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Spin and energy analysis of electron beams: Coupling a polarimeter based
on exchange scattering to a hemispherical analyzer
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We have coupled a high efficiency polarimeter based on exchange scattering from a magnetized
target to a hemispherical analyzer. The target is a Fe(@@1)< 1)O surface which gives rise to
highly spin-dependent scattering in the 4—6 eV electron kinetic energy range. Due to the low
scattering energy, the design of the transfer electron optics from the analyzer exit slit to the target
is really crucial. We describe in detail the adopted solution along with the performances of the entire
apparatus. For low values of the analyzer pass energy we have measured an overall efficiency
of 7x10 4 with an analyzing powefSherman functionof 0.2. As an example of application
spin-resolved photoemission data from(G®&l) are reported. ©2002 American Institute of
Physics. [DOI: 10.1063/1.1512342

I. INTRODUCTION total counts must be increased by a factBp4) ~*. Unfor-
_ o _ ) _tunately typical values df ,, for the presently used polarim-

Since the beginning of the electronic structure investigazters do not exceed 2810 4, so that spin-resolved experi-
tion by means of electron spectroscopies, the relevance @fents still remain very inefficierft®
measuring the spin polarization of emitted electrons in addi- According to the interaction occurring during the scat-
tion to their energy distribution has been recognized. Thﬁtering, the existing polarimeters can be divided into two
first pioneering work on spin-polarized photoemissidates  classes: the detectors based on spin-orbit interactiwit
back to 1969 but, even though much work has been done igetectord low energy diffuse scatterirfyspin-polarized low
the last 30 years, the efficiency of the spectrometers for spinspergy electron diffractiol, and those based on exchange
polarized experiments still remains very low if compared tOjnteraction®1° which have attracted much attention due to
that of similar apparatus for spin-integrated experimentsthe high achievable values of both analyzing power and ef-
This is essentially due to the fact that it is impossible to USSiciency. In particular, we have developed a novel polarime-
a macroscopic magnetic field to separate spin-up and spifer pased on the scattering of low energy electrgsetic
down electrons as in the classical Stern and Gerlach expefinergy, E,, between 4 and 6 eVfrom a magnetized
ments for atoms, and scattering processes instead have to pg(001)p(1x1)0 surface? It exploits the large spin de-
exploited”® The physical basis of a spin polarimeter, in fact, pendence of the absorbed and reflected current in correspon-
is the asymmetric spin-up spin-down scattering suffered byjence of the edge of a relative gap in the spin-resolved band
electrons interacting with matter: spin-orbit and exchangetrycture of this surface. The main features are a very high
interaction are the driving forces for this asymmétijhe value of the analyzing powerS=0.13 and 0.48 in the ab-
determination of the spin polarization for an electron beamsorption and reflection mode, respectivelnd of the effi-
defined asP=(N;—N)/(N;+N) where N;(N)) is the  gjency (F,,=1x1072 and 6x10~2 in the absorption and
number of spin-up(spin-down electrons, is based on the reflection mode, respectivelj* An important characteristic
measurement of an experimental asymmé{gyin the inten- ¢ this polarimeter is the high target stability, which pre-
sity of the electrons emerging from the scattering. Neglectingeryes its features for more than 2 weeks in ultrahigh vacuum
any instrumental asymmetry, the beam polarizat_ion results t&JHV) conditions; after prolonged operation the initial per-
be P=Ap/S, where S represents the analyzing power, formances can also be restored refreshing the surface by a
known as the Sherman function in Mot polarimétihis is  imple annealing procedure in,3° Thus the target surface
a key parameter, a§ it detgrmmes the ;ensmwty of thg iNstrUzan pe prepared in a dedicated UHV system, equipped with
ment and the relative weight of spurious asymmetries, bug, face preparation and analysis facilities, and then trans-
also becguse it strongly mfluences the polarimeter efficiencygrred to the operating position, e.g., close to the exit slit of
Fpoi. This quantity, defined agpo=S-(N/No) where o clectron energy analyzer in another UHV chamber. We
No(N) is the number of electrons per unit time in the inCi- h4aye checked this procedure and found that the performance

dent (scatteregl beam, represents the figure of merit of the ot the freshly prepared surface is achieved in the operating
device when uncertainty is dominated by counting Stat'gt'cs-position as well: details of a prototype apparatus have been

In such a case, in order to get the same relative precision iresented elsewhet® The present article is devoted to the

polarization measurements as in intensity measurements, t'&%scription of a complete device for spin and energy analysis
of electron beams, as obtained by coupling a spin detector to
dElectronic mail: riccardo.bertacco@polimi.it a commercial electron energy analyzer. In particular we put

0034-6748/2002/73(11)/3867/5/$19.00 3867 © 2002 American Institute of Physics

Downloaded 06 Nov 2002 to 131.175.28.247. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



3868 Rev. Sci. Instrum., Vol. 73, No. 11, November 2002 Bertacco et al.

our high efficiency polarimeter working in the reflection Analyzer exit flange Taraet holder
modé? in cascade with a 150 mm mean radius hemispherical (CF100) Channeltron g
energy analyzefHEA)."® A similar task has already been
accomplished by other group*®in both cases a spin-orbit
based mini-Mott detectdhas been used. As outlined above, — _
our approach is instead based on spin detection via exchange | | |
interaction: this is clearly a major challenge for improving
the apparatus performance. Note, however, that in general | |
thg overall .efficiency o0 of an appgratus for energy and' Exit slit
spin detection does not coincide with the polarimeter effi-
ciency Fo. In fact, as usual in particle beam optics, the
electron-optical acceptance of the instrument has to be con-
sidered, i.e., one has to take into account that both the energy
analyzer and spin analyzer accept a limited volume of the
electron beam phase spac&he polarimeter acceptance is
given in terms of the phase space volurhg,, defined as
the product of the cross sectién the kinetic energ¥, , and o _ _
the solid anale of the beam accepted by the spin detector FIG. 1. Section view of the final part of the energy and spin analyzer. The
g . o p y p 'inset shows a sketch of the scattering geometry: the incidence angle is 15°
Dpo=A-Ey- Q. If this quantity is smaller than the electron off normal and the specularly reflected beam is collected. At each beam
beam phase space volume at the HEA exit @liereafter energy the reflected current is measured for parallel and antiparallel orien-
called the primary beamthe transfer electron-optics will tation of the beam polarization and the target magnetization, which can be
. . switched by a current pulse through the coil.
select only a portion of the primary beam, to be used for
polarization determination. This leads to an overall efficiency

given by the polarimeter efficiency attenuated by thepatiple with a large spin-dependent scattering, and in turn
electron-optics transmittance. If, following the notation of ith g high analyzing power, for instancg;> 0.4 A rough
Ref. 15,Ng is the number of electrons in the primary beam estimate can be done by looking at the results for the spin
andN, the number of electrons entering the polarimeter, thejependent absorbed current, whose angular dependence has
efficiency of the entire apparatus results been measure.On the basis of those results, we assumed a

Fiot= F poi(No/Ngo) = S2- (N/Ngp). full angular acceptance of 30° for our polarimeter working in

) _ i _the reflection mode, tot?. Concerning the beam cross sec-

At variance with the cases quoted above which employ SPifion, the target spot size in our previous experiméhigas

. ; : 15 - - -

detectors working at relatively high energfes, >our polar-  56(nd 2 mm in diameter. Together with the operating energy
imeter operates at very low energi(=4—6 eV). From the E =4 eV, this finally yields®,=2.7 mnisreV. i.e., one
previous discussion it is then clear that this poses severg wvo order of magnitude smaller than the primary beam
constraints on the device design and may strongly affect ityhase space. The corresponding reduction of the overall ef-
overall efficiency. As !t is shown in the following, this is ficiency with respect td= , represents, in our opinion, an
particularly true for high values of the HEA pass energy npearaple drawback. In order to overcome this difficulty,
(PE). Nevertheless, we g&, values comparable to the best e gecided to increase the polarimeter acceptance by allow-

reported ones_at high PE values, while sizeable IMProveyg for a larger target spot size. This trial was driven by
ments are achieved at low PE values: we meas#ige-7  gyperimental findings showing small variations of the spin
x10"" at PE=4.4 eV, and even higher values are o be ex-genendence of the reflected current, i.e., of the analyzing
pected for smaller PE. powerS, for small changes of the beam position on the target
(at least within=2 mm, see Ref. 10 Thus we have designed
Il TRANSEER ELECTRON OPTICS an eleqron_—optical syste|_”n transfgrri_ng electrons from the
HEA exit slit to the polarimeter, aiming to produce at the
The maximum accessible electron-optical phase space Be(001)p(1x 1)O target® a beam spot of 8 mm diameter
determined by the energy analyzer acceptance, which for owrith  30° full divergence. In this way we getb,
150 mm radius HEA is approximately®,=4.5 ~40mntsreV, which is significantly smaller than the ac-
-PE mn?f sreV.>! Typical PE values range from 4.4 to 44 ceptance of a Mott detector®,,~10* mn¥?sreV), but
eV (with a corresponding reduction of energy resolutjon comparable with that of the low energy diffuse scattering
leading tod,, values in the 20—200 mfsreV range. These detector ®por~ 10 mn?sreV), and considerably larger
are the values to be considered for the primary beam at thiman that of the spin-polarized low energy electron diffrac-
HEA exit slit, which should possibly be accommodated bytion detector {,,~2 mn¥ sreV) > This configuration per-
the spin detector. On the other hand, it is not easy to give amits the collection of some 40% of the primary beam current
accurate value of the electron-optical acceptance of our palready at PE22 eV, with a presumably high overall effi-
larimeter. In fact, the dependence of the analyzing poweciency for spin and energy analysis.
upon the angle between the incident electron beam and the A section view of the final part of the energy and spin
Fe(001)p(1Xx1)0 target surface is poorly known. Actually, analyzer is schematically shown in Fig. 1. The adopted solu-
we do not know which is the allowed angular spread com-+ion for the transfer electron optics consists of a seven ele-
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of Fig. 1. The electron beam is sent onto the target surface at
15° off normal and the reflected current is measured in the
specular geometry by means of a channeltron, without any
energy discrimination so that inelastically reflected electrons
are not filtered out. The target is magnetized in plane along
the [100] direction of the Fe lattice by means of a current
pulse through a coil surrounding the sam(dee inset of Fig.

1), and measurements are taken in magnetic remanence in
order not to perturb the electron path. The apparatus is sen-
sitive to the component of the electron beam polarization
along the magnetization axis, which is measured by looking
at the asymmetry of the reflected current for parallel and
Target antiparallel orientation of the beam polarization and the tar-

! f the el d by th it of the 2 magnetization
FIG. 2. Typical trajectories of the electrons emitted by the exit slit of the . . o .
energy analyzer, set at a pass energy of 22 eV, as resulting froemtioss Finally, when spin analysis is not required, the standard

ap ray tracing simulation. As initial conditions we assumed electrons uni-EN€rgy analysis funCtion.S are pre;erved via a retractile Chan'

formly emitted from an area of 3 mm radius within a conegf° aperture.  neltron mounted on a linear motion feedthrough replacing

The voltagegfrom the first electrode to the targetre set at 22, 61.6, 11.5, the fifth electrode, as indicated in Fig. 1. Ray tracing simu-

32.2, 6, 35, and 4 eV, respectively. The last value defines the scattermpations, successively confirmed by experimental tests, assure

energy(Ref. 19. ] ! . L.
that this configuration causes no decrease of the HEA origi-
nal efficiency for spin-integrated detection.

ment decelerating column. The electrodes are cylindrical
tubes m_ade pf a nonmz_ignetlc a_ll@(rcap AI_34; the full JIl. TEST AND CALIBRATION
system is shielded against spurious electric and magnetic
fields to avoid perturbation of the electron path and the scat- A detailed calibration of the complete device for energy
tering geometry. The first five electrodes constitute a transfeand spin analysis has been carried out in a multipurpose
afocal system, which sets the beam kinetic energEat UHV system equipped with a GaAs spin-polarized electron
=6 eV and forms an image of the HEA exit slit in correspon-source, whose polarizatio®25%) has been determineith
dence of the pupil present in the fifth electrode. In this consitu by a mini-Mott detector mounted on the same
figuration, originally studied by Heddf€ the image position apparatug® The polarized electron beam, with energy fixed
results independent from the kinetic energy of the electronat 1200 eV, i.e., the optimal energy for our mini-Mott detec-
emerging from the HEA. The second part of the electrontor, is then electrostatically deflected into the HEA. The spin-
optics (electrodes 5, 6, and) 7s a three cylinder zoom lens: integrated spectrum, measured with the first channeltron re-
the last electrode determines the scattering energy, set ptacing the fifth electrodésee Fig. ], presents a Gaussian
about 4 eV, while the sixth one allows one to change thesnergy distribution curve 160 meV widéull width at half
overall transmission as well as the beam divergence and sizeaximum, which represents the energy resolution of our
at the target. Following the usual electron-optics conventiongun?® The HEA is then set at the maximum of this curve
voltages are referred to the potential of a virtual source emit¢1200 eVj and the fifth electrode moved in the operating
ting electrons with vanishing kinetic energy. All the electrodeposition for injecting the beam into the polarimeter. The elec-
potentials are to be clamped to the exit slit: the first columrirons scattered by the target are detected by the second chan-
element, in particular, is set at the exit slit voltage, which inneltron and an asymmetry is measured when reversing the
this convention corresponds the HEA pass energy. To thigicident beam polarization, while keeping the target magne-
aim, an optimally designed control unit has been realizedtization unchanged. The polarimeter analyzing po\Bes
interfaced to the one of the hemispherical analyzer and corebtained by normalizing this asymmetry to the known beam
sisting of several floating power supplies referred to the exipolarization. Such a method, which is feasible only when a
slit potential. The behavior of the transfer electron optics hagast and safe spin-polarization reversal is possible, eliminates
been analyzed in detail via ray-tracing simulations using thehe effects of any possible spurious instrumental
SIMION 3D program‘® As an example, Fig. 2 shows the ray asymmetry#>1%1® The remaining ingredient of the overall
tracing results for PE22 eV, using 22, 61.6, 11.5, 32.2, and efficiency is theN/Ngg ratio. In our setup, the number of
6 V for the voltages of the first five electrodes, respectivelyelectrons in the primary beai, can be directly measured
V- is set at 4 eV, corresponding to the scattering erféigy by the retractile channeltron replacing the fifth electrode,
which S has its maximum value for the reflection while the other channeltrofiocated after the targegivesN.
geometry®!In this case the maximum transmissi32%) Since the two multipliers are identical and present similar
is obtained forVg=35V, with beam diameter and diver- characteristics we can safely assume equal efficiencies for
gence at the target around 8 mm ahd5°, respectively. As them, so that thé\/Ng ratio is given by the ratio between
discussed above, the transmission smaller than one refledtse signals of the two channeltrons. The results for a scatter-
the fact that the primary beam phase space cannot be corimg energyE,;,=4 eV are collected in Table I. First of all,
pletely accommodated by our low-energy polarimeter. we note that the obtained analyzing power is considerably
A sketch of the scattering geometry is shown as an insdbwer than the one envisaged on the basis of the data for the
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TABLE |. Key parameters, i.e., analyzing powe), fraction of primary In considering the operation of a similar device, two
beam used for polarization determinatioN/{Ny), and overall efficiency further items have to be taken into account: the Spurious
Fop, for our spin and energy analyzer at different pass ene(@i . . . .

(Frod P gy anay P (e asymmetries and the target surface stability. The latter is one

PE (eV) SX10? N/NgoX 10° FoeX 10" of the main concerns when dealing with low-medium energy
scattering. In our setup, the target is mounted on a sample
44 15 2.9 0.65 - ) . oy :
22 20 3.9 16 holder with heating and magnetizing facilitiésee inset of
9 20 12 4.8 Fig. 1) and equipped with a valving system allowing for
4.4 20 18 7.2 sample transfer without exposure to atmosphere. The sample

holder is first mounted on a dedicated UHV chamber where
the Fe(001)p(1x1)O surface is prepared and character-

spin detector aloné.e., S>0.4, see Ref. 10 This is likely a ized, as reported in detall elsewhéfelt is then removed
consequence of the need to increase the electron-optical afom the preparation chamber and mounted in the operating
ceptance of the polarimeter. In fact, we were required to us0Sition (in another UHV chamber in cascade to the HEA

in the present design a large spot size and angular divergenE¥!ring such a transfer the target is kept under static vacuum
for the scattering on the Fe(00-Lx 1)O target, with val- condmor?s. Once UHV condltlpns are reestablished the target
ues exceeding by far the limits exploited in our previousSurface is refreshed by heating in, & and the system is
experiment£? Surface inhomogeneity, zones with formation ready to operate. In these conditions, we find stable polarim-
of multidomain structures, and edge effects are, for instancéter performances over several days. When degradation oc-
very likely to occur over large sample aredise spot size is  CUrS, the surface refreshing procedure restores almost com-
8 mm in diameter, while our samples physically consist ofpletely the initial performance. We could use the same
10X 10 mnt squares The beam divergence, whose effects Surface for about 1 month; afterwards the small degradations
on the scattering spin dependence are poorly known, couldummed up to an overall efficiency reduction of roughly a
constitute a further source of tt®reduction. Note also that factor of 2, which we consider an unbearable situation re-
the total path length from the electron source to the spirfluiring & complete new cycle starting from a new target sur-
detector in the present application is about 1.5°me., ten  face preparatiof’

times larger than what was experienced in our polarimeter- ~We consider next the problem of spurious asymmetries.
alone studie$® One concern is therefore the possibility of AN ideal spin detector should allow the determination of the
spin precession due to stray magnetic fields along the patf€am polarization without the need of reversing the polariza-
leading to inaccuracies in the detected polarization. ThougHon itself. For our device, this can in principle be obtained
the magnetic shielding of the HEA and of the transfer optics?Y measuring the reflected current asymmetry when switch-
should reduce these effects to a minimal value, any smalNd the target magnetization. In practice, however, instru-
beam perturbation would be emphasized by the lever effecfnental asymmetries, due, for instance, to imperfect geometry
As a matter of fact, the analyzing power reduction is quiteOf .the hardware or to the position of the beam on the scat-
large (more than a factor of)2We believe that it is inherent t€ring target, are always presérif:*>#In our case the larg-

to the choice of using a spin detector based on exchand@St contribution arises from small deflections of the electron
interaction, and in turn operating at low energy. Table 1P€am by stray magnetic fields originating from the magne-
shows, for instance, that the loweStvalue is obtained at tized target. If this instrumental asymmetry is not negligible
PE=44 eV, which corresponds to the situation where thewith respect to the analyzing power, the measurement is af-
electron beam experiences the largest deceleration within tgcted by a significant systematic error, which becomes more
polarimeter optics. Finally, we note that operating with aanq more relevar_1t for smaller values of the polarizatipn. By
different setup and electrode voltages we could modify thé!Sing an unpolarized electron beam, we have determined the
beam parameters and obtain a larger value of the analyzingPurious asymmetry for our setup, finding a value around
power (up to S=0.35), but this was achieved at the expenselO%—15%’ which is well within the range encountered in

. . . . . . i H —6,15 [P
of the electron-optics transmission, yielding a situation of ndyPical spin detector§:*** This instrumental effect, how-
practical use. ever, is larger than in our studies on the polarimeter al8ne,

power, the present device still displays interesting perforneglected in any case, and has to be eliminated by acquiring
mance, as given by the measured efficiency. In a recent worg  double = set ~ of data, as common in spin
describing the coupling of a large HEA to a state-of-the-artPolarimetry!~°%1>*when studying ferromagnetic materi-
mini-Mott detectort® the overall efficiency has been esti- @lS, this can be done by taking spectra for two opposite di-
mated to beF,=to 1.4x 1074, which is the best value for rections of the sample magnetizaﬁon. Thgs for.tlaach beam
energy and spin analyzers presently used, as far as we kno@€rgy one can measure four different intensities, corre-
Table | shows that our device yields comparable results a¢Ponding to the different combinations of sample and target
PE=22 eV, while larger values are obtained for lower PE,Sample magnetizatioti{,7],|,1,]]). In analogy with Mott

i.e., when working with better energy resolution. In particu-Polarimetry, it is then possible to construct the quantity

lar, at PE=4.4 eV using the present setup we measured an

efficiency five times larger than the best reported value: in

this case a sizable improvement for spin and energy analysis , _ ( Lyp- u) 1+PS

Lyl

is achieved. ~1-pg
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synchrotron radiation beam liné.Our device, instead, is
UPS Hel % particularly well suited for on campus research, when high
energy resolution is required together with spin analysis.
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