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In this paper we describe a new spin detector designed and manufactured at SPbPU. This device
makes it possible to analyze the polarization of the secondary electron flux conserving the information
about the electrons' spatial distribution. The main stages of development, construction and testing the
detector are discussed in details. As a result, the possibility of implementing such devices has been
proved in principle. At the same time, both high spatial resolution of this device and its efficiency were
demonstrated. Combining such detectors with hemispherical energy analyzers will make it possible to
obtain spin-resolved dispersion images of the structure under study.
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B paGoTte onuchiBaeTCsI HOBBIM CIIMHOBBIN JETEKTOP, pa3pabOTaHHbI, CKOHCTPYMPOBAHHBIN 1 U3-
roroBieHHbI B CITGITY. Takoii mpubop Mo3BojsIeT aHAIM3UPOBATh MOJISIPU3AIMIO TTOTOKA BTOPUY-
HBIX 2JIEKTPOHOB, COXpaHss MHOOpMaIMIo 00 WX MPOCTPAaHCTBEHHOM pacrpeneieHun. [Ipencrabie-
HBI OCHOBHBIE 3TaITbl CO3MAHMS U TECTUPOBAHUS pa3pabOTaHHOTO YCTPOMCTBA, TPOAEMOHCTPUPOBAHBI
pe3yJIbTaThl UCTIBITAHUI €ro OTIENbHBIX Y3JI0B. B pesybraTe nokasaHa MpUHIMITMATbHAS BO3MOKHOCTh
peanuzannu NogoOHbIX yCTPOCTB. [Tpr 9TOM MPOIEMOHCTPUPOBAHBI KaK BLICOKOE MTPOCTPAHCTBEHHOE
paspelleHrue JaHHOTO Mpubdopa, Tak u ero 3 dexkrnBHOCTb. COBMEIICHUE TAKUX JETEKTOPOB C TOJTYy-
cepruuecKuMU 3HeproaHajaM3aTopaMy COBPEMEHHBIX 3JIEKTPOHHBIX CIIEKTPOMETPOB TTO3BOJIUT MOJTY-
YaTh CIIMH-pa3pelleHHbIe TUCIIePCUOHHbBIE 3aBUCUMOCTHU MCCIIENYeMOI CTPYKTYPHI.
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Introduction

The spin configuration of a certain ensemble of particles is important for describing many
physical processes and phenomena. A physical quantity known as polarization P is used to
characterize the experimentally measured spin structure. Polarization relative to a specific quantiza-
tion axis follows the expression

P=(N'— NY(N' + N,

where NT, N' are the numbers of electrons with spin parallel or antiparallel to quantization
axis, respectively. The projection of spin can take values + 7%/2 and — 7/2.

The spin degree of freedom can be used to describe a variety of physical phenomena. The
results of spin measurements made a major contribution to understanding such physical
phenomena as giant magnetoresistance [1], formation of magnetic domains [2, 3], Rashba effect
[4], and appearance of topologically protected states in solids [5].

Polarization of particle fluxes can be detected directly, for example, by using the classical Mott
polarimeter [6, 7]. Electrons in such a device are accelerated to energies of the order of 40 — 100 keV,
and subsequently scattered by gold foil. Due to spin-orbit interaction, a spin-dependent
scattering occurs on the gold foil, allowing electrons with a spin projection parallel to the
the quantization axis to be slightly more probably scattered into one of the detectors, and
electrons with an opposite spin projection to the other.

The resulting scattering asymmetry A can be expressed as

A=(N,~N)/(N, +N,),

where N, N, are the numbers of electrons captured by the first and second detectors, respectively.

Since the potential of the spin-orbit interaction depends linearly on spin projection, it can
be assumed that asymmetry is proportional to the polarization value, i.e., 4 ~ P. This allows
calculating the polarization as follows: P = A/S, where S is the Sherman function. The value of
Sherman function is determined by the false asymmetry arising from imperfection of the
experimental setup.

Angle-resolved photoemission spectroscopy (ARPES) is an important
modern experimental technique [8]. Using this method, it is possible to obtain angle-resolved
secondary electron spectra emitted from a sample [8]. Since the emission angle of electrons
in a solid is related to the value of electron momentum, ARPES can be used to directly
measure the electronic band dispersion for electrons E(k) (£ is the electron energy, Kk is the
wave vector).

The available devices typically operate as follows: the secondary electrons are emitted from the
sample, then fall to the energy analyzer, where they are separated by their energy and
entrance angle. The electron flux is then amplified by means of a microchannel plate. After
passing the microchannel plate, the electrons fall on the fluorescent screen, where they are
converted into visible radiation subsequently recorded by a camera outside the vacuum chamber.

Such energy analyzers allow simultaneous measurement of the number of particles, their
momenta and energies in a wide range, thus significantly reducing the time required to
accumulate data. A hemispherical energy analyzer used in ARPES in combination with a Mott
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polarimeter makes it possible to experimentally measure spin and angle-resolved electronic
dispersion (SARPES) [9]. This method serves as an indispensable tool for studying new materials.

A serious drawback of available SARPES devices is that the existing Mott polarimeters are
single-channel devices, which means that only a small portion of the secondary electron flux
is recorded at each moment in time, with the energy and momentum projection in a narrow
range. This outweighs the potential benefits that spatially sensitive energy analyzers could
provide. This fact significantly reduces the effectiveness of the experiments conducted.

This problem may be solved using a Mott polarimeter which combines spin analysis with
the spatially sensitive electron detectors. The first proposal for such a device was presented
in [10]. In this work, we describe process of creating and testing a multichannel polarization
detector based on the classical Mott polarimeter.

Design and development

The multichannel polarization detector was developed based on the classical Mott polarimeter,
with changes introduced to ensure spatial resolution.

Fig. 1 shows a schematic representation of the Mott polarimeter constructed. The
construction allowed for assembling the device right after the exit aperture of the PHOBOS
150 hemispherical energy analyzer (by SPECS, Germany).

The device operates as follows. After passing through the energy analyzer, the electron flux
propagates through the entrance aperture / of the Mott polarimeter. Then the electron flux passes
through a focusing four-section electrostatic lens 2. The focused electron beam is then
accelerated by a 40 kV potential and enters drift space 3. This beam can then scatter either on the
CCD matrix or gold foil 5 (this is selected by turning the vacuum manipulator).

The first mode (the CCD matrix is in the center of the detector) is required to adjust the electro-
optical lens of the detector. The image is obtained by the CCD matrix located at the center of
detector, right after electrostatic lens (Fig. 2). In the second mode, electrons are scattered by
gold foil. In this case, due to spin-dependent scattering on the gold foil, the electrons have a
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Fig. 1. Scheme of multichannel Mott polarimeter:
I entrance aperture, 2: focusing electrostatic lens, 3: electrostatic screen, 4: gold foil (or CCD matrix), 5: magnetic lens,
6. CCD array. The captions ‘0 V’ and ‘40 kV’ correspond to the potentials applied to the respective parts of the device
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higher probability of falling into one of four detectors depending on spin orientation (two detectors
for each spin projection). Thus, the device is capable of analyzing the polarization of the electron flux.

After scattering on gold foil, the electrons enter the detector, which consists of a magnetic focusing lens
(position 5 in Fig. 1) and CCD matrix 6, which is capable of detecting high-energy electrons. The
magnetic lens is designed to focus the scattered electrons, and the matrix serves as a detector recording not
only the arrival of the particle but also the position of the pixel that captures it. Hamamatsu S7170 sensors
(Japan) were chosen as the detector, as they have neither a protective layer nor an ultraviolet filter, which
allows them to effectively detect high-energetic charged particles. Thus, the device records collision
events between accelerated secondary electrons and the CCD matrix. Figs. 2 and 3 show images of the
aperture located inside the energy analyzer, obtained on a CCD array in secondary electron counting
mode. The size of each pixel (px) in such an array is 24 um x 24 um, its resolution is 512 px x 512 px.

So, such device consequently would not only be capable of spin analysis of the electron flux but
can also detect the electrons’ spatial distribution. In particular, it can measure the spin-resolved
electron dispersions £(K).

Testing and calibration of the Mott polarimeter

Construction of a device is a complex process comprising several stages and procedures such as
making drawings of the device, manufacturing, welding and assembling its componentss, conducting
vacuum tightness tests. A series of tests is then carried out for dielectric strength for the
insulators that are used in the detector.

In a device which functions correctly, the electron flux is supposed to be focused on the gold foil
without any distortion, then the electron flux reflects from the foil focused and then collected
on the CCD matrix. Since each point in the cross section of the electron beam carries information
about the physical properties of the given sample, the level of distortion should be kept to a minimum.

To adjust the electrostatic and magnetic optics, a plate with a pattern made up of holes 0.50
and 0.25 mm in diameter was placed inside the energy analyzer. After electrons passed through the
energy analyzer, they were distributed in space in accordance with their energy and emission angle.
Traveling through the aperture, this electron flux was converted into an image of a point array, where
inside each point the electrons had similar energies and emission angles.

A CCD matrix was installed in the center of the Mott polarimeter (instead of the gold foil) to
test the electrostatic lens. An example of an image obtained in secondary electron counting
mode is shown in Fig. 2. Here the X axis is parallel to the direction along the energy axis of the
analyzer, and the Y axis is parallel to the direction along which the emission angle of electrons
in the beam was measured. A sharp image of the aperture on the CCD matrix corresponds to
optimal focusing of the electrostatic lens. Adjusting the electron optics and changing the
accelerating voltage made it possible to choose an amplification factor of the lens suitable for the
experiment.

After a sharp image was obtained on the CCD matrix in the center of the Mott polarimeter, the
voltages at the electrodes of the electrostatic lens were recorded, and gold foil was installed in the
center of the polarimeter.

The magnetic lenses were adjusted by varying the value of the current flowing through the coils. This
current generates a magnetic field where the electron trajectories are twisted around the axis of the lens.
This provides the required focusing, but inevitably produces some distortion to the image.

Fig. 3 shows images of the aperture on the CCD matrix located behind the magnetic lens. The
im-ages on the left and right arrays of the Mott polarimeter should be rotated in different directions
if the direction of current is the same in both lenses. Slight blurring of the images is due to the
aberrations in the complex electron-optical system, and they can be further minimized by finer
adjustment of the optics and image post-processing.
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Fig. 2. Images of aperture inside the energy analyzer taken on the CCD matrix
in the center of the Mott polarimeter.
The intensity at each point is proportional to the number of electrons hitting a given pixel of the matrix The background
corresponding to the dark current of the CCD matrix and illumination from inelastic electrons was subtracted from the image

Fig. 3. Images of the aperture installed in the same location as in Fig. 2 but obtained on the first (a)
and the second (b) CCD detectors behind the magnetic lenses (see also explanations to Fig. 2)

As the last test of the system, we measured the asymmetry of electron beam from a magnetized
sample by the Mott polarimeter. An amorphous iron boride (FeB) sample has been chosen as a
magnetic target. As a soft magnetic with a rectangular hysteresis loop, this material has stable sur-
face magnetism, which makes it convenient for experiments. The sample was irradiated with a beam
of primary electrons, while the flux of secondary electrons was directed to the energy analyzer to
determine the energy dispersion, and then into the Mott polarimeter for spin analysis.
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Fig. 4. Asymmetry of electron flux depending on the energy of low- (a) and high-energy (b) secondary
electrons emitted from a magnetized FeB sample (measurements were carried out by a Mott polarimeter).
The insets show images from two CCD matrices (see Fig. 3), where diamonds, stars and boxes mark the points serving

as the sources of the signal used to calculate the asymmetry (marked with the same symbols on the graphs)

Fig. 4 demonstrates the dependencies of asymmetry on the energy of secondary electrons for two
energy ranges: 8.5 — 11.5 and 37 — 43 eV (central values of energy are 10 and 40 eV, respectively). As noted
above, the electron flux is converted into a point array by aperture as it passes through the energy analyzer.
In this case, the electrons inside each point have close values of energy and similar emission angles. This
can be used to obtain the asymmetry of the electron beam as a function of energy. The empty symbols
in Fig. 4 correspond to the points whose signal level (see images in the inset) was used to calculate the
asymmetry. Analyzing the data in Fig. 4, we can conclude that low-energy electrons have higher
polarization compared to higher-energy ones, which is in good agreement with the literature data [11, 12].

Further experiments will allow to find find the value of the Sherman function S for this Mott

polarimeter. After all calibration and adjustment procedures, it will be possible to measure the
spin-resolved electronic band dispersions.

Conclusions

In this paper, we present the details of the process of creating and testing a novel
prototype of a classical projecting Mott polarimeter. Individual units of the device have been tested
at various construction stages.

While the final adjustments remain to be introduced before the device can be put into operation,
it has been established that implementing such devices is possible in principle. High spatial
resolution of this device and its efficiency have been confirmed.
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