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High resolution electron energy loss spectroscopy (HREELS) is a powerful technique to probe
vibrational and electronic excitations at surfaces. The dispersion relation of surface excitations,
i.e., energy as a function of momentum, has in the past, been obtained by measuring the energy loss at
a fixed angle (momentum) and then rotating sample, monochromator, or analyzer. Here, we introduce
a new strategy for HREELS, utilizing a specially designed lens system with a double-cylindrical
Ibach-type monochromator combined with a commercial VG Scienta hemispherical electron energy
analyzer, which can simultaneously measure the energy and momentum of the scattered electrons.
The new system possesses high angular resolution (<0.1°), detecting efficiency and sampling density.
The capabilities of this system are demonstrated using Bi,Sr,CaCu,0s,s. The time required to
obtain a complete dispersion spectrum is at least one order of magnitude shorter than conventional
spectrometers, with improved momentum resolution and no loss in energy resolution. © 2015 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4928215]
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High resolution electron energy loss spectroscopy with two-dimensional
energy and momentum mapping

. INTRODUCTION

High resolution electron energy loss spectroscopy
(HREELS) is a powerful technique to probe vibrational and
electronic excitations at solid surfaces.! An electron with en-
ergy E; incident on the crystal may interact with a vibrational
or electronic excitation with energy %w before being back-
scattered. Thus, analysis of the energy of the scattered elec-
trons, Eg = E; — fiw, provides direct information of the exci-
tations on surface or the molecules adsorbed on surface. More
importantly, by analyzing the momentum along the in-plane
direction, it is possible to probe the excitations throughout the
entire Brillouin zone (BZ) on a single crystal surface and thus
obtains the dispersion, i.e., energy as a function of momentum.
HREELS has proven to be one of the most powerful methods to
obtain the dispersion of phonons?3 and plasmons * on surfaces.

Dispersion measurements in a conventional HREELS
system require the change of the scattering geometry by
mechanically rotating sample, monochromator, or analyzer.
The analyzer collects the scattered electrons at a certain angle,
which carries important momentum information of vibrational
and electronic excitations. The slit width of the analyzer is
one of the key parameters related to the energy and mo-
mentum resolution. This is a point-by-point measurement of
the energy loss spectrum for each momentum, i.e., a one
dimensional (1D) detection system. The sampling density in
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momentum space and the according measuring reproducibility
are restricted by the mechanical rotation, and the detecting
efficiency is quite low. It usually takes tens of hours for
the measurements to probe one direction of the BZ with a
reasonable sampling density in momentum space. This long
measurement time causes potential problems. Even in ultra-
high vacuum (UHV), the sample surface will be contaminated
after a long measurement time, which makes it difficult to
identify the desired intrinsic properties. This time constraint
becomes more important when HREELS is used to study
multi-component complex materials, which are cleaved or
grown in vacuum.

In 1990s, using hemispherical electron analyzers with
two-dimensional (2D) position-sensitive detectors,’ 2D energy
and momentum mapping was realized and utilized for angle-
resolved photoemission spectroscopy (ARPES) measure-
ments. The energy of the photoelectrons is resolved in one
direction according to the radii of their trajectory in the
hemispherical analyzer, while their momentum is resolved in
the other perpendicular direction according to their emission
angle, recordable as a 2D intensity snapshot of energy versus
momentum on the detector. The earliest examples of such 2D
ARPES measurements are demonstrated in Refs. 6 and 7. Since
then the instrument development and extensive applications
have yielded tremendous advances in the understanding of
electronic band structures and their renormalization related to
the many-body effects in complex materials.®'° Considering
the similar energy scale and the correspondence between
electron emission/scattering angle and momentum, a new
HREELS with 2D energy and momentum mapping is also

©2015 AIP Publishing LLC
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possible. In this work, we have developed a high-angular-
resolution electron source and combined it with a hemispher-
ical electron analyzer with multi-channel plate (MCP) detector
to realize the 2D HREELS measurements. Without rotating
sample, monochromator, or analyzer, a HREELS spectrum
can be scanned for a certain direction through the BZ in a
single measurement, and thus a momentum-dependent spectral
intensity distribution can be directly obtained. Compared
with conventional HREELS, the detecting efficiency and
sampling density of the momentum-resolved measurements
are improved by at least one order of magnitude without
deteriorating the energy resolution and with an improved
momentum resolution.

Il. SYSTEM DESIGN

The conventional design of monochromator and analyzer
used for HREELS can be traced back to 1950s to Profes-
sor Kerwin’s laboratory at Laval University (Canada)'' where
a modified 127° cylindrical electron selector!'? was used in
their low energy electron scattering experiments of rare gases.
Based on this design, vigorous development occurred in
1960s!3-16 (with 20 meV energy resolution) which displayed
the basic design of today’s HREELS system. To gain high
energy resolution and good signal-to-noise ratio, several later
modifications were made to the lens system by Read'” and
Roy'® in 1970s, to the cathode by Ibach in 1982 (U.S. Patent
No. 4309607), to the monochromtors and lens by Kesmodel in
1985 (U.S. Patent No. 4559449), and to the analyzers and lens
system by Ibach in 1989 (U.S. Patent No. 4845361). In 1990s,
Ibach achieved energy resolution better than 1 meV.!” Since
that time this Ibach-type spectrometer has become the most
widely used HREELS instrument, which, when combined
with other techniques, produced time-resolved HREELS?%?!
and spin-polarized HREELS.?>* This effort in instrument
development lead to many successful experiments in surface
physics and surface chemistry.*?>

In 2000, a new type of electron energy loss spectrometer
(EELS) was developed based on the spot profile analysis low-
energy electron diffraction (SPA-LEED),?® where an Ibach-
type EELS monochromator was attached as an auxiliary part
of the high-resolution LEED.?’ The scattered electrons from
different angles were detected by the SPA-LEED, enabling
momentum resolved measurements without any mechanical
rotation, which would be an advantage. But this instrument
could not do 2D energy-momentum mapping, since the energy
loss spectra for different momenta are obtained one at a time.
In addition, the energy resolution was only 18 meV.%¢

Here, we will demonstrate the use of 2D (energy-mo-
mentum) hemispherical energy analyzer, combined with an
Ibach-type electron monochromator. The combination of
an Ibach-type electron monochromator and hemispherical
analyzer has been utilized in HREELS, studying the chemical
bond vibrations in liquids.28 It should be mentioned that,
unlike the conventional Ibach-type HREELS in which the exit
lens of monochromator and the entrance lens of analyzer are
designed symmetric to reduce the divergence angle, the simple
combination of a hemispherical analyzer with the standard
cylindrical monochromator will introduce asymmetry to the
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electron path and severely deteriorate the angular (momentum)
resolution. This may be the reason why the 2D HREELS
measurements were not attempted with the system in Ref. 28.
In principle the combination of a spherical monochromator and
analyzer designed and used in 1960s>*=! should be compatible
with 2D detector system. But the Ibach-type double-pass
electron monochromator compensating for space charge is
much better than the single spherical deflector.

The angular resolution detected by a hemispherical
analyzer with different electron beams from the Ibach-type
monochromator can be estimated considering an ideal sample
in afield free region. For a4 eV beam with the spot size of 1 mm
in diameter at the sample position, the divergence angle of the
conventional Ibach-type electron source is usually larger than
1.5°, which would result in an angular resolution of about 2.2°
in the hemispherical analyzer. To achieve angular resolution
better than 0.3°, the divergence angle of the electron source
has to be smaller than 0.1°. Thus to realize the advantages
of 2D hemispherical analyzer, a new exit lens system for the
Ibach-type double-pass monochromator must be designed.

A. High-momentum-resolution electron source

Figure 1 illustrates the electron optics of the new HREELS
system from the electron source to the detector. The electron
source is designed based on the ELS5000 double-pass elect-
ron monochromator from LK Technologies. The ELS5000,
a typical Ibach-type spectrometer using a special LaBg cath-
ode, employs a highly optimized double-pass monochromator
whereby space charge compensation of the 127° cylindrical
sector is made in both monochromator stages by careful choice
of design parameters. The combination of the two monochro-
mator provides an energy resolution to 0.5 meV under optimal
conditions. The energy of the electron beam can be tuned
from 1 to 200 eV. Our design is aimed at modifying the exit
lens system of the ELS5000 source to improve the angular
resolution while maintaining its high energy resolution.

Fig. 2 shows the details of the lens design (parts 1-3
in Fig. 1). In this arrangement, the scattering plane of the
electrons is the XZ plane. The electrons scattered from the
sample entering the analyzer are selected by the slit (part 14

FIG. 1. Illustration of the electron optics of the HREELS system: 1-lens I,
2-lens II, 3-lens III, 4-sample, 5-equal potential shield, 6-filament, 7-repeller,
8-anode, 9-monochromator I (M1), 10-M1 aperture, 11-monochromator II
(M2), 12-M2 aperture, 13-electron lenses of analyzer, 14-slit of analyzer,
15-hemispherical electron analyzer, 16-multi-channel plate, and 17-CCD
camera.
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FIG. 2. Design and simulation of the exit lens system with high-angular-resolution. (a) Perspective view of the three lens elements in Fig. 1. The red line
indicates the simulated trace of the electron beam. The starting position of electron beam is at the center of the M2 aperture with a rectangular shape (0.3 mm
in X-Z plane and 4 mm in Y-Z plane). The angular dispersion at the starting position is [-3°, 3°] in X-Z plane whereas it is [-0.76°, 0.76°] in Y-Z plane. The
beam energy is 4.3 eV and we assume the space charge is nearly 10~ A. (b) Top view of panel (a) which shows the horizontal divergence angle « of the beam.
The simulated value of « is less than 0.1°. (c) Front view of panel (a) which shows the vertical divergence angle 8 of the beam. The simulated value of £ is less

than 0.5°.

in Fig. 1) of the hemispherical analyzer, which is located
along the X axis (not shown here). So the momentum resolved
measurements are obtained through the angular distribution
of the electrons along the X axis, and the energy resolution
of the analyzer is mainly determined by the slit width (along
the Y axis). The angular divergence of the beam is defined
by two angles: @ in X-Z plane and S in Y-Z plane. As a
result, the value of @ constrains the angular (momentum)
resolution while S has a strong effect on the signal intensity
for a fixed slit size. Thus to achieve high-angular-resolution
electron beam, the key is optimizing the parameters of the
three lenses to effectively reduce both @ and . Ibach has
proposed a scheme of HREELS electron source with high-
angular-resolution mode in 1991.? In the current work, we
adopt his scheme and determine the parameters of the lens
system by the simulation with SIMION software. The lens
system is composed of three metal plates with different shapes
of apertures at the centers [see Fig. 2(a) and parts 1-3 in Fig. 1],
respectively. The electron beam at the center of the M2 aper-
ture with a rectangular shape (0.3 mm in X-Z plane and 4 mm

in Y-Z plane) and the angular divergence in X-Z/Y-Z plane of
+3°/+0.76° is adapted, which is achievable by the Ibach-type
monochromator.*” By tracing the electron trajectories through
the lens system, we determine the modified angular divergence
(@ in X-Z plane and S in Y-Z plane) with different positions
and potentials of each lens [I-III in Fig. 2(a)]. The optimized
positions of lens I, II, and III are 4 mm, 22 mm, and 32 mm
from the M2 aperture of the monochromator, and the applied
voltages on them are —0.009 V, 0.5 V, and 4 V, respectively,
which result in the minimized a/8 of 0.1°/0.5°, as shown in
Figs. 2(b) and 2(c).

It should be also mentioned that in sharp contrast to the
lens system used in the two main commercial HREELS’s
(Delta0.5 from SPECS and LK5000 from LK technologies)
with long distance between the first lens (part 1 in Fig. 1)
and the M2 aperture (part 12 in Fig. 1), the distance in high-
angular-resolution lens system is very short. Moreover, in
high-angular-resolution lens system, the distance between
the M2 aperture (part 12 in Fig. 1) and sample (part 4 in
Fig. 1) is increased from 60 mm to 105 mm to enlarge the
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/ and Cryostat
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FIG. 3. Illustration of the system design. As labeled by arrows in the figure,
the setup is composed of the following main parts: (1) incident electron
source; (2) hemispherical electron energy analyzer; (3) UHV mu-metal mea-
surement chamber; (4) sample manipulator and cryostat; (5) preparation
chamber and sample transfer system; (6) UV light for ARPES measure-
ment; and (7) analysis chamber. Functionally the system is an integration
of HREELS and ARPES sharing the same hemispherical electron energy
analyzer, but with different incident beams of monochromated electrons and
UV light, respectively.

magnification of the angular dispersion to improve the angular
resolution.?> Replacing the lens system of the conventional
Ibach-type monochromator LK5000 with the new design is
essential to achieve high-angular-resolution electron beam and
thus to realize the 2D HREELS measurements.

The constructed electron source is placed on a rotatable
horizontal plate, whose rotation axis is the vertical central axis
of the chamber (along the Y direction in Fig. 2). The sample
polar rotation is also around this rotation axis. By adjusting
the coaxial rotations of the electron source and the sample,
the beam incident angle 6;, defined by the angle between the
sample normal and the incident beam, can be tuned in a range
of 50°-90°. The position of the electron source in the system
is labeled in Fig. 3.

B. Hemispherical electron energy analyzer

The electrons scattered from the surface are measured
using a high resolution hemispherical electron analyzer, Sci-
enta R4000 from VG Scienta (Fig. 3). This analyzer can be
optimized to obtain ultra-high energy resolution that reaches
the sub-meV region. For example, with the 0.1 mm wide slit
and using a pass energy of 1 eV, the energy resolution of
the analyzer is 0.25 meV. This is well matched to the narrow
energy linewidth (0.5 meV) of our electron source, which
allows for the total energy resolution of the HREELS system
to reach 1 meV. The 2D detection scheme of R4000 simul-
taneously measures the energy of scattered electrons over a
wide acceptance angle. The electron angular distribution can
be chosen using one of the three angular resolving modes, 30°,
14°, and 7°, respectively. The 30° angular mode is selected
to cover large momentum space in one measurement. More-
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over, the wide angle lens in R4000 enables measurement of
angle-resolved spectra over a wide kinetic energy range of
0.2-1000 eV. The angular dispersion and resolution are kept
constant within this energy range. This is compatible with our
electron source that can tune the energy of the electron beam
from 1 to 200 eV.

C. Ultrahigh vacuum system with double
M-metal chamber

The outgoing angle of the scattered electrons from the
sample carries important information about the momentum of
the electrons. Besides UHYV, it is also crucial to minimize the
residual magnetic field to make sure the trajectory of the elect-
ron beam unaffected. In order to effectively screen the earth
field or the magnetic field from surrounding environment, we
chose to use double p-metal shield for the measurement cham-
ber (shown in Fig. 3). With this shielding, the remanent field
in the sample region reaches a low level of 2 mG. A molecular
turbo pump, an ion pump, and a titanium sublimation pump
are connected to the measurement chamber to obtain UHV.
After baking, the base pressure can reach a level as low as
1.0 x 107'° Torr.

D. Sample manipulator and cryostat

The sample manipulator is a Cryoax 6 from VG Scienta
(Fig. 3), which provides six axes of high precision sample mo-
tion. The linear motions are based on the Omniax translators
for X, Y, and Z translations, whose accuracies of X, Y, and
Z movements are 0.001, 0.001, and 0.01 mm, respectively.
The sample stage is supported on a dedicated assembly that
can provide three independent rotations—polar, azimuthal,
and tilt, all with an angle accuracy of 0.005°. The linear Z
motion and all the three rotations are driven by stepper motors
(McMillan Motion Control, Inc.) providing smooth, accurate,
and repeatable motions free from belt slip or temperature
induced errors. The Cryoax 6 cryostat is installed into the core
of the manipulator support tube and extends down through this
tube to terminate in a heat exchanger anchored close to the rear
of the sample stage. A short length of flexible copper braid
connects the heat exchanger to the sample mounting plate.
The cryostat is cooled by continuous flow of liquid helium.
Two silicon diodes (LakeShore, DT-670) are connected to the
heat exchanger and the sample mounting plate, respectively,
to measure the temperature with an accuracy of 1 K. The
lowest obtainable temperature is 9 K on the heat exchanger
and 20 K on the sample mounting plate. The measured lowest
sample temperature can reach 35 K. A ceramic button heater is
mounted on the heat exchanger to vary the sample temperature
between 35 and 350 K. The heater is controlled by a Scientific
Instruments 9700 temperature controller, which can make the
sample temperature stabilized within 1 K.

E. Preparation chamber and sample transfer system

An UHV preparation chamber equipped with a 5-axis
manipulator, an ion-sputtering gun, several evaporation
sources, aloadlock, and a wobble stick is part of the total system
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(Fig. 3). The 5-axis manipulator, including X, Y, Z linear
motions as well as polar and azimuthal rotations, equipped
with a cryostat with liquid nitrogen syphons and a resistive
heater allows for sample preparation. This arrangement allows
us to cleave, sputter, grow, or anneal samples in a temperature
range from below 100 K up to 1200 K. A loadlock (Fig. 3) is
connected to the preparation chamber enabling the transfer
of samples into and out of the chamber from air without
breaking UHV in the preparation chamber. The base pressure
in the preparation chamber can reach a level as low as
6.5 x 107! Torr. The prepared samples can be transferred
by a magnetic arm to the Cryoax 6 manipulator in the analysis
chamber (Fig. 3), where a LEED can be used to characterize the
sample surface and determine the crystallographic direction.
The analysis chamber is located right above the measurement
chamber; thus, the Z motion of Cryoax 6 manipulator is used
to transfer the sample down to the measurement chamber. All
these sample transfers are operated in UHV.

F. UV light source for ARPES measurements

The system is equipped with the combination of VUV5000
UV-source and VUVS5047 UV-monochromator from VG
Scienta, which provides UV light at 21.2 eV (helium I) and
40.8 eV (helium IT). The monochromator exit stage is equipped
with a customized tapered exit capillary, which creates a
small light spot (of the order of 0.5-0.6 mm FWHM) on the
sample. With this UV light source, the system can run either
in HREELS mode with an electron source or in ARPES mode
with light source, as indicated in Fig. 3. The two modes can be
easily switched by rotating the sample in UHV.

lll. SYSTEM PERFORMANCE
A. Electron beam test

As mentioned previously, it is critical to minimize the
divergence angle of the electron beam in order to obtain good
resolutions with the hemispherical analyzer. Thus, the first task
is to test the spacial distribution and angular divergence of the
electron beam from the monochromator. A metal plate with
a 0.5 mm X 10 mm slot was fabricated and attached to the
sample holder anchored to the Cryoax 6 manipulator, so that
the position of the slot can be precisely controlled. The electron
source was set directly facing the energy analyzer, and the slot
was placed vertically along the y-axis, as shown in Fig. 4(a).
All the voltage parameters applied to the electrodes of the
electron source, as indicated by part 1—part 12 in Fig. 1, were
carefully tuned via the LK5000 software. Once the optimal
set of parameters are fixed, the plate was moved along both
the x and z axes, and the intensity of the transmitted electron
beam was recorded as a function of x and z. Using a 50 eV
electron beam, we recorded five different z positions. The
line profiles along x-axis of these five positions are plotted
in Fig. 4(b). The linewidths of these line profiles are obtained
by Gaussian fittings. From those fittings we determine that
the beam spot size at the sample position (usually set at the
center of the chamber, corresponding to z ~ 0 mm here in
the plots) is smaller than 0.5 mm (FWHM). The horizontal
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FIG. 4. Test of spacial distribution of the electron beam and the divergence
angle. (a) A metal plate with a 0.5 mm wide slot was set in front of the
electron source. The intensity of the electron beam through the slot was
measured as a function of x and z. (b) The intensity line profiles as a function
of x for five different z positions (-9, —6, =3, 0, and 3 mm) fitted by Gaussian
functions.

divergence angle is calculated to be @ ~ 0.3°, which agrees
with the simulations presented in Fig. 2(b). Similar tests can
be performed when the slot was placed along the x-axis and
moved along both the y and z axes. This procedure provided the
best set of electrode voltage parameters to generate an electron
beam with the smallest divergence angle.

The highest sample current from the electron source, when
the pass energies of the two monochromators are 1.54 eV
and 0.8 eV, can reach 300 pA, which is comparable to the
conventional Ibach-type source. If the MCP voltage of the
R4000 analyzer is set to be 1400 V, 1 pA sample current is
equivalent to an intensity of 5000 counts per second (CPS) in
the detector of R4000.

B. Energy and momentum resolution test

The energy and momentum resolution of the system can
be tested using a straight through beam with no sample as
shown in Fig. 4(a) if the metal plate is removed. Fig. 5 shows
the result when the incident electron energy is E; = 7.4 eV, the
pass energies of the two monochromators are E}, =1.54 eV
and ElzD = 0.2 eV, respectively, the slit width of the analyzer
is wy =0.1 mm, and the pass energy of the analyzer is
E }3 =1 eV. The 2D detector generates an image of the beam
in energy and momentum. Fig. 5(a) is such an image of the
direct beam, with the horizontal axis representing the energy
distribution, and the vertical axis the angle or momentum.
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FIG. 5. Test of the energy and momentum resolution of the direct electron beam. The energy of the electron beam E; is 7.4 eV. The pass energies of the two
monochromators are 1.54 eV and 0.2 eV, respectively. The slit of the analyzer is set to be 0.1 mm and the pass energy of the analyzer is 1 eV. (a) The 2D
energy-angle mapping of the direct beam. (b) The angle scale is integrated to show the intensity as a function of the energy loss, which is Gaussian fitted with
FWHM =0.7 meV. (c) The energy loss scale is integrated to show the intensity as a function of the angle, which is Gaussian fitted with FWHM = 0.08°.

The angle scale is integrated to show the intensity as a
function of the energy loss in Fig. 5(b), which is Gaussian
fitted with FWHM = 0.7 meV. The energy loss scale is
integrated to show the intensity as a function of the angle
in Fig. 5(c), which is Gaussian fitted with FWHM = 0.08°.
Thus, the ultimate energy resolution for the aforementioned
configuration is AE = 0.7 meV and the angular resolution is
A@ = 0.08°. The momentum resolution was calculated by Ak
= %VZmeEi cos 8;A0, where m, is the electron mass. For
a direct beam with 6; =0 and E; = 7.4 eV, we obtain the
momentum resolution Ak =~ 0.002 A~!. This Ak corresponds
to about 0.3% of the BZ width for a crystal with a typical lattice
constant of 4 A. For the conventional HREELS with Af =~ 1°,
Ak ~0.02 A~! corresponds to 3% of the aforementioned
typical BZ width.

It is important to point out that the above ultimate
resolutions are obtained in optimal conditions using relatively
small incident beam energy (E; = 7.4 eV), smallest slit width
(ws = 0.1 mm) in the analyzer, lowest possible pass energies
for the monochromators (Ej, = 1.54 eV/E3 = 0.2 eV), and
the analyzer (E ,L,) =1 ¢eV). In a real measurement, in order to
reach large momentum values, one needs to use large incident
beam energies and trade-off resolutions to increase intensity
by using larger slit width and pass energies. For example, if
weuse E; =50 eV, w, = 0.2mm, E, = 1.54eV, E} = 0.4 eV,
and EE =2 eV, the energy and momentum resolutions are
AE ~ 3 meV and Ak ~ 0.01 A~!, respectively.

C. Measurements on Bi2212

The overall performance of our HREELS system was
tested using Bi,Sr,CaCuy0s4s (Bi2212) high-Tc cuprate
superconductor as the sample. Bi2212 is easy to cleave in
situ, producing flat surface, and previous HREELS data®
taken with a conventional spectrometer revealed dispersion
in one of the optical phonon branches. In Fig. 6(a), we
show the LEED pattern of Bi2212 at room temperature with
the incident electron energy of 70 eV. The (1 X 5) surface
structural reconstruction®* can be clearly seen in the pattern.
The HREELS measurements are performed with E; = 50 eV,
6; = 60°, w, =0.2 mm, E}J =1.54 eV, EIZJ =04 eV, and
Eg =35 eV. Figs. 6(b) and 6(c) show the images on the
2D detector for directions parallel and perpendicular to the
reconstruction, respectively. The excitation momentum can be
determined from the scattering angles by equation

V2Ineli

q= . (sin @; — sin 6y), )

where m, is the static electron mass, E; is the energy of the
incident beam, 6; and 6 are the angles of the incident and
scattered electrons, respectively. The elastic spots (zero-loss
features) along the momentum axis are well-defined due to
the strong intensity of the electron beam. The fractional spots
due to the reconstruction along the y direction are clear in
Fig. 6(b). This feature is very helpful to determine the position
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FIG. 6. Elastic peaks from 2D HREELS measurement of Bi2212 at room temperature. (a) LEED pattern of the sample with incident electron energy of 70 eV.
There is a 5x reconstruction along the y direction. (b) Elastic peaks of the 2D HREELS along the y direction. (c) Elastic peaks of the 2D HREELS along the

x direction.

and direction in the reciprocal space during the HREELS
measurement.

InFigs. 6(b) and 6(c), the intensity of the elastic peaks is so
strong that the inelastic signals are almost invisible. To see the
inelastic signal, one usually needs to move the elastic peaks out
of the scanning energy range and then scan the proper energy
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range for a longer time. For example, instead of the energy
range —60 to 120 meV in Fig. 6(c), one can use 50-100 meV
to probe the inelastic signals from the phonon branch near
80 meV, as demonstrated in Fig. 7(a). The x direction in
Fig. 6 corresponds to the I'(0,0) — Y (xr,7) nodal direction in
the BZ of Bi2212, so Fig. 7(a) shows the phonon spectrum

Intensity (a.u.)

Intensity (a.u.)

Energy Loss (meV)

FIG. 7. (a) 2D HREELS energy-momentum mapping of Bi2212 at room temperature, with zoom-in of Fig. 6(c) from 50 to 100 meV energy loss range, showing
the inelastic scattering signal from Bi2212 along the nodal direction. The intensity is plotted in logarithmical scale. The dispersion band of the Alg apical
oxygen phonon mode is clearly seen. The circles represent the points obtained by conventional HREELS measurements from Ref. 33. (b) The EDC of three
different momenta extracted from the 2D mapping. (c) Three 1D spectra for similar momenta by conventional HREELS measurements from Ref. 33.
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of Bi2212 along the nodal direction. The phonon branch near
80 meV, corresponding to the A, apical oxygen mode, shows
a clear energy softening when g increases, consistent with the
reported results measured by conventional HREELS.** With
our new system, instead of several discrete energy-momentum
points in conventional HREELS measurements, we now have
a continuous phonon band.

One of the main advantages of our new HREELS system
is that a 2D image like Fig. 7(b) can be scanned in one
measurement without rotating sample, monochromator, or
analyzer. Due to the large angular mode of the Scienta R4000
hemispherical analyzer, it is now feasible to measure the large
momentum values and reach the BZ boundary in one scan.
Thus, the measurement efficiency can be greatly improved.
For example, in Fig. 7, the 2D spectrum covers the momentum
range from 0 to 1 A ~!, which reaches the first BZ boundary
of Bi2212 in the nodal direction (from O to 0.82 A‘l). The
sampling time is only limited by the largest momentum point
with the smallest signal (about 5 h in our measurement). Based
on the data in Fig. 7(a), the 2D image can be used to plot
the scattering intensity as a function of energy loss for a
given momentum value, which is called the energy distribution
curve (EDC). Fig. 7(b) shows the EDCs for three different
momentum values. Three 1D EDCs for similar momenta
from the conventional HREELS measurements®* are plotted
in Fig. 7(c). The time to accumulate data for the largest
momentum transfer is approximately the same in both the new
and conventional HREELS systems. But with the 2D detector,
all of the momentum EDCs are collected with one scan.

IV. SUMMARY

By integrating the newly designed collimation lens system
in the Ibach-type double cylindrical monochromator, we are
now able to use a hemispherical electron energy analyzer
with 2D detector to perform the HREELS measurements,
simultaneously measuring energy and momentum of the
inelastically scattered electrons. It is possible with the new
HREELS system to measure the dispersion of the phonon
modes from the BZ center to the BZ boundary in one scan
using the large angular mode of the hemispherical analyzer.
The high-momentum-resolution lens produces a very small
angular resolution of 0.1°, an order of magnitude improvement.

There are several additional refinements that would in-
crease the capabilities of this instrument. First, we need to
explore positioning the sample so that the scattering plane is out
of the mirror plane to observe modes forbidden by symmetry
in the geometry of the conventional HREELS spectrometer.*®
Second, as Fig. 7 illustrates the background in a HREELS
spectrum is large and depends seriously on energy and mo-
mentum due to the presence of the elastically scattered beam
and the correspondingly excited continuous electron-hole pair
excitations. A physics-based model for the background will
be developed so that visual displays of the energy-momentum
curves without background can be routinely displayed.
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