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We describe a spin-resolved electron spectrometer capable of uniquely efficient and high energy res-
olution measurements. Spin analysis is obtained through polarimetry based on low-energy exchange
scattering from a ferromagnetic thin-film target. This approach can achieve a similar analyzing
power (Sherman function) as state-of-the-art Mott scattering polarimeters, but with as much as
100 times improved efficiency due to increased reflectivity. Performance is further enhanced by
integrating the polarimeter into a time-of-flight (TOF) based energy analysis scheme with a precise
and flexible electrostatic lens system. The parallel acquisition of a range of electron kinetic energies
afforded by the TOF approach results in an order of magnitude (or more) increase in efficiency
compared to hemispherical analyzers. The lens system additionally features a 90° bandpass filter,
which by removing unwanted parts of the photoelectron distribution allows the TOF technique to
be performed at low electron drift energy and high energy resolution within a wide range of experi-
mental parameters. The spectrometer is ideally suited for high-resolution spin- and angle-resolved
photoemission spectroscopy (spin-ARPES), and initial results are shown. The TOF approach makes

the spectrometer especially ideal for time-resolved spin-ARPES experiments.

I. INTRODUCTION

Understanding the complex roles and behaviors of elec-
tronic spin in matter has grown increasingly desirable
as technological trends move towards materials and de-
vices based on ever stricter control and utilization of
the spin degree of freedom. Combined spin- and angle-
resolved photoemission spectroscopy (spin-ARPES) rep-
resents a powerful method of directly probing the spin
physics of the energy and momentum dependent elec-
tronic systems of current research interests.! While elec-
tron spectroscopies such as angle-resolved photoemission
spectroscopy (ARPES) have been developed into precise,
successful, and widespread techniques,?? spin-resolved
versions comparatively suffer due to the large inefficien-
cies inherent to spin polarization measurements.*% De-
spite the long-standing instrumental difficulties, numer-
ous groups very recently have been re-illustrating the
exciting potential of spin-ARPES for high impact re-
search in the current science climate (e.g. Refs. 7-14).
Works such as these add further urgency for developing
improved spin-ARPES instrumentation.

The primary difficulty in such efforts is the lack of a
direct way to measure the spin of free electrons. Cur-
rent polarimeters must function through various spin
dependent effects in scattering electrons from a vari-
ety of targets and extracting their spin polarization
as a differential intensity measurement.*® The most
widely used polarimeters are variants of the Mott-
polarimeter,'® in which the spin-orbit interaction intro-
duces an asymmetry in the rate of backscattering into

opposite directions dependent on the spin of the inci-
dent beam. Unfortunately, the cross sections for these
scattering events at the incident kinetic energies neces-
sary for useful spin asymmetries (20-100 keV) are ex-
tremely low, resulting in several orders of magnitude de-
creased efficiency compared with straightforward spin-
integrated intensity measurements.!® Other types of po-
larimeters based on the spin-orbit interaction obtain sim-
ilar performances!®!” (for a review of spin-orbit po-
larimeters, see Ref. 18).

In general, spin-ARPES requires a spectrometer com-
bining both a spin polarimeter and an electron energy
(and angle) analyzer (EEA). As much of the vast ad-
vancements in present high-resolution ARPES have been
based on the popular hemispherical energy analyzers
(HEA),'*2° the most common spin-ARPES setup com-
bines a Mott-polarimeter with an HEA.2'"24 Indeed this
is the type of spectrometer used for most of the recent
high profile works.® 1?2 The working principle of an HEA
is the chromatic dispersion of an electron beam along a
spatial dimension. A significant part of the HEA’s effec-
tiveness is its compatibility with parallel 2-dimensional
(2D) multi-channel detection along two spatial direc-
tions, corresponding to energy and one angular pho-
toemission direction.!??0 However, as available spin po-
larimeters operate as effective single-spatial-channel de-
tectors, the combined instrument loses this key charac-
teristic and operates as a serial single-channel analyzer.
Compared to current spin-integrated HEA spectrome-
ters, the Mott-HEA spectrometer is hindered by the
single-channel acquisition of energy (and angle) itself, as



well as the inherent inefficiency of the single energy (and
angle) channel provided by the Mott-polarimeter. Ex-
periments are then forced to operate with significantly
compromised energy and angle resolutions for adequate
count rates.

We have developed a spectrometer at the Advanced
Light Source (ALS) in Berkeley aimed at achieving a
much improved (>100x) total efficiency compared to
the Mott-HEA spectrometer, thus allowing spin-ARPES
to be performed with the improved resolutions desired
for current spin-dependent research. This is achieved
through two significant differences with respect to the
Mott-HEA: (1) spin-resolution is provided by a higher ef-
ficiency low-energy exchange-scattering (LEX) polarime-
ter, and (2) energy analysis is performed with the time-of-
flight (TOF) technique to achieve parallel multi-channel
energy detection. Two distinct modes of operation, a
straight electron flight path and one which includes a
90° “quarter-sphere” bandpass filter (BPF), uniquely en-
hances the spectrometer’s general utility as well as its
ability to achieve high energy resolution with a wide
range of light sources.

This paper is organized as follows. Section II out-
lines the design concepts and operating principals of the
new spin-ARPES spectrometer, including the TOF-EEA
scheme, its integrated 90° BPF, the LEX polarimeter
and its design optimizations, and the detection and data
acquisition electronics. Section III provides a detailed
report of the spin-integrated performance of the TOF-
EEA as well as initial spin-resolved measurements with
the full spectrometer carried out at beamline 12.0.1 of
the ALS operating in 2-bunch mode. Section IV gives a
concluding discussion.

II. SPIN-RESOLVED TIME-OF-FLIGHT
ELECTRON SPECTROMETER DESIGN

Although the Mott-HEA spectrometer combination
seems to be the most popular, the strong desire for
improved performance for spin-ARPES experiments has
driven numerous and significant alternate approaches.
Most of these have involved the development of different
combinations of EEAs and polarimeters, some of which
are illustrated by the Ven diagram in Fig. 1. Each combi-
nation is represented by the overlap of the circles denot-
ing the energy and spin alnalysis technique, with each
overlap being labeled by approximate efficiency gains
with respect to the Mott-HEA combination (which is
therefore labeled 1z).

One general approach has been to replace the Mott-
polarimeter with a LEX-type polarimeter. Here we use
the term to collectively describe polarimeter develop-
ments (e.g. 25-28) which utilize the spin-dependent spec-
ular reflectivity of ferromagnetic surfaces®%29:39 at ener-
gies of ~10 eV and below. The reflectivity’s dependence
on the relative alignment of the incoming electron’s spin
polarization and surface magnetization directions can be
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FIG. 1: (color online) Schematic diagram depicting several
designs of spin-ARPES spectrometers based on possible com-
binations of energy analyzers (HEA or TOF) and spin po-
larimeters (Mott or LEX). The combinations are represented
by the overlapping circles, and are labeled by the approximate
efficiencies relative to the Mott-HEA combination (explained
in text). The combinations on the left, top, and bottom have
been previously developed. A spectrometer based on the com-
bination on the right, marked by the green arrow, is reported
here.

applied to spin polarimetry for nearly 100 times improved
efficiency with respect to Mott-polarimeters.26:28:31:32
These improvements are due mainly to the higher average
reflectivity of surfaces at such low energy compared to the
total cross sections used at the higher energies of Mott-
polarimeters. In several of these cases, the given LEX-
type polarimeter has been combined with an HEA?26:28:33
(or similarly with a cylindrical sector analyzer®”) for
performing spin-resolved experiments. If electrons are
efficiently transported from the HEA to the polarime-
ter in these cases, one expects a significant improve-
ment (~100x) in total spectrometer efficiency. Although
the scattering target preparation and characterization is
more involved than with Mott-polarimeters,25 2832 the
large improvement in effective count rate is well worth it
for experiments requiring high resolution. As discussed
in Section ITA, advances in passivation of the reactive
target surfaces may aid the long term stability of a LEX
polarimeter, improving its convenience.

Another alternative approach has been to keep the
Mott-polarimeter, but replace the HEA with a TOF-
EEA. The TOF technique resolves photoelectron kinetic
energy by measuring the time it takes to travel from its
point of origin to final detection. Excellent descriptions
of the TOF technique and various TOF-EEAs are given
in Refs. 34-36. By moving energy resolution from the
chromatic dispersion of electrons along a spatial dimen-
sion (as in the HEA) to the temporal dimension, multi-
channel energy detection can be obtained even with ef-
fective single-spatial-channel polarimeters. Recognizing



the significant advantage of the parallel energy detection,
several groups have developed successful spin-ARPES
spectrometers based on integrating Mott-polarimeters
into TOF-EEAs for use at BESSY,?"3® the ALS,3%40
and more recently at the ESRF*' and Elettra.*? Specif-
ically, comparing the efficiency of a single channel HEA
with a TOF-EEA in acquiring spin-resolved data with
the same energy resolution (AFE) across the same width
energy window (W), the TOF approach can be a factor
W/AE times more efficient, assuming similar electron
transmission in both systems.*® The larger this ratio, the
greater is the benefit of the TOF-EEA. A direct experi-
mental comparison of the efficiencies of a Mott-TOF and
Mott-HEA spectrometer is well presented in Ref. 41. The
above mentioned groups using this type of spectrometer
were interested in spin-polarized core levels and Auger
lines and required measuring wide energy ranges which
made the TOF approach quite suitable. The primary fo-
cus of the current instrument is high energy resolution
within a narrower energy window containing the low-
energy physics near Ep; W/AEF is still quite large in this
case as AF is smaller. For example, for studying a 1 eV
energy window with 10 meV energy resolution, a TOF-
EEA represents a 100-fold increase in data acquisition
speed.

A significant caveat of the TOF technique for such
ARPES experiments is the additional requirement of a
pulsed light source with appropriate timing structure.
Third generation synchrotron light sources, such as the
ALS, are pulsed sources with adequate time resolution,
however usually operate at too high a repetition rate
(e.g. 500 MHz at the ALS in “multi-bunch mode”) for
high resolution TOF measurements (see below). There-
fore, TOF-based spectrometers typically operate dur-
ing periods of reduced repetition rate (~3 MHz at the
ALS during “2-bunch mode”) which allow high resolu-
tion TOF measurements, but translates to lower average
photon flux (~10x at the ALS). This must be taken into
account when considering overall experiment efficiency.
In the example above, a TOF spectrometer used dur-
ing 2-bunch mode at the ALS is then a factor of ~10
times more efficient than a single channel HEA spec-
trometer used during multi-bunch mode. This is the
source of the 10z label in the TOF-Mott overlap re-
gion in Fig. 1. When comparing these approaches for
use with light sources such as UV laser systems,*4 46
high-harmonic generation (HHG) laser systems,*” %0 or
free-electron lasers (FELs)®! which may already have the
required time structure, the issue of reduced flux is no
longer a consideration, and the TOF-based spectrome-
ter becomes even more ideal. As advanced time-resolved
pump-probe style experiments”®' > require such light
sources and time structures independent of the spectrom-
eter, they benefit from the full TOF efficiency gain.

While these different combinations have already been
realized, Fig. 1 suggests that the most efficient spectrom-
eter would be one which integrates a LEX-polarimeter
within a TOF-based analyzer. To the best of our knowl-

edge, this approach has not been previously developed.
To make use of the large combined efficiency gains of this
arrangement, we have developed a spin-resolved, TOF-
based spectrometer (spin-TOF) with this approach.®®

A. Low energy exchange-scattering spin
polarimeter

Electron spin polarimeters function by taking advan-
tage of spin-dependent scattering processes and precisely
measuring the magnitude of an asymmetry in the inten-
sity of scattered electrons with respect to a particular
scattering parameter.*® The polarization measurement is
reduced to a differential intensity measurement in which
the unknown polarization of the incident electron beam
along a given axis, P, is proportional to the measured
normalized intensity asymmetry, A,,, between two dis-
tinct scattering channels, I; and I5. The proportionality
is generally expressed as

1 L1

P=—A,, ith A, =
Sett b L+
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where Seg, the effective Sherman function, quantifies the
analyzing power of the given scattering process and must
be known beforehand in order to be used for polarimetry.

The statistical error in the polarization measurement
can be simplified as*
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where [ is the total intensity of the beam measured in the
two scattering channels, Iy is the intensity of the incident
electron beam, and ¢ is the total acquisition time (i.e. the
total number of incident electrons is given by Ny = tlp).
In discussing the efficiency of a given polarimeter, one
often defines the “Figure of Merit” F' as

I
F= SeszTO (3)

such that equation 2 can be rewritten as
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Expressed in this way, one can see that achieving a
given statistical certainty in a polarization measurement
requires a factor 1/F more time than a simple inte-
grated intensity measurement of the same incident beam
(Aly = 1/y/tly). Therefore, a primary goal of polarime-
ter design is the maximization of F'.

The systematic error in the polarization measurement
due to uncertainty in Seg can be expressed as®®

Am

APy o = 5 ASef. (5)
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Error due to instrumental intensity asymmetry that is
unrelated to spin polarization'® can be approximately
expressed as?®

Ains T
APinstr ~ S Ht (6)

where A;,s¢- is the measured intensity asymmetry with
an unpolarized incident beam. These additional sources
of error further emphasize the importance of a large
Sherman function for spin polarimetry. While addi-
tional measurements made by reversing the polarization
of the source can sometimes be performed to aid in
removing instrumental asymmetry from a polarization
measurement,’»1%:23:25:28,56 minimal A;, . is preferred
and essential for experiments which do not allow for the
reversal of source polarization.!?25:33

The most widely utilized mechanism for spin-
dependent scattering in spin polarimetry has been the
spin-orbit interaction,* % the most prominent example of
which is the Mott polarimeter.!® In a Mott polarime-
ter, sizable values of Seg are found at scattering ener-
gies between 20-100 keV where cross sections in general
are low. Hence, Mott polarimeters currently in use typ-
ically have values of Seg < 0.20 with total efficiencies of
F < 2.5x1074.15,18,23,24,56-58 Thege low values of F are a
primary source of difficulty in spin-resolved experiments.
Mott polarimeters do allow a convenient target (typically
Au foil) for a stable Seg over long time scales. However
they can also be quite sensitive to beam alignment, of-
ten leading to significant values of A;,s¢- which can be
difficult to deal with.'®

Recently there has been a number of groups developing
LEX spin-polarimeters that instead of spin-orbit coupling
utilize the exchange interaction in low-energy scattering
from ferromagnetic surfaces.?>:27:28:33 The exchange in-
teraction introduces a dependence in the reflectivity of a
target surface on the relative orientation of the polariza-
tion of the incident beam and the target’s magnetization.
These polarimeters make use of the resulting asymmetry
in the intensity of the specularly reflected beam upon re-
versing the target’s magnetization direction. Equation 1
is then applied with I; and I, being successive intensity
measurements with the target magnetization reversed,
and P being the incident beam’s polarization component
along the target magnetization axis. Measurement of an
unknown polarization through this technique again re-
quires prior knowledge or calibration of Seg. One of the
exciting reasons for developing this type of polarimeter
is that various target systems provide similar (or higher)
values of S.g as Mott polarimeters, but at scattering en-
ergies < 20 eV where the average scattering cross section
is significantly higher. Thus values of I/l are much im-
proved resulting in a larger F' (equation 3). Specifically,
reported values of Seg have ranged from ~0.202733 to
~0.40%6:28:32 while those of F have ranged from 7x 107433
(this value includes efficiency of coupling to the energy
analyzer), to 2.2 x 107327 to as high as 2 x 1072,26,28,32

The strong exchange induced spin-dependence in low

energy scattering from ferromagnetic surfaces had been
proposed®”%? and experimentally studied??30:61:62 gevy-
eral decades ago, and further suggested to be taken ad-
vantage of in efficient polarimeter development3!:63-65
not long after. A LEX-polarimeter achieving an effi-
ciency of F = 2x 1073 was indeed developed and coupled
to a HEA for spin-resolved ARPES experiments as early
as 1990.5¢ The more recent increase of interest in LEX-
polarimeter development?6-2333 is likely reflective of the
current surge in importance of spin-resolved experimen-
tal capabilities.

In order to take advantage of the significantly higher
values of F', we developed a unique version of the LEX-
polarimeter capable of integration into a TOF-EEA. In
addition to fast time-resolution, the present design fo-
cuses on versatility to handle both a wide array of suit-
able scattering targets and experimental geometries. The
primary components are shown in Fig. 2. The electron
beam to be spin analyzed enters a tube which passes
through the center of a rear-facing multichannel plate
(MCP) detector assembly and strikes the target surface,
~b50 mm downstream, at near normal incidence. The
specular (0,0) reflected beam is then collected by the
front of the MCP detector, and fast output pulses mark-
ing the time of electron detection events are processed
and recorded. The scattering target’s magnetization is
switched in-situ by the coils along the target’s “y” axis
(y: in Fig. 2); the polarimeter is then sensitive to the
incident spin component along this axis. A histogram
of electron arrival times is built with the target magne-
tized in both directions. The resulting asymmetry is then
used to measure the spin polarization (via equation 1) of
the incoming beam as a function of arrival time. The
time-resolution is required for the polarimeter’s integra-
tion into a TOF-EEA (section IIB).

The electron detector utilizes a chevron pair of 27 mm
effective OD multichannel plates (MCPs) with a 6 mm
annular hole.” The MCP output is collected by a sin-
gle anode disk, also with annular hole, coaxial with the
MCPs, and the signal output is immediately capacitively
decoupled by a second plate separated from the anode
by a 0.005” Kapton film. In contrast to channeltron de-
tectors, the short charge transit distance through the 12
micron pores, <1.5 mm thick MCP stack, and signal out-
put coupling scheme provide fast, <1 ns rise-time pulses
capable of < 200 ps time-resolution (discussed in sec-
tion IT C). The detector geometry is rotationally symmet-
ric about the incident beam axis, allowing the target and
scattering plane to be arbitrarily rotated by an angle w;
(Fig. 2), resulting in the reflected beam being recorded by
a different but geometrically equivalent spot of the same
detector. The target assembly including the magnetiza-
tion coils are mounted on a differentially pumped rotary
platform to provide this rotation, thus enabling the po-
larimeter to be sensitive to spin along any axis within the
plane normal to the incident beam, while keeping a fixed
scattering geometry and therefore a constant Seg. This
is distinct from the designs for multiple-axis sensitivity
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FIG. 2: (color online) Drawing of the LEX polarimeter scat-
tering and detection components. MCP detector with annular
tube is shown in sectioned view. Electron path is shown by
red dashed line. The inset shows two useful scattering ge-
ometries; the main figure shows polarimeter configured in the
Planar geometry with the scattering plane coplanar with the
y:z: plane.

of other LEX polarimeters: the design of Okuda et al.?®
provides two fixed axes accessed by separate detectors,
while the design of Winkelmann et al.?” provides contin-
uous rotation of the target and magnetization axis about
the target surface normal, thus altering the scattering
geometry and possibly Seg.

While LEX polarimeters take advantage of the ex-
change interaction, there are finite spin-orbit induced ef-
fects when scattering from heavy ferromagnets such as
Gd,% and even from light ferromagnets such as Fe.2%:29:62
Two scattering geometries, depicted in the inset to Fig. 2,
are often used for isolating and studying the exchange
and spin-orbit interactions in scattering from crystals;
the particulars of these geometries are well discussed in
the literature.”%% It is not clear that there is a signifi-
cant difference between the two in terms of polarimeter
performance, however details of the two remain interest-
ing. Briefly, the ‘Planar’ geometry, which is also shown
utilized in the polarimeter schematic, has the target mag-
netization in the scattering plane, while the ‘Perpendicu-
lar’ geometry has it perpendicular to the scattering plane.
Although other LEX polarimeters seem to use the latter,
we have initially used the former as the exchange and
spin-orbit interactions are more completely isolated.?2
In this case the axis sensitive to exchange effects (the
magnetization axis) is perpendicular to the axis sensitive
to spin-orbit effects (the scattering plane normal, n). For
example, in the Perpendicular geometry, interference ef-
fects between the spin-orbit and exchange interactions
can lead to a measured asymmetry even with an unpo-
larized incident beam. This can be pictured as the result
of a double-scattering: in the first, there is a spin-orbit
induced polarization along n, followed by an exchange

induced intensity asymmetry in the second. This effect
is removed in the Planar geometry. One should note that
spin-orbit effects are not completely removed in the Pla-
nar geometry, as interference can lead to the spin-orbit
interaction first rotating the component of the incident
polarization within the scattering plane, thus slightly al-
tering the magnitude of the in-plane component’s projec-
tion along the target magnetization. As both effects are
higher order, they should in general be small. We also
note that the present detector geometry allows a much
smaller angle of incidence (only 5° compared to other po-
larimeters at 15°26-28:33) which may slightly improve Seg
and F,"®7! as well as reduce any spin-orbit effects even
further (the spin-orbit interaction in the specular reflec-
tion must reduce to zero at normal incidence). If nec-
essary, it is straightforward to switch between the two
geometries by simply changing the tilt direction of the
target within the target and magnet coil assembly; again
this flexibility is accommodated by the circular detector
geometry.

The volume within the polarimeter, from the entrance
tube to the scattering target, is maintained as a field
free region. As the LEX scattering is typically most effi-
cient at kinetic energies below 10 eV, this region is very
sensitive to magnetic fields. Therefore, special attention
was paid to ensure minimal magnetic fields through the
use of double-walled magnetic shielding and the strict
use of non-magnetic materials within the shields. The
magnetic target itself and its magnetizing coils present
possible difficulties. Using thin ferromagnetic films with
in-plane magnetization direction grown on nonmagnetic
substrates helps reduce stray fields from the target itself
to a minimum. The coils are a double set of Helmholtz
coils (see Fig. 2): the inner pair has half the radius and
4 times the number of turns as the outer pair, and are
connected in series in opposing directions. The field in
the center at the target position due to the inner pair is 8
times stronger than the outer pair, resulting in a net field
strong enough to reverse the magnetization of the target
films (~100 G). The approximate dipole fields far from
the coil pairs, however, are the same magnitude and thus
mostly cancel at the distance of the magnetic shielding.
These design aspects minimize changes in stray magnetic
fields after magnetization switching that could lead to
spurious A;ns and error in polarization measurements
(equation 6). Indeed the polarimeter measures an ex-
tremely small A;, st (section IIIB).

Of course the most important component of a LEX po-
larimeter is the target system itself. As a number of sys-
tems have been used and suggested, and many more can
be imagined, we have included a dedicated small and effi-
cient multi-use preparation chamber capable of preparing
a wide range of target surfaces and transferring them di-
rectly into the polarimeter in constant UHV. The cham-
ber includes a stage for target annealing and high tem-
perature flashing, a quartz crystal monitor, an e-beam
evaporator, and a precision gas leak valve.

For initial work, thin Co(0001) films grown on a
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FIG. 3: (color online) Spin analyzing characteristics of a 50
monolayer Co/W(110) scattering target measured at normal
incidence/reflection. (a) Spin-dependent reflectivity with in-
cident beam 20% polarized along the target’s magnetization
direction. Inset shows the spin-dependent band structure of
bulk Co along the surface perpendicular direction (adapted
from Ref. 74). (b) Corresponding Seg. (c) Corresponding
F'. The green horizontal bars cover the approximate range of
scattering energy used for the polarimeter data in this paper.

W (110) substrate were used due to the potential of high
values of Seg (0.40) and F (2 x 1072) of ultrathin films
(~5 monolayers).>? In general, W(110) is a straightfor-
ward substrate to clean for epitaxial film growth, and
aged films can be quickly ‘flashed’ off to start fresh. It
is also a good substrate for growing either Co(0001) or
Fe(110) surfaces.?*" For the present Co films, substrate
flash heating in O and film growth proceeds as detailed
in Ref. 72,73 with a brief 30 s ~500° C anneal. The
magnetic easy-axis is along the W [110] direction, thus
the W crystal is oriented in the polarimeter as shown in
Fig. 2. While the ultrathin films discussed in Ref. 32 have
much potential, they involve extra complications such as
a rapidly varying Seg with energy and are quite sensitive
to growth conditions. It was found that thicker films of
~50 monolayers proved to be more forgiving to growth
procedures, gave more reliable results, and were sufficient
for initial instrument commissioning.

Similar to Ref. 32, 50 monlayer Co/W(110) targets
were characterized with a Spin Polarized Low Energy
Electron Microscope (SPLEEM),”57¢ and the results are
shown in Fig. 3. Panel (a) shows the surface reflectiv-

ity of a single magnetic domain as a function of scat-
tering energy with incident electrons 20% polarized par-
allel and antiparallel to the Co majority spins. The
spin dependence is more clearly seen in the plot of Seg
shown in panel (b), extracted as Seg = (1/P)(Rmaj —
Ruin)/(Rmaj + Rmin), where Ryaj (Rmin) is the reflec-
tivity parallel to the Co majority (minority) spins, and
P is the polarization of the incident beam. At ~1 eV,
there is a clear negative peak in Seg corresponding to the
part of the Co bandstructure (Fig. 3) which has available
majority states, but which is still in a minority bandgap
which enhances the reflectivity of incident minority spins.
This is similar to the arguments for the observed behav-
ior of Fe 20728:31,64.6570 At energies above the minority
bandgap, the minority unoccupied density of states is
then higher than the majority, which may be a reason-
able explanation for the reversal of sign of Seg. There
is a clear peak in Seg coincident with the bottom of the
minority band, followed by a very flat region where there
is minimal energy dependence of Seg. While the peak of
0.23 at 2.5 eV is appealing for maximum spin analyzing
power, the initial work in the present paper is performed
using scattering energies in the range highlighted by the
horizontal green bars in Fig. 3 due to the relative sim-
plicity of an energy independent Seg (0.12) and higher
scattering energies. Fig. 3 (c) displays the calculated F
from panels (a) and (b). The peak value for this target
system is quite high (> 1x1072), however the work in the
present paper was performed at scattering energies with
an F just less than 1 x 1073, which is still significantly
higher than the best Mott polarimeters.

It is possible that an Fe(001) surface will give in-
creased performance in the current polarimeter, as pre-
vious LEX polarimeters have shown great performance
with this surface.?> 28 As the exchange split bandgap of
this surface also falls at a higher kinetic energy (6-10 eV)
than the present Co(0001) surface, the related peaks in
Ser and F' fall at these higher kinetic energies and are
likely more convenient to use. Additionally, the passiva-
tion of the Fe surface through oxidation offers enhanced
stability and lifetimes.??27-2® The versatility of the ded-
icated target preparation system allows straightforward
adaptability to this target surface and others, including
those that have not been thoroughly explored yet. For
example, passivating ferromagnetic surfaces with a cap-
ping layer of graphene for substantially improved target
lifetimes”"7® may be an attractive option, and could be
performed in the present preparation system.

The described LEX polarimeter could provide a vari-
ety of experimental systems with enhanced performance
and efficiency with respect to more traditional Mott po-
larimeters. In the particular application of spin-ARPES
where energy and angular resolution are also required,
we have fully integrated the polarimeter into the multi-
function TOF-EEA described below.



B. TOF electron energy analyzer with 90°
bandpass filter

Commercially available HEAs are often the start-
ing point in developing Mott-HEA spectrometers. In-
deed, full Mott-HEA spectrometers are now commer-
cially available. TOF-EEAs are less common, however,
and one with the characteristics required for the present
project and compatible for use with the ALS 2-bunch
mode light specifications (~3 MHz repetition rate) re-
quired a fully custom design. Some of the electron opti-
cal considerations of the resulting design which are not
covered here are discussed in Ref. 79.

A cutaway diagram of the full spin-TOF spectrome-
ter is shown in Fig. 4, illustrating the basic layout of
the resulting TOF-EEA. The design includes two modes
of operation with distinct electron flight paths and de-
tectors. In the first mode (M1), electrons photoemitted
from a sample by pulsed photons (far right) enter the
first electrostatic lens system (LS1) and are transported
along a nominally straight path through to a second lens
system (LS2) where they are finally detected by a time-
resolved detector (far left). In the second mode (M2),
photoelectrons exiting LS1 are electrostatically deflected
90° by a nested pair of spherical electrodes and trans-
ported through a third lens system (LS3) and focused
onto another time-resolved detector (bottom). As only
photoelectrons of energies within a certain range around
a nominal energy (E,.ss) are successfully passed through
the 90° bend, it acts as a bandpass filter (BPF), allowing
only the desired section of a photoelectron spectrum to
be detected in this mode. A downstream variable exit slit
(ES) aids in the removal of scattered and secondary elec-
trons generated in the BPF. A variable entrance aperture
(VA) at the front of LS1 (with a selectable diameter of 2,
4, 6, or 8 mm) defines the angular acceptance, and there-
fore the angular resolution, of the spectrometer which
ranges from ~ 40.5° to ~ +2°. Two sets of quadrapole
deflectors within LS1 allow for corrections of the photo-
electron beam path due to misalignment of the photon
beam and sample with respect to the spectrometer or
small stray magnetic fields.

The two distinct modes provide convenient flexibility
in measurements. Although detectors can be swapped,
the primary configuration has a simple, single-anode
high-speed MCP assembly for spin-integrated measure-
ments at the end of LS2 for M1 operation, and the LEX-
polarimeter (section IT A) for spin-resolved measurements
at the end of LS3 for M2 operation. As we will see below,
M2 operation with the 90° BPF (along with the polarime-
ter) provides for efficient, high energy resolution measure-
ments over a certain range of the photoemission spectrum
and with a wide range of photon energies. Even with the
high efficiency LEX-polarimeter, such spin-resolved mea-
surements are more time consuming than straightforward
spin-integrating detection. Thus the ability to operate in
M1 for rapid, lower resolution (higher flight energy), full
spectrum acquisition of spin-integrated data is very con-

venient for system alignment, initial characterization and
crystalographic alignment of the sample under investiga-
tion, and identifying sections of the spectrum where high
energy- and spin-resolution is desired. Switching between
the two modes of operation takes a matter of seconds.

As the goal of the project is to provide high energy
resolution for efficient and practical spin-resolved mea-
surements, a primary design requirement of the TOF
system is the capability of ~10 meV resolution. Thor-
ough analyses of energy resolution in a TOF experiment
are found in Refs. 36,80. Briefly, the kinetic energy in a
field-free TOF measurement is related to both the elec-
tron’s time of flight from photoemission to detection ()
and the length of its flight path (L) through

L

Ezith

(7)
Straightforward differentiation of eq. 7 shows that the
energy resolution (AFE) has a contribution due to the
total timing resolution (At) of

_E 3 3/2
AE, = 2\| B/ At, (8)

It is clear that AFE; is dependent on the flight energy.
Thus the electrostatic lens columns are utilized to re-
tard the photoemission spectrum to lower flight energies
for high energy resolution, largely independent of initial
photoelectron kinetic energy (i.e. photon energy) while
maintaining high transmission for the portion of the spec-
trum of interest (e.g. Refs. 36,41). This is in general
reasonably practical with retardation ratios (the ratio of
initial photoelectron kinetic energy to retarded average
flight energy) of on the order of 10 or less. One should
note that for use with low photon energy laser sources,
the photoelectrons are emitted at such low kinetic ener-
gies that the lens columns can instead be used to slightly
accelerate the spectrum to more manageable flight ener-
gies.

The total timing resolution can be written as a combi-
nation of the excitation source pulse width (Atgpurce),
the resolution of the final detector (Atge:), the reso-
lution of the assorted electronics and data acquisition
components used (Atgqq), and any timing aberrations
along the accepted flight paths of the EEA (Atgga) as

At = \/At2 + A2, + At2, + AtL 4. In the case

source det daq
of current synchrotron light sources, such as the ALS, the
dominant contribution comes from a Atgyyrce 0f around
100 ps; it is relatively straightforward to ensure the detec-
tor and electronics provide similar performance such that
the total At < 200 ps. Atgga, in part due to differences
in flight path lengths, can be kept to a minimum (<50 ps)
in the present TOF-EEA design such that they do not
significantly add to the overall effective At.”™ While en-
ergy resolution is inversely proportional to flight length,
space and other constraints limited the size of the instru-
ment to a reasonable choice of L ~ 1m. From equation 8
we then have AFE; ~ 2.4 x 1074E3/2, with F and AF in



FIG. 4: (color online). Diagram of the spin-TOF spectrometer. LS1, L.S2, L.S3: Lens System 1, 2, and 3. BPF: Bandpass filter.
VA: variable aperture. ES: exit slit. Each electrode is wired as shown by 12 independent voltages. Deflectors are powered by
4 additional independent voltages (not shown). Electron paths for mode 1 (straight) and mode 2 (90° bend) are shown by the

dashed red line.

eV. To achieve 10 meV total resolution, one is limited by
AF; to work with flight energies of less than 12 eV.

An important consideration is the possible overlap
of lower (higher) energy electrons created by earlier
(later) photon pulses reaching the detector at the same
time. This temporal overlap of a photoemission spec-
trum greatly complicates the extraction of real energy
spectra, and needs to be avoided. The problem is illus-
trated in Fig. 5 with the example of the straight flight
path of M1 (total flight length of 0.937 m) and the ALS
2-bunch mode (328 ns period). The curve in panel (a),
I(t), represents the relative number of electrons arriving
in fixed width time channels as a function of time as-
suming a perfectly flat distribution of photoelectrons in
energy. The strong time dependence of this curve (note
the log scale) is due to the non-linear conversion between
time and energy scales (equation 7). When converting
from an energy to a time distribution, one must scale the
intensities by the Jacobian, dF/dt; similarly for the real
experiment, when converting a spectrum measured as a
histogram in time channels to an energy histogram in en-
ergy channels, one scales the intensities by dt/dE.36-80:81
Or, more precisely,

dE mL?
X = I(E(t)) x 3 and (9)

x % = I(t(E)) x L, /#. (10)

The curve in Fig. 5 also represents the energy resolution,
AFE; (right hand vertical axis), as it of course has the
same functional time dependence through %.

One can set the available 328 ns time window to start
at t = 100 ns to coincide with the arrival of the fastest
photoelectrons in this example (250 eV). The vertical
black bars in panel (a) mark the times of successive pho-
ton pulses with the corresponding flight energies as la-
beled. As the detector cannot distinguish electrons which
arrive at time ¢ from those at time t+ (n x 328) ns (where
n is an integer), the measured time spectrum will be the
sum of each part of the curve in the upper panel sepa-
rated by the vertical black lines. This is shown in panel
(b) where each section is translated back (n x 328) ns;
the measured spectrum is the sum of each of these curves.
This shows the relative weight of counts at a given time
channel originating from the different possible energies.
For example, the total intensity measured at ¢ = 220
ns is made up of 89.3% 50 eV electrons, 6.0% 8.22 eV,
1.5% 3.23 eV electrons, etc. Thus, if one is interested in
studying part of a spectrum with a flight energy of 50
eV, the measured time spectrum will be noticeably over-
lapped by photoelectrons at flight energy ~8 eV and 3
eV. Further, if the section of interest of the photoemitted
spectrum is transported at lower flight energies (possibly
after retardation for improved resolution), the situation
is worse. If the electrons of interest are measured at 8.22
eV flight energy, for example, the ratio of desired inten-
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FIG. 5: (color online) (a) Schematic TOF spectrum, I(t),
which would result from the evenly distributed energy spec-
trum shown in the inset and with a flight length of 0.937 m.
The corresponding energy resolution, AFE;, is shown by the
right side axis assuming At = 200 ps. Vertical black lines
separate the spectrum into 328 ns wide segments. Flight en-
ergies corresponding to the flight times at these locations are
marked. (b) With a 328 ns period between light pulses, the
effective TOF spectrum is the sum of the segments in panel
(a), shifted into the same time window and overlapping as
shown. The vertical black line highlights relative intensities
(resolutions) on the left (right) axis in the 220 ns time channel
corresponding to the different flight energies labeled.

sity at 220 ns to that of lower energy electrons is further
reduced. More severe is the overlap with higher energy
photoelectrons (if present in the originating spectrum)
with a flight energy of 50 eV, as they will be proportion-
ally much more intense in the time spectrum. Even if one
is interested in photoelectrons near the Fermi level, the
much smaller number of photoelectrons at higher ener-
gies due to higher-order light at synchrotron sources can
cause serious overlap problems (see Fig. 9 and discussion
in section IIT A).

It is interesting to note that overlap problems are less
restrictive using a shorter flight path. From equation 7,
reducing L decreases the lowest energy, F, which will
arrive at the detector within the first 328 ns. Electro-
static retardation will need to be increased accordingly to
maintain the same energy resolution (equation 8). While
this approach may reduce spectral overlap issues, the in-
creased retardation required will result in decreased elec-
tron transmission and overall efficiency, which could be

prohibitive for low count rate experiments such as spin-
resolved measurements.

Spectral overlap can be completely removed with the
incorporation of spatially dispersive elements, such as
the 90° BPF (Fig. 4), to remove photoelectrons of un-
wanted flight energies. In the example of Fig. 5, if one
is interested in studying a portion of the photoemission
spectrum with a flight energy of ~ 8 eV for high energy
resolution, one can utilize M2. The BPF will pass only
electrons within an energy range about the desired Fpass;
any overlapping electrons at flight energies of 3 and 50
eV are not transmitted to the final detector.

While the spatial dispersion of electrons within the
BPF is used to coarsely filter the spectrum, the tem-
poral dispersion through the entire flight path is still
used for parallel detection and resolution of electron en-
ergies within the passed energy window. The present
design provides a typical bandpass of ~ 1 eV. As dis-
cussed above, parallel detection with AE=10 meV across
an energy window of W=1 eV represents a W/AFE=100
times increase in efficiency with respect to serial detec-
tion, assuming equal electron transmission and photon
flux. In the context of high resolution spin-ARPES mea-
surements, such as for the study of strongly correlated
electron systems (e.g. Refs. 3,10-12,14), acquisition of a
1 eV window around Er or some other particular spec-
tral feature is all that is typically required. For taking
spectra of wider energy ranges, the voltages of the TOF-
EEA can be incrementally adjusted to ‘sweep’ the win-
dow passed by the BPF across the energy range desired.
Thus, the TOF-EEA with the integrated dispersive BPF
is a powerful combination for performing high resolution
(low flight energy) TOF spectroscopy with light sources
of higher energy and/or repetition rates than would oth-
erwise be possible. For example, this analyzer allows
for high-resolution spectra to be taken with typical syn-
chrotron light sources (and/or laser sources) with photon
energies ranging from ~6 eV to as high as several hun-
dred eV and repetition rates as high as ~10 MHz.

The 90° BPF offers additional benefits in the con-
text of spin-resolved measurements. As discussed in Sec-
tion IT A, the LEX-polarimeter is sensitive to spin di-
rection along the scattering target’s magnetization di-
rection, or the y; direction as drawn in Fig. 4. Pho-
toelectron spin direction is not rotated through the 90°
bend of the BPF, so the polarimeter is thus sensitive
to the out-of-plane polarization component of the pho-
toemitting sample, z;. By rotating the scattering target
within the polarimeter by 90° about w;, the polarimeter
becomes sensitive to the polarization component along
the sample’s vertical in-plane axis, ys;. Rotating the en-
tire spectrometer 90° about the optical axis of LS1/LS2
aligns the polarimeter to access components along the
sample’s horizontal in-plane axis, x5 (as well as still the
zs axis). Thus the 90° BPF allows measurements of spin
polarization along all three sample axes if desired.

The 90° BPF adds a number of complications, as
well. The dispersive and focal properties of the spheri-



FIG. 6: (color online) Photograph of the TOF lens system.
Magnetic shielding and vacuum enclosures removed for view.
EF': electrical feedthru ports.

cal electrodes result in finite timing aberration contribu-
tions (Atgga) as electrons take flight paths of differing
lengths through the orbit depending on energy, entrance
angle, and entrance position.®?:%3 These timing aberra-
tions decrease with increasing FEpass (as 1/4/FEpags for
180° sectors®?). As increasing FEpass gives larger passed
energy windows, it is in general advantageous to use the
BPF with as high F}.s as possible (~ 50 eV in practice).
For typical synchrotron photon energies, this means re-
tarding photoelectrons through LS1, accelerating them
for a high Ep. through the BPF, and then retarding
them again in LS3 for a low average flight energy. By
focusing the electron beam at the midpoint of the BPF
(45°), instead of at the entrance as is typical of 180°
HEAS, the path length dependence on BPF entrance an-
gle is removed, thus significantly reducing timing aber-
rations even for a large initial acceptance angle into the
spectrometer. This effect on timing aberrations can be
seen by tuning the BPF focal point with careful adjust-
ment of the voltage V'3 (Fig. 4) to a minimum in observed
energy /timing resolution during an experiment. Remain-
ing timing aberrations due to positional dependence, or
focal spot size, in the BPF can be kept insignificantly
low with a small source spot; the 100 micron photon spot
sizes available at current synchrotron light sources is suf-
ficiently small. Our calculations show that with such a
spot size and proper tuning, BPF timing aberrations for
a wide range of lens system parameters is kept below 15
ps (much less than Atgoyree and Atger), and is thus only
a small contribution to total energy resolution.

Each electrode in the full lens system is titanium,
coated with colloidal graphite. Each lens column is a
stack of cylindrical electrodes, electrically isolated by
rings of 52 sapphire balls (1/8” diameter), secured by
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8 axial springs, and cantilever mounted from a central
‘box’ electrode which houses the BPF. The design and
high machining tolerances limited radial displacement of
electrodes in each assembled column to less than 32 mi-
cron from their central axes. When the full assembly is
rotated such that a lens column moves from a vertical
to horizontal position, the ends of LS1, LS2, and LS3
sag a total of 34, 3, and 10 microns, respectively. This
small degree of electrode misalignment is calculated to
contribute less than 5 ps of temporal aberrations to the
overall Atgga. Full double-layered magnetic shielding
surrounding the entire flight paths and all non-magnetic
construction within keep stray magnetic fields along the
flight paths to < 0.5 mG. A photograph of the assembled
TOF lens system, without magnetic shielding, vacuum
chambers, and detectors, is shown in Fig. 6.

C. Data Acquisition

The simple signal processing and data acquisition
scheme is shown in Fig. 7. In M1 use, an electron strik-
ing the MCP1 assembly®* (Fig. 4) generates a negative
output pulse with a rise time of ~415 ps through an in-
vacuum 150 pF decoupling capacitor. In M2 use with
the LEX-polarimeter, the MCP2 assembly (Fig. 4) gen-
erates a negative output pulse with a rise time of ~525 ps
through a custom, on-board capacitive decoupling of 300
pF. In either case, the signal is directly fed into dedicated
electronics packages (Ortec, model 9327) that combine a
1-GHz preamplifier and constant fraction discriminator
(CFD) that outputs a NIM-style digital pulse marking
the time of signal input with a jitter and walk of < 20
ps and < 40 ps, respectively. These signals are then fed
into the Ortec 9308 Picosecond Time Analyzer (pTA),
along with a timing signal marking the period of the
pulsed light source, in this case the ALS beamline bunch
marker. The pTA builds the time-of-flight histogram in
65,536 time bins over a variable window from 80 ns to
163.84 ps; to match the period of the ALS 2-bunch mode,
this is set to 320 ns providing a digital resolution of 4.88
ps. The pTA is controlled and accessed through a di-
rect connection to a desktop computer through a sup-
plied PCI-card. The same computer controls the power
supply bank (from VG Scienta) which supplies the de-
sired voltages to the spectrometer electrodes and detec-
tors, as well as controls the polarimeter target magne-
tization coils. Software written in LabVIEW (National
Instruments) integrates control over spectrometer opera-
tion, data acquisition, and conversion of the time-of-flight
histogram to an energy spectrum.?% Data acquisition is
easily synchronized with magnetization pulses such that
spectra can be built up over frequent (~each minute)
magnetization reversals to remove any effects of chang-
ing sample, target, or photo flux characteristics over time
from the polarization measurement.

Switching between detectors involves only connecting
the BNC cable from the desired preamp/CFD to the pTA
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FIG. 7: (color online) Schematic of data acquisition and in-
strument control electronics.

input. Note that the detector signals are used as the
‘Start’ and the photon signal as the ‘Stop’ such that the
recorded time spectrum is reversed, as is often done in
TOF spectroscopy.??36:41:85 This reduces possible signal
loss due to unnecessary dead time in the pTA as the
expected count rate is far less than 1 count for every
light pulse.®6

During an experiment, it is possible to record the signal
from specularly reflected photons from the photoemitting
sample. This ‘photon peak’ not only serves as a prompt
for t = 0 in the TOF spectra,®*3¢ but its width also
represents the total timing resolution, At, of the entire
setup. We have directly measured with the ALS 2-bunch
a At of 137 ps and 195 ps for the spin-integrating MCP1
and the LEX-polarimeter MCP2, respectively. Although
more sophisticated TOF setups have recently achieved
timing resolutions of 18 ps,®® the present system is fun-
damentally limited by the ~100 ps bunch width.®” Thus
the simple scheme used here (Fig. 7), which involves only
3 commercial electronics packages and 6 total cables from
the detectors to computer, is more than sufficient for high
energy resolution in the present spectrometer, and is sur-
prisingly staightforward and convenient.

III. PERFORMANCE

Initial experiments have been completed for demon-
stration and characterization of the spectrometer and its
performance. Data was taken at beamline 12.0.1.1 of
the ALS during 2-bunch mode. Photoemission was per-
formed on a W(110) crystal as it provides a well known
spectrum including sharp and easily accessible core levels
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for convenient energy references, and provides strong sig-
nal at a sharp Fermi edge at low temperature for energy
resolution measurements. It also serves as a substrate
for evaporating high quality Au(111) films®®3 used for
demonstrating the polarimeter performance. The crystal
was mounted with the [110] direction oriented along the
vertical y, axis (Fig. 4); the crystal is rotated about the
vertical polar axis to change the emission angle accepted

by the spectrometer along the [001] direction.

A. Energy calibration and resolution

Fig. 8 shows a typical W spectrum taken in M1 with all
the electrodes grounded as a simple ballistic drift tube.
The upper panel shows the raw TOF spectrum, with
t = 0 aligned to the sharp photon ‘prompt’ peak (not
shown, section II C), corrected for the ~3 ns required for
photons scattered from the sample to reach the detector.
Features of the spectrum are readily recognized, with the
Fermi edge and intense valence band signal arriving at ~
200 ns, and core levels from 270-300 ns. Intense peaks at
shorter flight times are core levels excited by the presence
of higher order light from the beamline. The lower panel
shows the same spectrum converted to an energy axis;>%
the intensity scaling effect of the nonlinear conversion
from equal time bins to equal energy bins (section 1IB)
is apparent as the signal from higher order light is now
indeed less intense than that from first order light. The
features included in this spectrum allow convenient ver-
ification and calibration of the energy scale. With the
beamline set to hv=70 eV, each core level is separated
by exactly 70 eV from its corresponding peak in the sig-
nal from the hr=140 and 210 eV light present. Addi-
tionally, the binding energy of each core level, including
the 4f splittings, are well known and serve as excellent
benchmarks. Overall, close agreement is found, and this
procedure is also used with various sets of electrode volt-
ages for flight energy retardation for calibration of the
time-to-energy conversion. In these cases, taking several
spectra with incremental changes in photon energy also
aids in the process, as described in Ref. 36.

The spectrum of Fig. 8 illustrates the benefits of M1
operation and the TOF technique in general. The en-
tire spectrum is taken at once, which is often useful for
rapid initial sample identification and characterization.
As an example, an expanded view of the 4f core levels is
shown in the inset to the lower panel. The strong surface
splitting of each multiplet" is convenient for monitoring
surface quality and cleanliness during an experiment, and
rapid simultaneous monitoring of both the valence band
and core levels can be useful during deposition of preci-
sion thickness overlayers. Sensitivity is also good, show-
ing clear features even from the extremely low flux of
second order light. Quick measurement of valence band
peak dispersion as a function of emission angle is also
useful for sample alignment.

Note that in the example of Fig. 8, all the observed
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FIG. 8: (color online) Typical “drift tube” photoemission

spectrum taken with straight path (M1), acquired in < 5
minutes with a total count rate of 135 KHz. The angular
resolution in the free drift case, defined by the size of the de-
tector and flight length, is £0.4°. The upper panel is the raw
time spectrum, and the lower panel is converted to an energy
axis. The inset shows a close up of the W 4f core levels. The
splitting of the surface component illustrates a clean surface.

features are due to relatively high flight energy photo-
electrons arriving within the first period after their orig-
inating photon pulse. In other words, they correspond
to being taken in the region corresponding to the first
red line in Fig. 5, and are free of significant overlap from
lower energy electrons. However, recorded at a flight en-
ergy of 65 eV, the Fermi edge is fairly broad and is energy
resolution limited by AFE; (equation 8) to over 90 meV
with At=137 ps.

To resolve features near Er with higher resolution, we
must use retardation for lower flight energies. Fig. 9 (a)
shows the W Fermi edge, measured in M1 with hv=28
eV and retarded to an average flight energy of ~10.2 eV
(energy axis referenced to Er). The measured edge is fit
with a width of 14.0 meV; removing contributions from
beamline resolution and temperature broadening (~ 10
meV and 4 meV, respectively) leaves a total AE=9 meV
for the spectrometer. This is slightly larger than the
AFE;=5.9 meV expected from the 137 ps At,”! but is in
quite reasonable agreement. The small remaining con-
tributions may be due to slight uncertainty in beamline
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FIG. 9: (color online) Photoemission spectra taken with the
spin-integrating detector of the W Fermi edge showing total
experimental energy resolution. (a) Spectrum taken along
straight path of M1 with hv=28 eV, ~15 V retardation, and
angular resolution £0.6°. Although the Fermi edge is sharp
and recognizable, the spectrum badly overlaps with itself, re-
sulting in the confusing full spectrum shown in the inset. The
box in the inset corresponds to the range expanded in the
main panel. The peaks under the vertical arrows mark sig-
nal from the 4f core levels coming from higher order light of
pulses one period after those causing the signal at Er. (b)
Same spectrum taken with BPF in M2 with ~19 V retarda-
tion and angular resolution +0.4°. The energy resolution is
similar to (a), but the spectrum is completely free of spectral
overlap.

resolution, small residual magnetic fields, minor sample
surface imperfections, and slight detector misalignments
leading to contributions to Atgga.

Since the feature of interest is now at a low flight en-
ergy, it is overlapped with spectral intensity at signifi-
cantly higher energies. Indeed, this is the source of the
sharp peaks just above Er marked by the vertical ar-
rows; note that there are no such features in the actual
photoemission spectrum 0.10 eV above Er. The inset
to Fig. 9 (a) shows a wide view of the same spectrum.
The broad features from 0 to -4 eV are valence band
features, while all the intense sharp features are due to
overlapping, higher kinetic energy core level photoelec-
trons excited by higher order light which clearly distort
the spectrum. Lineshape analysis beyond the simple edge
width extraction here is therefore not possible.



M2 operation with the 90° BPF removes these un-
wanted electrons for clean spectra. Fig. 9 (b) shows the
same spectrum, taken in M2 with an average flight en-
ergy of 6.6 eV. Here the spin-integrating MCP1 was at-
tached at the end of LS3 for a direct comparison of the
two modes with the same detector. A Fermi edge with
a similar width of 14.4 meV was achieved even with the
added complexity of the BPF and related timing aberra-
tions. Most importantly, the spectrum is completely free
of overlap contamination: there is no sign of the peaks
marked by arrows in panel (a). Thus spectra taken at
high energy resolution in M2 are representative of true
spectra and more suitable for lineshape analysis.

It should be noted that the BPF in M2 operation intro-
duces a strong transmission envelope function to recorded
spectra; this is of course its purpose. The electron optics
of the TOF-EEA can be tuned to provide a fairly ‘square’
transmission envelope, however measured spectra should
be corrected for variations in the transmission function.®
For all M2 spectra presented in the present paper, this
has been performed by normalizing the recorded spec-
tra by experimentally measured transmission functions.
These were obtained by recording spectra with identical
TOF-EEA settings, but with higher photon energies to
place known flat regions of the resulting photoemission
spectrum within the bandpass. In our current experience,
this technique results in reliable spectra with quite good
agreement with those taken in M1. With further calibra-
tion of the TOF-EEA, the M2 transmission function can
also be integrated out by sweeping the desired portion of
the photoemission spectrum through the bandpass with
appropriate control of lens voltages.

B. Spin resolution

The well known Rashba spin-splitting of the Au(111)
surface state®®?3 provides a convenient test subject for
the polarimeter.*?> The Au(111) surface was prepared by
evaporating ~15 monolayers of Au onto the clean W(110)
substrate at room temperature. M1 operation with the
spin-integrating detector was useful for verifying sub-
strate cleanliness as well as monitoring the Au growth.

Fig. 10 (a) shows spin-integrated spectra as a func-
tion of emission angle along the Au(111) T'K direction
taken in M1 with a sample temperature of 20 K. The sur-
face state is clearly seen as a parabolic dispersing peak;
the splitting of the band is not resolved, likely because
of the limited angular (k-space) resolution of A#=0.8°
(Ak=0.04A~1). The splitting should still be observable,
however, with spin-resolution along the appropriate di-
rection. Panel (b) shows the spin-resolved spectrum at
+2° taken with the polarimeter in M2. Data were taken
with the scattering target magnetization axis aligned per-
pendicular to the sample emission angle, i.e., with w ro-
tated 90° to align y; along ys (Fig. 4) and the Au sample
rotated about the y,; axis. This makes the polarimeter
sensitive to polarization along the sample’s k, direction,
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FIG. 10: (color online) Spectra taken from Au(111) surface
state. (a) Spin-integrated M1 data as a function of emission
angle along ' K. Spectra are vertically shifted for clarity. (b)
Spin-resolved M2 data, taken at the angle corresponding to
black spectrum in (a), with angular resolution +0.9° and a
total acquisition time of 3 hours. Solid curves are fits to Gaus-
sian peaks with a linear background and the Fermi function.

perpendicular to the emission direction along k,. The re-
sulting asymmetry in the collected spectra (I3 and I5) is
converted into a measurement of Py(FE) with equation 1
using Seg=0.12, as discussed in section II A. The spin-
up (spin-down) spectrum shown, It (I}), is extracted as
Ly = 1/2(L + L)(1 £ P,).

The spin-resolved spectrum agrees quite well with the
literature,*%% and the energy splitting of the spin-up
and -down bands of ~70 meV is in line with what is
expected at the measured k value (k, ~ 0.1 A=1).92:94
The 4kpT Fermi edge widths from fitting the spin-
resolved spectra, as well as the spin-averaged spectrum
(i.e. 1/2(I1 + I)), are ~55 meV, representing the to-
tal experimental energy resolution of the measurement.
This demonstrated AE ~55 meV in a spin-ARPES mea-
surement of the Au(111) surface state is a significant
improvement beyond the AE=120 meV of the previous
measurement by Hoesch et al.”3 taken with a Mott-HEA
type spectrometer.?* A more recent experiment by Cacho
et al.*? performed with a Mott-TOF spectrometer with
hv=6.2 eV laser excitation claims a AE=28 meV, but
this value was extracted from the much broader measured
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FIG. 11: (color online) The flat and featureless portion of the
Au/W(110) photoemission spectrum corresponding to bind-
ing energy ~20 eV. (a) The intensity measured with the
scattering target magnetized ‘up’ (red upward triangles) and
‘down’ (blue downward triangles). The resulting asymmetry
is shown in (b). As no polarization is expected, this shows an
extremely low A;nstr.

Fermi edge width at room temperature (>100 meV).

Although the energy resolution currently demon-
strated is an improvement beyond the most recent spin-
ARPES measurements'®? and compares well (with im-
proved angular resolution) with some of the highest en-
ergy resolution work published,???® it does not match the
14.4 meV capability of the spectrometer demonstrated
with the spin-integrating detector (figure 9). The broad-
ening in energy resolution with the polarimeter is possi-
bly due to timing aberrations from incorrect tuning of the
BPF focal point (see section IIB) for the spin-resolved
measurements, from scattered electrons in the small en-
trance tube of the polarimeter, or from contributions of
electrons inelastically scattered from the target. These
issues are under investigation with electron trajectory
calculations, and an improved design of the polarimeter
detector for reducing timing aberrations will be reported
in a later publication. Once these issues are dealt with,
the polarimeter is expected to function with the same en-
ergy resolution as demonstrated by the spin-integrating
detector above (Fig. 9(b)), without further reduction in
count rates or longer acquisition times.

As discussed in section IT A, the Ajng, of a spectrome-
ter is a significant concern for accurate polarization mea-
surements. A straightforward method for measuring the
Ajnstr is to analyze an unpolarized source of electrons.
The flat and featureless portion of the Au photoemission
spectrum at binding energies between the valence bands
and 4f core levels (~20 eV) is a convenient such bench-
mark. The spectrometer voltages were left the same as
for Fig 10 (b), but the photon energy was increased by
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20 eV to measure this flat background signal under iden-
tical spectrometer conditions. Figure 11(a) shows the
resulting spectra with the polarimeter scattering target
magnetized in both directions; the normalized asymme-
try is shown in panel (b) and is defined as the spec-
trometer’s Ajnstr as no asymmetry due to spin polariza-
tion is expected. Very little asymmetry is measured and
deviations from zero seem only due to noise. The to-
tal asymmetry integrated across the spectrum shown is
0.034% =40.035%. This is far lower than Mott polarime-
ters (typical ~10%, as low as 2.6%*?) and other LEX
polarimeter systems (3%2°, 10-15%3%), and is an order
of magnitude lower than the lowest value reported in the
literature to our knowledge (0.3%27). Thus error in po-
larization measurements due to instrumental asymmetry
(equation 6) is effectively removed, and double measure-
ments with reversal of source polarization is not neces-
sary. LEX-polarimeters can be less sensitive to instru-
mental asymmetries than Mott polarimeters in general
as they use a single detector for both intensity measure-
ments. The present design likely results in a particularly
low instrumental asymmetry due to the high quality mag-
netic shielding, the low stray field from the scattering
target, and the low stray field from the magnetizing coil
design. Further, the instrumental asymmetries of LEX-
polarimeters are in general less sensitive to beam align-
ment than Mott polarimeters as the Seg does not depend
significantly on the incident angle or target beam spot
position within a few degrees or mm, respectively.?> In
the present measurements, the photon beam spot is sim-
ply aligned with respect to the spin-TOF analyzer by
maximizing the total count rate, which is insensitive to
position through more than 100% of the beam size. As no
further precise alignment is used, through significant ex-
perience it is clear that the presented instrumental asym-
metry is not at all dependent on beam alignment through
this range of positions and likely much more.

IV. SUMMARY

We have presented a new spectrometer for spin-
resolved ARPES, integrating a newly designed LEX-
polarimeter into a flexible TOF energy analyzer. LEX-
polarimeters offer increases in detection efficiency of up
to 100 times that of Mott polarimeters, while TOF based
spin-resolved systems offer at least an order of magnitude
efficiency increase over the wider-spread hemispherical
analyzers. This particular combination has not, to our
knowledge, been previously developed.

The spectrometer includes two modes of operation
with distinct flight paths for both rapid, full spectrum,
spin-integrated measurements, and more narrow, high-
resolution spin-resolved measurements. The inclusion of
a 90° dispersive element in the latter path allows for
lower flight energies and higher energy resolutions than
would otherwise be possible with most synchrotron light
sources. Energy resolutions at Er as low as 10 meV



with photon energies of 28 eV have been demonstrated.
The polarimeter allows flexible orientation of the spin-
analysis axis anywhere within the transverse plane and
allows straightforward use of a wide variety of scattering
target systems. An instrumental asymmetry of < 0.04%
is directly measured. Full operation of the spectrometer
is demonstrated through the acquisition of spin-ARPES
of the Rashba spin-split Au(111) surface state. Com-
plete realization of the potential of this instrument can
provide much improved efficiency and resolution for the
spin-ARPES experiments in current demand.

Note added. During the submission process of this
manuscript, work to further improve the energy reso-
lution achieved with the spin polarimeter proceeded as
discussed in Sec. III B. A more complete graphite coat-
ing of the electron-optical surfaces within the polarime-
ter was performed, and extra apertures were installed for
removing possible electrons that scatter from the optics
upstream of the polarimeter and those that scatter inelas-
tically from the target far from the specular geometry.
A total experimental energy resolution of 20 meV was
recently demonstrated with the spin-polarimeter in M2
mode of the spin-TOF spectrometer at beamline 12.0.1
of the ALS during 2-bunch mode with very similar count
rates as in the present paper. Removing contributions
from beamline resolution and temperature broadening
in this experiment (~ 15 meV and 6 meV, respectively)
leaves a total of AE~12 meV for the spectrometer. These
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results will be further discussed in a later publication.
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