,
detecting photons of energy 10.1 eV by Allen and co-
workers'? and CaF,/acetone by Funnemann and Merz."*
Geiger Muller counters have the advantage that they are
capable of collecting photons from a large solid angle. As has
been discussed elsewhere,’ the negligible momentum of the
photon emitted in the IPES process makes it possible to col-
lect alarge solid angle of photons with no loss of resolution in
crystal momentum space. The Geiger Muller detectors have
therefore occasionally been combined with a mirror to in-
crease the solid angle of collection, a geometry shown in Fig.
4.'5 The reflectivity of such mirrors in the UV range may be
improved by coating with Os or MgF,. At normal incidence,
the reflectance of a 250-A-thick MgF, film at 2 wavelength
of 1200 A is, for example, approximately 70%.'°

As an alternative to the use of a photoionization
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FIG. 4. Typical fixed wavelength IPES configuration, consisting of a Gei-
ger Muller counter combined with a large collection mirror.

chamber, Babbe ef al.'” have described a bandpass detector
with bandwidth determined by the transmission properties
of a CaF, window and the photoemission threshold of the
first dynode of an electron multiplier. By evaporating a thin
film of KBr onto the dynode, which operates as the high-
pass photocathode, this group were able to increase the effi-
ciency by a factor of 3.5." The authors report that this sim-
ple arrangement produces a photon detector with maximum
efficiency at an energy of 9.8 eV and bandwidth 8.6 eV, com-
parable with the original Geiger Muller counters. However,
by using a “solid state” detector or electron multiplier, the
problems associated with the corrosive iodine vapor are
avoided.

B. Tunable detectors

The second ciass of photon detectors employed in IPES
relies on optical elements giving energy dispersion of the
emitted photons. We describe two instruments falling within
this class: first, the grating spectrograph, where the disper-
sive element is a ruled grating, and second, the so-called
“lens refractor,” where the dispersive element is a lens. Some
of the basic experimental arrangements using these two de-
tectors are shown schematically in Fig. 5.

The first spectrometer designed specifically for IPES ex-
periments was based on a holographically ruled toroidal
grating.'? In the original design, this instrument was capable
of detecting photons in the range from 10-100 eV but was
limited by the use of single-channel detection. Because of the
relatively large (i.e., near grazing} angle of incidence of the
photons on the grating, this type of spectrometer collects
only a small solid angle of the radiation emitted from the
sample. For the original instrument, the solid angle collected
was 3107 8r (19° grazing angle of incidence on a 3
em X 3 cm grating), resulting in a published photon detec-
tion rate of 300 counts eV ~ ' s ! for a 1-mA electron-beam
current on the sample. The instrument had 32-cm entrance
and exit arm lengths and a 550 line/mm grating, producing a
resolution that was typically 0.25 eV at 20 eV and 0.85 eV at
40 eV. More recently, this design, shown in Fig. 5(a), has
been improved through the introduction of multichannel de-
tection of the different wavelength photons.”® The use of
multichannel detection, described in more detail in Sec. [ C
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FIG. 5. Variable photon wavelength detectors used in IPES. (a) Grazing
incidence spectrograph with toroidal grating and parallel detection. (b)
Off-Rowland circle normal incidence spectrograph with parallel detection.
(¢} Refractor with a lens as the dispersing clement and single channel detec-
tion.

below, is common to most spectrographs currently used in
IPES.

Subsequent grating spectrographs have been of the nor-
mal incidence type and have used spherical gratings. The use
of normal incidence restricts detection to photons of energy
typically less than 40 eV. Elsewhere we have presented the
principles governing the optical design of such instru-
ments.”' The wavelength of detection in any spectrograph is
given by the grating equation

sin o + sin B = mA /d, (4)

where @ and /3 are the angles of incidence and exit, respec-
tively, m the order of diffraction, and 4 the line spacing. The
optical path function F for a concave grating with equal
groove spacing 4, illuminated by a point source in the medi-
an (x-y) plane, is given by the following power series expan-
sion in the tangentiai (¥} and sagittal (z) spatial coordinates
(see Fig. 6):

F=r+¢ 4 [sina+sinf— (md/d)]y
+ Coo)? + Cppz® + higher order terms. (5)

Here r and # are the entrance and exit arm lengths and the
.C’s are terms relating to defocus (C,,) and astigmatism
(C,>) in the exit plane. The condition for the source to be
brought to a stigmatic focus is given by the minimization of
with respect to the y and z coordinates:
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FIG. 6. Schematic diagrams of the spherical grating configuration showing
{a) the coordinate system, and (b) the parameters involved in the equations
describing the optical system.

9F _o 2, (6)
dy az
This requires that C,; = C,, = 0. However, since ali of the
normal incidence spectrograph detectors described in this
paper integrate in the sagittal (z) direction, pure astigma-
tism (T, ) does not affect their performance. Minimization
of the defocus (C,,) terms lead to

T+7T'=0, (7

where

T :(cos a cosox‘\=

r kR
and
2 2
T’:—_(COS B cos B)’
¥ R

and R is the radius of the grating.
¥ Tand 7" in Eq. (7) are separately set equal to zero we
have the Rowland circie condition, giving

r=Rcosa and ¥ = Rcos f. {(8)

Thus, for this configuration, the object and image points lie
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FIG. 7. Inverse photoemission spectrum from a Cu (001) surface showing
the image state approximately 4.0 eV above the Fermi level. The electron
beam is incident along the surface normal at an energy of 16.85 eV above the
Fermi level. The dots represent the raw data and the solid line a smoothed
fit.

on a circle of diameter R centered on the pole of the grating.
Two instruments based on this solution have been success-
fully built by Himpsel and co-workers.?>** The most recent
design uses a spherical holographic grating with a radius of
750 mm and a line density of 1000 lines/mm. The acceptance
ofthe gratingis f/3.5 (i.e., the tangential aperiure ~R /3.5).
With such an arrangement and an electron scurce tc be de-
scribed later, an energy resclution of approximately 300
meV at an energy of 15.5 eV has been achieved.

An alternative design based on the spherical grating has
been described in our earlier paper.”' Rather than using the
Rowland circle configuration, it is possible to find an accep-
table solution with the entrance slit displaced further from
the grating and, hence, the image closer [see Fig. 5(b)].
Using a nearly identical grating to that in the Rowland circle
instrument?® described above, it was found that an accepta-
bie solution for the off-Rowland circle configuration®
placed the source at 975 mm with the image at approximate-
ly 610 mm. These values correspond to a small-angle (cos @
~cos B=1) approximate solution to Eq. (7} with

r:—lB—R and 7 :—l-g—R, so that L:i. {9)

10 16 ro 8
Such an arrangement allows the photon sensitive detector to
be placed outside of the main experimental chamber with a
consequent reduction in the required shielding.
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The most significant third-order term in the expansion
of the optical path function F, given in Eq. (5), is coma
(Cyo), the minimization of which requires that

sin & T4 smy,B T =0
2 7

(10)

For the Rowland circle instrument, coma vanishes because
T'and T vanish separately. In an off-Rowland circle instru-
ment, however, coma may not be negligible if the tangential
acceptance of the grating is too large (i.e., if the fnumber is
too small). The resolution degradation due to coma varies as
the square of the grating aperture in the tangential direction,
or inversely as the square of the f number. For the typical
operating condition of the off-Rowland circle instrument de-
scribed here and in our earlier paper’' (f/3.75 aperture,
source size =~ 1 mm, image size =0.6 mm, Ao = 15eV) the
energy spread due to coma is only | of that due to the finite
source size. Added in quadrature, this coma contribution is
thus only 10% of the total energy spread. Opening the aper-
ture by a factor of 2 (i.e., doubling the tangential dimension
of the grating) would lead to the energy resolution of the
instrument being dominated by coma, its contribution be-
coming  of that due to the finite source size.

The off-Rowiand circle instrument has achieved an en-
ergy resolution identical to that for the Rowland circle de-
vice®® with essentially no loss in coliection efficiency (f/3.75
vs //3.5). Indeed, at low energies an overall energy resolu-
tion of approximately 300 meV is typically obtained as deter-
mined by the FWHM of the first member of the Rydberg
series of image states, Fig. 7. These states are formed when
an electron becomes trapped in the one-dimensional poten-
tial welf formed between the long-range image potential on
one side and a crystal band gap on the other.** Elsewhere, it
has been shown that because of their location outside of the
surface, the negligible lifetime broadening of such states wili
mean that their width is effectively determined solely by the
instrumental resolution.”® They thus provide an excellent
test of the capabilities of any instrument. An energy resolu-
tion of approximately 300 meV represents the overall resolu-
tion of the system, electron source plus photon detector. A
measure of the reschution of the photon detector indepen-
dent of the energy spread of the electron source is obtained
from the observed width of fluorescence lines.

Both of the normal incidence spectrographs described
above have reported the observation of Lyman-« radiation
emitted from excited hydrogen atoms leaving the surface. A
typical spectrum is shown in Fig. 8. An incoming electron
raises the hydrogen atom to an excited state which then rera-
diates after the atom has left the surface.?® The width of the
emitted line will therefore be independent of the energy
spread in the incident electron beam. The Rowland circle
instrument has reported a linewidth for the Lyman-« line of
18 A or 160 meV for an effective entrance siit width of 1.2
mm.?* For the same line the authors of the off-Rowland cir-
cle instrument have reported a FWHM of 0.1 eV for an effec-
tive 1-mm slit.>® It should be noted that whereas the shape of
the focal surface at the image distance is not flat (for either
the Rowland circle or off-Rowland circle devices), the error
introduced by using planar multichannel-plate detectors is
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FIG. 8. Lyman-a (10.2¢V) and -5(12.1eV) emission from 5L of hydrogen
adsorbed on potassium-covered Ni{001) at room temperature. The inci-
dent electron beam energy is 30 eV with respect to the Fermi level £,..

very small (the detector subtends typically only 40-80 mrad
at the grating).

In all of the spectrographs, the photon detector is sensi-
tive to the impact of electrons, ions, and stray UV photons in
addition to the desired signal. Charged particle problems can
be removed with appropriate electrostatic shielding of the
detector, and stray light has to be minimized. These shield-
ing requirements give the off-Rowland circle design the ad-
vantage that all of its components can be instalied in a sepa-
rate chamber from the electron source and sample.

A second type of tunable photon detector, employing a
dispersive opticat element, is the so-called “lens refractor,”
in which the diffraction of the grating in the spectrometers is
replaced by the refraction of a lens {Fig. 5(¢) ]. In particu-
lar, this instrument recognizes that near the appropriate cut-
off energy, a lens manufactured from an alkali halide shows a
strong wavelength dependence in its focal properties. Thus,
detection at different wavelengths is achieved simply by
moving an exit aperture along the dispersion axis. Laporte
and Subtil?” found that the refractive index, », of LiF as a
function of photon energy can be represented by the for-
mula:

3476(E5 — E?) 236.6
(EX—E*)+yE? E;—E¥
where £, = 12.632¢eV, E; = 18.37eV,and y = 0.33eV. Us-
ing ray tracing, Childs, Royer, and Smith®®*? demonstrated
that a symmetrical biconvex singlet LiF lens with source to
lens distance u, = 2f, = 500 mm selecis 9.1 eV photons with

the pinhole distanced 850 mm from the lens and 11.08 eV
photons with the pinhole at 350 mm. f; is the focal length at

n* =

(D)
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= 10.2 eV. Using a 2-mm aperture, the respective band-
widths at these different energies were approzimately 0.4
and 0.15 eV. A practical demonstration of the capabilities of
this instrument was provided by Hulbert er al.” While the
tunability of a given lens is limited to a narrow photon ener-
gy range (typical 2-3 eV}, the use of different alkali halides
for the lens allows the refractor to be a useful instrument
over a slightly larger range. We would emphasize that while
tunable, the “refractor” is essentially an isochromat detector
in that, having selected a wavelength of interest, the energy
of the incident electron beam is scanned.

C. Photon sensitive surfaces

In this section we examine the various photon sensitive
surfaces employed in these instruments. It is well document-
ed in the literature that evaporation of a thin film of an alkali
halide on a metal surface will increase the efficiency of pho-
ton detection in the UV range by a factor of from 3 to 4.}
The multichannel plates used in the spectrograph designs
have been coated with CsI or Cul, either evaporated in situ
or “as bought” commercially. These surfaces tend to de-
grade as a function of time when exposed to the atmosphere,
but it would appear from our own experience that the stan-
dard techniques used for achieving UHV conditions (i.e.,
baking to 100-150 °C under vacuum) will restore their prop-
erties. As already noted, thin films of KBr have also been
used to improve the efficiency of detection in the “solid
state” isochromat detectors.'’

When using a photon sensitive surface in a tunable pho-
ton detector, it is necessary to calibrate the efficiency of the
instrument as a function of photon wavelength. Ideally, this
would be accomplished by using a well-defined or calibrated
photon source. In practice, for the spectrographs that have
been constructed to date, the relative efficiency as a function
of wavelength has been measured by irradiating the photon
sensitive surface with the bremsstrahlung radiation emitted
when the target or sample is hit by a high-energy electron
beam.

The use of multichannel detection in the spectrographs
serves to compensate for the small solid angle of collection.
The multichannel detector, Fig. 9, typically consists of a
chevron (two channel plates stacked together) backed by a
resistive sheet or encoder. The photon strikes the front sur-
face of the chevron and initiates an electron cascade which is
collected on the enceder. For a one-dimensional detector,
the position of the photon is determined by the ratio
A /(A + B) ofthe measured charge pulses, 4 and B, reaching
the two ends of the encoder. However, it is necessary to mea-
sure and compensate for the linearity of the encoder as a
function of position. This may be achieved either by stepping
a specularly reflected beam from the grating across the front
surface of the detector or, for a fixed grating setting, by step-
ping the position of a well-defined feature such as the Fermi
edge across the surface.

A typical electronic arrangement for measuring the po-
sition is also shown in Fig. 9. Charge pulses from the ends of
the encoder are fed via charge-sensitive preamplifiers to lin-
ear gate and stretcher amplifiers. The latter amplifiers serve
to remove any ambiguity that might be introduced in deter-
mining the peak position of the respective pulses. The

inverse photoemission 2282



g’ﬁm

v
[T
SOOI

Shaping

Shaping
Amp. Amp.

FIG. 9. Schematic diagram showing chevron microchannel-plate {MCP)
photon detector and associated electronics.

stretched pulses are directed through summing and ratio cir-
cuits to provide the ratio 4 /(A4 + B) which is then directed
to a pulse height analyzer. The collected spectrum is normal-
ized for linearity and wavelength efficiency.

It should be noted that the design of the off-Rowland
circle spectrograph described earlier differs from the other
instrements in that rather than operating with 2 fixed en-
trance slit it relies on the focused beam of the electron
source. It is therefore necessary to have the flexibility of be-
ing able to position the sample at the appropriate source
point to maintain the energy calibration of the detector. The
easiest solution to this problem is to design the instrument
such that it is possible to monitor the position of the zero
order, or specularly reflected, beam from the grating.

As a guide for comparison, we show in Table I the ener-
gy, energy resolution, collection sclid angle, detection effi-
ciency (counts/collected photon), and transmission
(counts/emitted photon) of the various photon detectors
used for IPES. The transmission is evaluated as the product
of the collection solid angle and the detection efficiency; the
overall count rate can be approximated as the product of the
transmission and the fractional bandwidth of the detector.
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D. Polarization

As yet there has been little attention applied to measur-
ing the polarization of the photons emitted in the IPES pro-
cess. As in the analogous PES experiment, the initial and
final states are coupled through the operator A-p. Thus,
knowing the polarization of the light, selection rules may be
invoked to determine allowed transitions. In PES, where the
final state has even symmetry, such rules have frequently
been applied to determine the symmetry of the initial state
both for solid-state transitions and for adsorbed atoms and
molecules.? Obviously, the more linearly polarized the inci-
dent radiation, the easier it becomes to apply these symmetry
arguments. Indeed, synchrotron radiation based experi-
ments have seen their most extensive application.

The photon detectors that are currently used in IPES,
particularly the Geiger Muller counters and the normal inci-
dence spectrographs, show no selective sensitivity to the po-
larization of the photons. Consequently, all discussion of po-
larization effects has been influenced by the relative
orientation of the sample and the detector. With the sample
normal facing towards the detector the detected photon is
effectively s polarized at the surface whereas with the sample
normal perpendicular to the detector axis the detected pho-
ton has a greater component of p polarization. If the detector
position is fixed, these two different configurations have gen-
erally been achieved by rotating the sample either towards or
away from the detector. However, this has the result that
another variable, the angle of incidence of the electron beam,
has also been altered in the process of measurement. In order
to circumvent this latter problem, different experimenters
have used one of two solations.

One solution is to use more than one detector in the
same experiment, i.e., one that is positioned to favor p-polar-
ized photons and a second that favors s-pelarized photons.
Here again pz and s refer to the effective polarization at the
surface. Figure 10 shows spectra obtained using an instru-
ment of this type.’® The spectra were recorded from a
Ni(111) surface following exposure to 3L of oxygen and
taken at two different photon collection angles. The differ-
ence between the two spectra clearly shows that the absor-
bate-induced feature at 1.35 eV above the Fermi level has A,
symmetry, i.e., p, derived. The spectra show that the image
state located 5.5 eV above the Fermi ievel also has this sym-
metry.

An alternative solution has been to aliow both the sam-
ple and the electron source to move.”*? In designs of this
type, the relative orientation of the source and sample may
be fixed but the relative orientation of detector and sample
varied. It may be anticipated that future designs will pay
more attention to the effects of polarization.

lil. ELECTRON SQURCES

In this section we review the development of electron
sources used in IPES experiments. As the technique has pro-
gressed the electron source or gun clearly has become the
critical item determining the ability to perform k-resolved
measurements with reasonable angular or momentum reso-
lution. Further, with the improvement in energy resolution
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TABLE I. Energy, energy resolution, collection solid angle, detection efficiency (counts/coliected photon), and transmission (counts/emitted photon) of

the various types of photon detectors used for IPES.

Isochromat Detectors

Spectrometers/Spectrographs

Geiger Geiger Electron Grazing Normal Lens
Muller: Muller: multiplier: incidence: incidence: refractor
- CaF,/L, SrF./1, CalF,/KBr TGM NIM
hv (eV) 9.7 9.5 9.8 10--100 540 9-11
A(hy) (eV) 0.8 0.4 0.6 0.25@20 eV 0.1@10eV 0.4@9.1 eV
0.85@40 eV 04@20cV Dis@lileV

Collection
solid angle (sr) 0.277* 0.277 0.27r 6.0017 0.00957° Q.015%°
w/collecting mirror® 077 0717 071
Approx. relative
detection efficiency »
{counts/collected photon) 0.12¢ 0.04 0.045* 0.03" 0.045 0.03%
Approx. refative .
transmission
(counts/emnsitted photon) 1ox10 ! 34x1077 3.8x1077 9.4x 10 ¢ 1L.3x10 ¢ 1.8x10 *
w/collecting mirror 2.7x10 ! 8.9%10 2 1.0x10™!

*1in. diam @ 1 in.

Y150 mm x 200 mm @ 1 m.

°4in. diam @ 161in.

Y40° <« 0 < 90°, Q< § < 2.

¢ CaF, transmission 30%, 7, photoionization efficiency 40%.
'SrF, transmission 10%, 7, photoionization efficiency 40%.
¢ CaF, transmission 30%, KBr/multiplicr efficiency 15%.

" Grazing incidence grating first order diffraction efficiency 20%, Csl/microchannel-plate efficiency 15%.
Normal incidence grating first order diffraction efficiency 30%, Csl/microchannel-plate efficiency 15%.

JLIF transmission 25%, CsI/microchannel plate efficiency 15%.

of the photon detectors, as detailed in the previous section,
the energy spread of the electron source can be the key com-
ponent in determining the overall encrgy resolution of the
apparatus.

T T T T T [T T 17T 1771

Ni(111)+3L0,
6=0" fiw=95eV

INTENSITY

ENERGY ABOVE £, (eV)

FIG. 10. (a) Inverse photoemission spectra from a Ni{111) surface follow-
ing exposure to 3L of oxygen (Ref. 30). The specira were recorded with a
normally incident clectron beam and at two different photon collection an-
gles &. (b) The difference curve between the two spectra in (a), highlight-
ing the symmetries of different peaks.
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Early EPES studies with an apparatus that simply con-
sisted of the Geiger Muller photon detector and a hot tung-
sten filament as the electron source, demonstrated that den-
sity of states information could be obtained.®>* The
introduction to IPES of an electron source with a well-de-
fined momentum spread gave clear evidence for direct k-
conserving transitions of the type previously observed in
PES.™

The typical requirements of electron sources for IPES
have been discussed in detail by Stoffel and Johnson.*® The
ideal source would provide a large current at low energies
into a well-focused image with narrow angular spread in the
beam. However, the ability to achieve the conflicting re-
quirements of high currents and low energies is restricted by
fundamental limits imposed by space-charge effects. In any
design it is to be recognized that the space-charge-limited
current density at a cathode varies as the three-halves power
of the extraction voltage and inversely as the square of the
cathode-anode distance. For a focused electron beam, the
maximum current £, that can be directed onto a surface is
given by

£ (ua) =385 tan’(4,,/2) V> *(volts), (12)
where eV is the energy of the incident beam referenced to the
vacuum level and §,, is the included angle.® The limitations
imposed on 7, by Eq. (12) are shown graphically in Fig.
i1, where contours of . are plotted as a function of the
included angle and beam kinetic energy E, . If a cathode is
placed near the sample surface and a voltage V. is applied
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FIG. 11. Electron gun included angle in degrees vs kinetic energy with re-
spect to the vacuum level. Solid lines show the space-charge-limited cur-
rents as defined by Eq. (12). Dashed lines indicate the parallel momentum
resolution as defined in Eq. (14).

between them, the energy of the electrons with respect to the
sample Fermi level is given by

Ei:QVc +¢C’ (13)

where @, is the work function of the ¢athode. £, or eV, the
energy with respect to the vacunm level, is simply £, minus
the work function of the sample.

The ability to map dispersing bands, as shown earlier in
Fig. 2, is limited by the momentum resolution of the incident
electron beam. We show in Fig. 11 contours of constant mo-
mentum resolution Ak for normal incidence as defined by
the derivative of Eq. (3):

Aky = (

Examinaticn of Fig. 11 and Egs. (12) and (14) shows that
as the incident beam energy is increased,the space-charge-
limited current increases but the momentum resolution de-
creases if the included angle is not reduced.

Within the limitations imposed by space-charge effects,
Stoffel and Johnson®® have discussed the design of an elec-
tron source whereby electrons are extracted from a cathode
at high energy and subsequently decelerated and refocused
onto the sample. Using a diode extraction source and a three-
element refocusing lens [see Fig. 12(a)], they have been
able to produce electrons with kinetic energies ranging from
510 40 eV. At the higher kinetic energies in this range, elec-
tron currents typically greater than 10 A are produced in a

im Ek

) cos @ A8, (14)
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FIG. 12. (a) Schematic diagram of the Stoffel-Johnson electron gun de-
sign. C and A represent the diode extraction source. A, F, and 0 {ground
potential) represent the three element lens. L=D =16 mm, Q=25D
and P = 1.3 D. (b) Schematic diagram of the Erdman-Zipf source. F, A,
and B represent the triode extraction source. B, C, and D represent the three
element lens and E, the output optic, is set at ground potential.

beam focused into a spot 1 mm in diameter. The source oper-
ates down to energies as low as 5 eV and has a full angular
width of the order of 5° to 7°, a convergence corresponding to
a momentum broadening of the order of 0.1 A~'at5eVand
0.2A ' at20eV. The energy resclution of the electron beam
is determined by the temperature of the BaO cathode and is
typically 270 meV. We note that the alternative use of os-
mium-coated BaO cathodes can lower this energy spread to
220 meV.

Several other authers®” have chosen to follow a design of
Erdman and Zipf.*® Their compact gun, shown in Fig.
12(b), consists of a filament spaced closely to a grid which
contains a small aperture. This element is followed by a three
element lens operated in the einzel mode; a final element
serves to decelerate the electrons to produce a collimated
beam. The filament, grid, and first element of the einzel lens
represent the elements of a triode extraction source. Erdman
and Zipf have established operating conditions that produce
high beam currents down to low voliages. However, they did
not measure the angular divergence of the beam and further,
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FIG. 13. SPIPES spectra recorded from a Ni(110) surface for (a) angle of

incidence o = &, and (b) angle of incidence a = 20°. The spectra show the
spin-resolved intensities & 1 and N|, and the asymmetry 4.

they assumed a diameter of 1 mm for the beam based on
luminosity from the excitation of the background gasses in
their vacuum chamber. Virtually all experimenters that have
subsequently used this design for IPES experiments have
replaced the tungsten filament by a2 BaO cathode. The most
extensive published investigation of this latter type of source
in an IPES application has been that by Brenac.?®

In comparing the simpler design due to Stoffel and
Johnson with that due to Erdman and Zipf we would con-
clude that the former design is probably the better source for
lower kinetic energies ( < 30 eV) whereas the latter is better
at higher energies. Brenac®” has observed that at the higher
energies the diode extraction source suffers losses due to
large angular divergences from cathode to anode. This prob-
lem is reduced by the introduction of the tricde source.

As an alternative to the use of an eleciron gun we note
that the requirement of an intense electron beam led Fauster
et al.** 1o the use of the more simple Pierce diode gun in their
instrument. The Pierce arrangement is essentially a diode
source without a refocusing lens and with the sample replac-
ing the extraction anode. Whilst this type of source has
proved very effective at higher energies we note, as discussed
elsewhere,”® that at lower energies the thermal spread and
space-charge effects limit the obtainable momentum resolu-
tion. The fact that the cathode is in close proximity to the
target may also lead to surface contamination problems. The
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authors designed their source with an aperture in the cath-
ode to serve as an entrance slit for the spectrograph.

iv. SPIN POLARIZED INVERSE PHOTOEMISSION

We conclude our discussion of electron sources with a
description of the electron source used in studies of spin po-
larized inverse photoemission (SPIPES). By using an inci-
dent electron beam that is spin polarized it is possible to
examine the unoccupied exchange-split majority and minor-
ity bands above the Fermi level in ferromagnetic materials.
This technique is the time-reversed analog of spin polarized
photoemission.*® However, SPIPES enjoys the advantage
that, unlike spin polarized photoemission where the intro-
duction of spin detection of the emitted photoelectrons leads |
to a drastic reduction in the real signal-to-noise level, the
introduction of spin polarized electron beams leads to little
or no reduction in the incident beam current and hence in the
detected photon flux.

Spin polarized electron sources rely on the laser excita-
tion of photoelectrons from the valence band into the con-
duction band of a galliom arsenide surface that has been
exposed to cesium and oxygen. Exposure to these elements
produces & surface with negative electron affinity, i.e., the
conduction band lies just above the vacuum level. In the
design due to Pierce ef al.,*' circularly polarized light de-
rived from a GaAsAl diode laser is used to excite direct tran-
sitions near the center of the Brillouin zone of a GaAs(001)
surface. An alternative combination of laser and cathode
used by Kirschner, Oepen, and Ibach*® is the He-Ne laser
with 2 GaAs, ( P, 4 cathode. Electrons excited into the con-
duction band are emitted from the cathode with their spin
aligned either parallel (s1) or antiparallel (sl) to the axis of
polarization of the incident laser beam. The spin polariza-
tion of the emitted electron beam is determined by the rela-
tive transition probabilities for the spin-orbit split valence
bands. Thus, for a given circular polarization of the incident
laser beam, this polarization P, defined by

_ St =i
st +st

has a theoretical value of 50% for transitions from a P,,,
state to a S, state. In practice, electron lifetimes and other
cathode-related phenomena tend to reduce this polarization
to typically 30%.*' The cathode is merely the source of elec-
trons; a variety of lenses and 90° deflectors may follow in
order to deliver the electrons to the target. Rather than pre-
senting a detailed description of the properties of the elec-
tron beam obtained from such a source we refer the reader to
the appropriate references, 41 and 42.

For IPES itself we note that the photocathode of these
sources is potentially a high current electron source with the
added advantage of higher-energy resolution (100 meV)
than the unpolarized electron sources described above. It
has been suggested that an electron beam with an energy
spread of the order of 40 meV should be obtainable from a
cooled photocathode.*® However, this improvement in reso-
lution is accompanied by a reduction in the beam current
and as such, it is unlikely that it would prove to be the opti-
mum source for “highest” resolution IPES.

An example of SPIPES is given in Fig. 13 where we

(15)
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show the unoccupied majority and minority spin states
above the Fermi level along the (110} direction of a Ni(110)
crystal.** It will be seen that, as expected, only minority
states exist above the Fermi level. The “spin resolved” spec-
tra N| and N 1 plotted in Fig. 13 are obtained from the raw
spectra n{ and nt (photon counts with the incident spin
aligned in opposite directions) through

nt +nl A
N1:=—='——'—(1+T) 162
. - (16a)
and
N1 :ﬂi"i(l —-A;—). (16b)
2 7

Aisthe measured asymmetry (#1 — nl)/{nt + nl) and Pis
the projected component of the incident polarization P on
the sample magnetization direction.

It is of interest to compare the counting statistics of the
SPIPES experiment with the normal IPES experiment. If
the incident electron beam were perfectly spin polarized,
switching from one polarization to another would allow the
sampling of a single spin state and the statistical error would

be identical to the normal experiment, i.e., 1/yn, where # is
the count rate. However, with an incident beam of polariza-
tion P, both spin states are sampled and the statistical error
in the spin measurement is increased to 1/VP’n.** Thus,
given egual incident currents, if Pis typically 0.3,*' one has
o increase the counting time of the spin measurement by a
factor of 10 compared to the unpolarized measurement in
order to achieve the same level of statistical accuracy. This
efficiency factor of 10 ' should be compared with a factor
of 10~ * characteristic of the spin detectors used in spin po-
larized photoemission.

V. CONCLUSIONS AND FUTURE PROSPECTS

In the previous sections we have reviewed the photon
detectors and electron sources currently available for use in
inverse photoemission. Clearly, the chosen combination of
detector and source reflect the particular needs of the experi-
ment. For experiments with low signal rates but with a re-
quirement for reasonable resolution, 1sochromat detectors of
the I,/SrF, Geiger Muller type or the “solid state” equiva-
lent are suitable, particularly when combined with large col-
lection mirrors. With an electron source based on the BaO
cathode, such an instrument provides an overall energy reso-
lution of the order of 0.5 eV. For experiments on magnetic
materials, the ability to measure the spin polarization of the
unoccupied bands can only be achieved through the use of a
spin polarized electron source. Combined with the Geiger
Muller counter, it is again possible tc achieve good resolu-
tion. Finally, if the detected photon energy is required to be
tunable then the spectrograph is the instrument of choice.
This instrument also offers the advantage of higher wave-
length resolution.

This then represents the current state of the art in elec-
tron sources and photon detectors for IPES. The question
remains as to how far the techniques can be pushed in the
direction of higher resolution. In principle, it is possible to
achieve extremely high resolution through the use of grat-
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ings. For fixed entrance and exit armlengths, the resolving
power of a grating spectrograph may be increased either by
reducing the entrance slit width or by increasing the grating
line density. In the absence of suitable electron optics, the
former can be achieved by simply collecting photons at graz-
ing emission. Unfortunately, both modifications lead to a
reduction in the measured signal. One can compensate for
such a reduction by increasing the incident electron flux but
only within the limits defined by space-charge effects. The
space-charge limitation, which is greater at low electron en-
ergies, contrasts directly with optimization of the resolving
power of a grating, which is easiest at low photon energies.
With some compromise it is clearly possible to achieve the
required photon wavelength resolution. The major problem
limiting improvement in overall resolution is the identifica-
tion of an electron source with energy spread less than 0.1 eV
and sufficient flux to allow a reasonable signal rate. We sug-
gest that this provides the immediate challenge for the ad-
vancement of the IPES technique.
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