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The emission process from W-EuS junction field emitters was studied by combination of several
experimental methods: measurement of emission current, spin polarization, energy distribution, and energy-
selective spin polarization as function of emitter temperature for different annealing conditions. The results
show that with critical annealing a stoichiometric crystalline EuS layer can be obtained; the interface of
such a layer on tungsten acts as a spin filter below the EuS Curie temperature. With emitters annealed at
higher temperatures, evidence for electron trapping and the formation of spin clusters has been obtained.

I. INTRODUCTION

A. Historical remarks

Ferromagnetic semiconductors, in particular
the europium chalcogenides, have been of great
interest because of their magnetic, optical, and
transport properties.’™® In rare-earth atoms the
partially filled 4f shell is well shielded by the
outer electrons. In europium the seven electrons
of the 4f shell couple in such a way that the orbital
angular momenta add up to zero, whereas the
spins result in a total spin of S =% for each atom.
In the europium-sulfide crystal, which has rock-
salt structure, the spins of the Eu”’ ions can be
coupled by means of an indirect exchange inter-
action which leads to ferromagnetism below 16.6
K.* The EuS conduction band is split by ferromag-
netic exchange, i.e., the bottom of the band is
lowered (raised) for electrons with spins parallel
(antiparallel) to those of the 4f” electrons. In 1964
this effect was discovered as a red shift of the
absorption edge by Busch et al.%*® In studies of
metal-EuS-metal junctions, Esaki et al.” observed
a large magnetic effect on the internal field emis-
sion which is also caused by this band splitting.

As early as 1930, Fues and Hellmann® proposed
field emission from ferromagnetic materials as a
method for producing spin-polarized electron
beams. The spin polarization of an ensemble of
electrons is defined (nonrelativistically) as

P =Trdp, (1)

where G is the Pauli spin matrix vector and p is
the spin state density matrix. Often it suffices to
define the degree of polarization as the difference
of the number of electrons having their spins par-
allel and anitparallel to some axis of quantization,
divided by the sum of the numbers. The average
polarization of all the electrons in a ferromagnet-
ic material is rather low, e.g., P,,=0.08 for the
electrons in iron. In field emission from a ferro-
magnetic metal, however. i:~ volarization of the
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emitted electrons is determined by the differences
in the density of the two spin states near the
Fermi edge, which can be considerably higher
than the average.® Since the early polarization
experiments with metals yielded rather low polar-
izations,'~* these studies were extended to fer-
romagnetic semiconductors. A very high polari-
zation of electrons from W-EuS field emitters
was first observed by N. Miiller ef al. in 1972,18
Our own investigations of the same emitter sys-
tem have proved that the emission process invol-
ves electron tunneling from the Fermi level of
tungsten into the split EuS conduction band, where
the internal barrier at the W-EuS interface is of
different heights for the two electron-spin states
and, therefore, acts as a spin filter.®

B. Interest in polarized electron sources

A source of spin polarized electrons can be util-
ized in scattering experiments to investigate spin-
dependent electron interactions. Great scientific
interest in such experiments exists in atomic,
high-energy, and solid-state physics. Several
sources of polarized electrons are available,2°:3!
and the physicist, planning an experiment with
polarized electron beams, has to select the source
which best suits his needs. For low-energy exper-
iments, the W-EuS field-emission source appears
to be particularly useful since it is almost a point
source representing an emitter of extremely high
brightness. A comparison with other sources, al-
so suitable for experiments with low-energy elec-
trons, will be given in Sec. V.

C. Goals of this investigation

This work was originally stimulated by our in-
terest in polarized electron sources for atomic
physics scattering experiments. However, it
soon became clear that the processes involved in

- electron emission from W-EuS emitters are very

complex and not well understood. Therefore, we

2256 © 1978 The American Physical Society
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did not want to limit the studies to finding the op-
timum operating conditions of a field-emission
polarized electron source but rather to aim for an
understanding of the physics of W-EuS emitters.
These studies led to the discovery of several
phenomena which are new in the area of electron
field emission and which provide information on
structure and ferromagnetism of europium sulfide.
We are now able to interpret our results in a con-
sistent way, although some questions still remain
and demand further experimental investigations.
Preliminary results have already been communi-
cate d. 19,22 -24
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pump remains connected to the system for inact-

ive gas pumping.

The next chamber is a differen-

tial pumping chamber (40 x107® Torr) which is
necessary for reducing the gas stream from the

Wien filter chamber into the source chamber.

The

Wien filter and Mott-scattering chambers (107
—1077 Torr) are both pumped by a second turbo-

molecular pump.

The cold finger to which the emitter is mounted
is attached to the field-emission chamber via an
electrically insulating glass-to-metal transition
piece. This permits the cold finger and the at-
tached cooling system (helium Dewar and trans-

II. EXPERIMENTAL ARRANGEMENT

A. Layout, vacuum, and high voltage

A side view of the apparatus is shown in Fig. 1.
The electron beam goes horizontally from left to
right. The field-emission chamber on the left
side contains the electron source. It is a bakeable
ultrahigh-vacuum (UHV) system in which a pres-
sure in the range 107°~10"*! Torr is maintained
during operation. There are two pumps connected
to the chamber, a small turbomolecular pump
(pumping speed about 40 liter/sec at the cham-
ber) and a titanium getter pump (1200 liter/sec).
The turbomolecular pump alone produces
a vacuum of 2Xx107° Torr after 250 °C bakeout.
The very low pressure is obtained in about 24 h
after titanium evaporation. The turbomolecular

fer line) to be floated at a potential of -2 kV with
respect to ground. The walls of the first three
chambers are grounded, and the Mott-scattering
chamber, connected to the end of the accelerator,
is kept at +100 kV,

B. Tip mounting

The cold finger permitted quick variation of the
tip temperature in the range between 40 and 9 K,
the interesting region above and below the Curie
point of EuS. It was cooled dynamically, as de-
scribed by Reed and Graham.?® The temperature
is varied by adjusting the two-phase (part liquid,
part gaseous) helium flow. The latest version of
our system is shown in Fig. 2. It has the advan-
tage of requiring only one insulated electrical
feedthrough, thereby reducing space requirements
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FIG. 2. Cross section of cold finger with emitter-support structure and anode region.

Electrical connections:

(1) + (2)—heating current through tungsten bow; (2) + (3)—carbon thermometer; (4) + (5) —potential drop across bow;
(5)—emitter potential of several kilovolts with respect to ground. The liquid-helium inlet pipe together with the tubes,
carbon thermometer and wire nos. 1-3 form a plug which is inserted from the left.

and the possibility of vacuum leaks. During oper-
ation the temperature is monitored by the carbon-
resistor thermometer located near the helium
flow tubes. The temperature is electronically
regulated by adjusting the flow valve such that

the carbon resistance is kept at a preselected
value.

C. Europium-sulfide deposition

We used commercial tungsten tips with the
(110), (111), or (112) direction parallel to the
tip axis.?® The EuS was evaporated onto the tung-
sten tip in the field-emission chamber from an
oven of 5-mm diameter and 6.5-mm height,
moved sideways onto the beam axis at a distance
of 7 cm from the tip. The oven, which was sur-
rounded by a heat shield, was heated by bombard-
ment with a 180-mA current of 500-eV electrons,
yielding an oven temperature of about 2300 K. One
oven filling of 0.2-g EuS (see Ref. 27) lasted for

about 20 depositions. During all depositions the
electron-beam current for heating the oven was
the same as that used in a separate measurement
of the EuS deposition rate. The rate was deter-
mined by depositing EuS onto the surface of a
quartz oscillator and observing the change of its
eigenfrequency due to the increase of mass.?®+%?
It was found that the rate of EuS deposition onto
the tungsten tip was 400 A thickness per minute
of evaporation. This is consistent with a calcula-
tion using the vapor pressures of Eu and S as
given by Smoes et al.?° and assuming that EuS de-
composes in the oven and recombines during an-
nealing of the deposited layer.

D. Electron optics

The electron-optical elements are shown sche-
matically in Fig. 3. The emitter is surrounded by
a solenoid which produces a longitudinal magnetic
field at the tip. This magnetic field has two pur-
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poses: firstly, it combines with the radial elec- Z
tric field at the tip in order to focus the field-
emission image onto the fluorescent screen; sec- SUPPORT_/
ondly, it affects the magnetization of the EuS layer E
and enables the emission process to be studied in
high magnetic fields. The tube lens in front of the SHIELD
fluorescent screen can be used to change the mag- /
nification of the field-emission pattern; its main I o X3 X
function, however, is to shield the beam against
- . GOLD PLATED N

electrostatic stray fields. The tube lens down- ’ INSIDE
stream from the probe hole focuses and trans- -+ — T
ports the beam into the differential pumping
chamber and the Wien-filter chamber.

Most studies were made in a weak longitudinal

7z

TTTTTTTTTTTTTTTTY IR

field of 25-250 G which was produced by the sol- /
enoid. - Typically, a first image crossover occurs \ o T ORIDE
at 25 G. In a weak longitudinal magnetic field, or FLUORESCENT

E

in zero field, the EuS layer is spontaneously mag-
netized in a direction tangential to the surface and
transverse to the tip axis as is shown by our polar- ;__l_c_:.ﬂl_4
ization measurements. With no applied transverse
magnetic field the actual direction of the magnet-
ization is determined by spurious stray fields.

FIG. 4. Cross section of Faraday cup.

When the tip temperature temporarily goes above A filter lens is used in measuring the spin po-
the Curie point—as happens when a gas bubble larization of electrons having an energy exceeding
flows through the cooling system—the transverse a selected threshold energy E,,. Its design is
magnetization and the polarization may reverse shown in Fig. 5. The filter lens is mounted on the
its direction. In order to insure a definite direc- same support bar as the Faraday cup which per-
tion of magnetization two pairs of coils, producing mits movement transverse to the beam line.

a horizontal and vertical transverse field, respect- Figure 6 shows the electronic instrumentation
ively, were mounted inside the copper-coil mag-

net. For the high-field studies a water-cooled

iron-clad coil was used, which yielded a field of 7 SUPPORT 7

up to 5.2 kG at the tip, falling off toward the anode RETARDING \

more rapidly than the weak field produced by the ELEC TRODE

solenoid. With this magnet the first focus is ob-
tained at about 200 G.

Various electric and magnetic beam deflection
devices are placed along the beam line for achiev-

v

S

ing optimum beam transport. In order to elimin- 7
ate effects of the earth’s magnetic field on the —é
long electron beam path, the beam axis is orien- ] COPPER MESH
ted in the north-south direction, and the vertical 4 L /%
component of the earth’s field is compensated — : i
with a horizontal coil. 2

ACCELERATING

7 7 / ELECTRODE
E. Faraday cup and filter lens %
PROBE
The design of the Faraday cup which was used HOLE

for the retarding field energy-distribution mea-
surements is shown in Fig. 4. In order to obtain
a uniform contact potential the cup was gold GLASS-CERAMIC/
coated on the inside and on the front. The cone SPACER
on the back surface is intended for reducing the =
emission of secondary electrons out of the cup. FLUORESCENT ,_O_Q:m__‘
By means of a linear motion feedthrough the cup STREEN

can be moved in and out of the electron beam. FIG. 5. Cross section of filter lens.
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for the energy distribution measurements together
with that for monitoring the cold-finger tempera-
ture. The Faraday-cup current is measured by
means of a fast electrometer operated in the feed-
back mode in order to minimize the voltage drop
across its input resistance. The retarding vol-
tage applied between tip and Faraday cup is in-
creased in small steps. This staircase voltage

is controlled by a microprocessor which is also
programmed to perform as a multichannel analy-
zer (MCA) in the multiscaling mode.?! The current
signal is digitized by a voltage-to-frequency con-
verter and added to the memory of the-correspond-
ing channel. The current as a function of retard-
ing voltage is measured over several sweeps.
From these integral energy distributions the dif-
ferential distributions are obtained by differentia-
tion, also done by the microprocessor. The dif-
ferential energy distribution is displayed on line
and also put on tape.

F. Wien filer and Mott detector

The electron polarization is-determined by
Mott scattering from a gold target at an electron
energy of 100 keV. If the beam is transversely
polarized, the intensity distribution of the back-
scattered electrons is anisotropic and the polari-
zation component perpendicular to the scattering
plane can be determined from the counting rates
of two detectors located at azimuthal angles ¢ =0°
and 180° (which are both at a polar angle of ©
=120°).

Actually, we used four surface-barrier detect-
ors® at azimuthal angles of 0°, 90°, 180°, and
270° for measuring both transverse components
of the polarization simultaneously. In addition,
the longitudinal component of the polarization can
be measured by converting it into a transverse

INSTRUMENTATION AMPLIFIER

FAST
PICOAMPEREME TER

VOLTAGE -TO- FREQUENCY
\ CONVERTER
FIG, 6. Electronics
vir UL for measurements of the
cold-finger temperature
ISOLATION (left-hand side) and of
AMPLIFIERS Ve the electron energy dis-
INPUT tributions (right-hand
side). MCS: multi-chan-
DAC nel scaling, DAC: digi-
OUTPUT tal-analog converter.
/

/MICROPROCESSOR

one, This conversion is achieved with a Wien fil-
ter, consisting of crossed static electric and mag-
netic fields, both of which are perpendicular to the
beam direction. The electric field is adjusted to

a value such that the electric force compensates
the Lorentz force, and the electron beam goes
straight through the Wien filter. The spin, how-
ever, precesses around the magnetic field direc-
tion and the magnetic field is set such that the
total precession angle is 90°.

The design of the Wien filter is shown in Fig. 7.
Besides turning the polarization vector, the Wien
filter also has electron-optical properties. In the
plane perpendicular to the magnetic field, the fil-
ter acts like a positive lens. We adapted a Wien-
filter design which also provides focusing in the
plane perpendicular to the electric field by using
curved capacitor plates,? thus achieving a higher
filter transmittance.

The design of the Mott-scattering apparatus is
very similar to one used previously.** Details of
the arrangement are shown in Fig. 8. The accel-
erator consists of six electrodes connected to a
voltage divider. In the Mott chamber, a wheel
carries four different scattering foils. The gold
foils were produced by evaporating gold onto a
Formvar®® carrier foil. By employing foils of
different thicknesses the scattering asymmetry
can be extrapolated to zero foil thickness, a pro-
cedure which eliminates the influence of multiple
scattering within the gold foil. This procedure
requires only knowledge of the relative foil thick-
ness, which can be obtained from comparing the
count rates of electrons scattered from the differ-
ent foils at constant primary beam intensity.

The detector asymmetries were measured with
a thick aluminum scattering foil for which the
Mott-scattering asymmetry is negligibly small.
Several collimators (C, to C,4 in Fig. 8) serve to
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suppress wall-scattered electrons. Inadditionthe pulse-height distributions of the four detectors
Mott chamber has a large volume, the walls are are measured and the count rates are obtained by
of low-Z material to favor energy losses, and integrating over the elastic peak. This method
surface-barrier detectors are used which permit has the advantage that the pulse-height distribu-
electronic pulse-height discrimination. tions and accompanying thresholds are continu-
The data acquisition system is shown schemat- ously monitored and, therefore, changes in the
ically in Fig. 9. The pulses from the surface- distributions caused by excessively high count
barrier detectors are amplified and fed to light- rates or temperature effects in the electronic
emitting diodes. The light pulses are transmitted arrangement are immediately recognized.
across the 100-kV potential difference to photo- In the energy selective measurements of the
diodes at ground potential. From there, the pul- polarization four single-channel analyzers are
ses are amplified again, and transferred to a mul- used; their output pulses are fed to the micro-
tichannel analyzer for pulse-height analysis. processor which in those measurements is utilized
Thus, for any polarization measurement, the as a four-input multichannel scaler.
6 - STAGE i MOTT - SCATTERING CHAMBER
ACCELERATOR
(ALUMINUM WALLS, VOLUME ~ 50¢)
SURFACE -BARRIER
COLLIMATOR DETECTOR FIG. 8. Some details
X < 120° SCATTERING of the Mott-scattering
\ FROM GOLD FOIL po]arizati_on analyzer,
" The aluminum electrodes
100keV BEAM —> 'C, C—_— —Cz'—>{ : . and ceramic insulators
\ P of the accelerator were
/{ C3 glued together by means
/ CC’* of vinyl acetate dissolved
C 65 in toluene,

4 DETECTORS LOCATED
AT AZIMUTH ANGLES
OF 0,90,180, and 270°
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III. EXPERIMENTAL PROCEDURES
A. Tip preparation

Prior to inserting the cold finger (Fig. 2) into
the apparatus, the tip was adjusted mechanically
by bending the tip support filament so that the tip
was centered on the axis of the cold finger to
within 1 mm. After bakeout of the apparatus, the
tip was flashed and thereby cleaned and the tung-
sten field-emission pattern observed on the fluo-
rescent screen. With the help of a mechanical
adjustment device, the cold finger was moved lat-
erally until the field-emission pattern rotated
around the central spot when the magnetic field
was varied. This insures that the tip axis coin-
cides with the axis of the magnetic field.

During EuS deposition, the tip is electrically
grounded and at room temperature. The pressure
in the field-emission chamber goes up into the
1078-Torr range when the EuS oven is heated.
The annealing process is started after a pressure
of about 107! Torr has been reached again, and
the field-emission studies are begun only after
annealing and subsequent cooling. (If emission
current is drawn from an uncooled and not suffi-
ciently annealed emitter, this emitter is most
likely destroyed by a sudden, drastic current in-
crease.)

SINGLE - @ @@
CHANNEL -
ANALYZERS — AMPLIFIERS
MICROPROCESSOR
= gy > 4 INPUT
Mes = — =—1 MULTICHAN-
INPUTS +——<——1{ "} = - NEL
- F oy B _ | ANALYZER
D (PHA)

Annealing of the EuS layer is facilitated by di-
rect heating of the tungsten bow. The tip temper-
ature during annealing T, is determined from the
resistance of the tungsten bow, which is obtained
from the ratio of the voltage drop across the bow
to the heating current.®® Since the current leads
connected to the tip bow must be thin in order to
reduce heat conduction to the tip, annealing was
done only when the emitter had been cooled below
20 K. This reduced the electric resistance of the
copper leads and of the tungsten pins so that heat-
ing occurs practically only at the front part of the
tungsten bow (which is etched thin in the vicinity
of the tip-wire welding point). In this way, the vol-
tage drop, measured across the leads (Nos. 4 and
5 of Fig. 2), is nearly equal to the voltage drop
across the heated part of the tungsten bow.

In most of the studies described here, an analog
circuit was used for regulating the heating current
such that a preselected annealing temperature 7,
is maintained for a few seconds. This method of
temperature regulation has been replaced by a
digital one, employing the microprocessor. The
T, determination based on tungsten resistance was
checked at higher temperatures by a comparison
with pyrometric observation,

After annealing the tip is cooled to 10 K before
the extraction voltage is applied. Typically the
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extraction voltage was increased slowly until the
total emission current from the tip amounted to
some 107° A; if this current was not obtained be-
low a certain voltage, the tip was reannealed at a
slightly higher temperature and the process re-
peated, if necessary.

B. Measurement of tip temperature during operation

The carbon-resistor thermometer built into the
cold finger (cf. Fig. 2) was purchased with a certi-
fied calibration.?” During operation it measured
the temperature at some distance from the tip.

In a separate test, a second carbon-resistor ther-
mometer was glued with high-thermal-conductivity
epoxy to one of the two tungsten support rods (Fig.
2) on the vacuum side of the cold finger, and in
this way the temperature difference between the
two locations was determined. The absolute un-
certainty of the tip-temperature determination is
estimated as +1 K.

C. Observation of field-emission pattern

A weak longitudinal magnetic field was employed
for producing a small image of the field-emission
pattern at the first fluorescent screen (cf. Fig. 3
and Sec. IID). Lack of space prevented observa-
tion of a large angle field-emission pattern which
would be obtained in a radial electric field in the
absence of a longitudinal magnetic field.

D. Measurement of current-voltage characteristics
(Fowler-Nordheim plots) and of the current-
temperature dependence

Current-voltage characteristics were obtained
by imaging the pattern onto the fluorescent screen
and measuring the screen current, which was
usually about 90% of the total emission current.
The latter could not be measured with the desired
accuracy because of leakage to ground. If the pat-
tern expanded too -much when the emission voltage
was changed, the pattern was demagnified again
by adjusting the magnetic field. This method yield-
ed straight Fowler-Nordheim (FN) plots for the
clean tungsten emitter over two orders of magni-
tude of current change.

Measuring FN plots for W-EuS was more diffi-
cult than for clean tungsten because of the very
strong dependence of emission current upon tip
temperature.’® Since this temperature varied by
about +1 K periodically due to oscillations in the
cooling system, the tip temperature and, in turn,
the emission current oscillated also. The mean
value of the oscillations was used. An ideal mea-
surement would consist of a FN plot for that part
of the W-EuS pattern which is selected by the

probe hole for subsequent polarization and/or en-
ergy distribution analysis. Unfortunately, this
was impossible because of the movement of the
image when the extraction voltage was changed;
in particular, the magnetic field could not be re-
adjusted with sufficient accuracy for obtaining
constant image conditions.

The dependence of emission current upon tip
temperature, however, could be measured with
this probe-hole technique because here the elec-
tron optical conditions remain unchanged. There-
fore, using the Faraday cup behind the probe hole
as an electron collector, the I(T) curves could be
measured conveniently by connecting the Y-axis
of an X-Y recorder to the electrometer output and
the X axis to a signal which was proportional to
the value of the carbon-resistor thermometer (see
Fig. 6).

When the polarization was measured, the mean
count rate of the Mott detectors was taken as a
measure of the current.

E. Measurement of electron-energy distributions

Before the energy distribution of an EuS coated
tip was measured, the clean-tungsten energy dis-
tribution was taken in order to check the experi-
mental resolution of the retarding-field analyzer.
The energy resolution was found to be 150 meV,
independent of the magnetic field strength up to
about 1 kG. The voltage corresponding to the Fer-
mi level of tungsten was taken as the zero value
of the energy scale. It depends only slightly on the
beam adjustment (it shifted not more than 0.2 V
when the outermost parts of the pattern were
moved onto the probe hole by electric or magnet-
ic deflection). With our experimental arrange-
ment, the total energy of the electrons is mea-
sured; this can be concluded from the literature
on such retarding-field analyzers.3:3°

F. Measurement of the electron-spin polarization

The two transverse components of the polariza-
tion vector are measured simultaneously by two
orthogonal sets of detector pairs. The beam in-
tensity was adjusted to yield count rates of 1000
to 20,000 counts per second. In order to deter-
mine the longitudinal component of the polariza-
tion, a separate measurement is made using the
Wien filter for polarization conversion. In each
polarization measurement, the count-rate ratio
of a detector pair N/N’ is corrected for the in-
strumental asymmetry effects of the apparatus;
the correction is determined by scattering from
an aluminum foil, keeping the same scattering
geometry. From the corrected ratio
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R-’-(N/N')Au/(N/N')M 2)
follows the measured asymmetry
A=(1=R)/(1+R). (3)

The asymmetry has to be corrected for the influ-
ence of the foil thickness by extrapolation to zero
thickness according to

A =A(1+a), (4)

where ¢ is a constant which is proportional to the
thickness of the foil employed. For the foils used
the constant a ranged from 0.20 to 0.45. For a
given detector pair the extrapolated asymmetry is
related to the corresponding component of the po-
larization vector by

P;=0,,/S, (5)

where S is the value of the “Sherman function,”
that is, the analyzing power of the Mott scatter-
ing.®** Here, S =0,40 for E =100 keV and 9 =120°.
For W-EuS emitters prepared in a certain way
(cf. Sec. IVD) the electron-energy distribution
consists of two peaks which are separated by
more than 1 eV. In order to measure polarization
with energy selection, a filter lens was employed
which could be moved behind the probe hole. This
lens only transmitted electrons with “normal ener-
gy” (that is, + mv2, where z is the coordinate nor-
mal to mesh of filter lens) greater than the thresh-
old energy, the latter being proportional to the
potential of the middle electrode. This potential
was increased stepwise by the microprocessor,
and for each step the count rates of the four Mott
detectors were stored in the memory of the micro-
processor board. These runs were repeated and
accumulated several times in order to obtain a
reasonable number of counts even in the high-en-
ergy region of the energy distributions where the
count rates are small. A measurement with the
aluminum foil was performed to assure that the
experimental asymmetry did not depend on the
potential of the middle electrode.

IV. RESULTS AND INTERPRETATIONS

A. Dependence of field-emission current and spin
polarization on tip temperature

The most striking property of the W-EuS emit-
ters is the strong dependence of emission current .
on tip temperature below the Curie point, which
had not been observed before in any field emission
experiment. This occurs with emitters annealed
at temperatures of about 800 to 1000 K for some
seconds (or at 600 K for 1 h). With these anneal-
ing conditions the total emission current increas-
es by several orders of magnitude upon cooling
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FIG. 10, Electron current going through probe hole
and electron-spin polarization vs tip temperature. The
solid curve gives values of M,=P(4f7) calculated from
Eq. (8) by using the I(T) measurements (dashed curve).

from 17 to 9 K, as shown in Fig. 10. This pro-
nounced current-temperature dependence is ex-
plained with the band model shown in Fig. 11,
Since EuS is an insulator, the EuS energy bands
are tilted when an external electric field is applied.
If field strength and film thickness are sufficiently
large, the bottom of the EuS conduction band is
lowered below the tungsten Fermi level, and elec-
trons can tunnel from tungsten into the EuS con-
duction band and from there into vacuum. The de-
pendence of emission current upon tip tempera-
ture is explained by the lowering of the conduction-
band bottom (for electrons in one spin state) due-
to the ferromagnetic exchange splitting, by which
the tunneling probability into the EuS is greatly
enhanced. Conversely, the height of the external
barrier with respect to the lower edge of the con-
duction band increases. This, however, is as-
sumed to have only a minor effect because the
relative change is much smaller.

The tunnel-current density into the EuS is given
by

AT =[AF? /o (D) expl - b (TV/2/F,],  (6)

where A and b are constants, F,; (F,) is the inter-
nal (external) electron field strength (F; =F,/¢),
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FIG, 11, Band model for the W-EuS fieldo emitter. In
this drawing a EuS-layer thickness of 450 A and an ex-
ternal field strength of 107 V/ecm were assumed. '

€ the dielectric constant, and ¢; the height of the
internal barrier. Thus the logarithm of the emis-
sion current I is related to ¢; by

InI(T) = InI(T,) _¢y(Te)*’2 = ¢,(T)*/2
InI(0) = InI(T,)  ¢,(T)*7% = ¢,(0)°7

_9u(Tp) = 0,(T) -
$:(T) = 6,0

where I(0) and I(T.) are the emission currents at
T =0 and T =T,, respectively, and ¢,(0) and ¢,(T,)
the corresponding heights of the internal barrier.
Since ¢,(T) varies within a limited range, the lin-
ear approximation for the right-hand side of Eq.
(7) can be used with good accuracy. (The current
of electrons in the other spin state, for which the
bottom of the EuS conduction band is raised, can
be neglected completely.)

In studies of In-EuS-In tunnel junctions
Thompson et al.*® found that the relative change
in internal barrier height is proportional to the
relative magnetization, M (T)/M(0).** Following
their evaluation procedure, we use the logarithm
of the current, scaled and normalized in accord-
ance with Eq. (7) as a measure of the magnetiza-
tion. For the purpose of comparing different mag-
netization measurements later, we define the rel-
ative magnetization inferred from the current
data as

InI(T) ~ In K(T)

MAT) ={570) = InI(Ty)

®)

The relative magnetization is equal in magnitude

to the spin polarization of the ferromagnetically
ordered 4f7 electrons, P(4f"). From the electron
emission current shown in Fig. 10 (left scale) we
computed the function M,(T) according to Eq. (8)
and plotted it as a solid curve (right scale). The
curve M, = P(4f") agrees well with the data points
for the polarization of the emitted electrons. It
must be noted, however, that near 7., the P(T)
values could not be determined very accurately
because of temperature oscillations of the cooling
system.

An internal barrier which is significantly differ-
ent for the two electron spin states should act like
a perfect spin filter, yielding a polarization of
unity at all temperatures below T,. However, all
measured values of P(T) lie below unity (cf. Fig.
10). The fact that P= P(4f") can be explained by
assuming that the internal barrier is a perfect
spin filter and that the electron polarization is
subsequently reduced by spin-exchange with the
4f7 electrons; this spin exchange appears to be
likely especially when the electrons lose energy
on their way through the EuS and, thus, are ener-
getically near the bottom of the conduction band.
In connection with work on photoelectron emission
from EuS a high spin-exchange cross section has
been estimated.”? On the other hand, the internal
barrier might not be a perfect spin filter if that
portion of the conduction band, which is lowered
by the ferromagnetic band splitting, contains a
mixture of spin states.® 4

Emitters which have been annealed higher than
1100 K do not display the dramatic current in-
crease upon cooling; instead, within a narrow
range of annealing temperatures they sometimes
exhibit a current decvease upon cooling as shown
in Fig. 12. The current decrease cannot be ex-
plained by a change in internal barrier height at
the W-EuS interface. The behavior is most likely
caused by a bulk effect inside the EuS-layer. Ten-
tatively we assume that those emitters are not
ferromagnetic anymore (otherwise they would ex-
hibit a current increase on cooling) and, therefore,
the internal barrier is not split and not a spin fil-
ter. Instead, we suppose that those emitters have
spin clusters around electron traps (cf. Sec. IV.E)
which order among each other ferromagnetically
below the temperature at which the current change
occurs. (Similar ordered clusters in EuTe were
described by Vitins and Wachter.%) The resulting
influence on the energy levels is much weaker than
that caused by the normal ferromagnetic ordering
of EuS; it does not cause a substantial splitting
of the internal barrier but lowers each trap level,
These levels lie somewhat below the conduction
band. Thus, at temperatures below the current
change a trap-hopping electron must tunnel through
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FIG. 12, Current-temperature dependence for an
emitter annealed at a temperature above 1100 K, In con-
trast to the behavior shown in Fig, 12, this current de-
creases upon cooling,

some barrier each time it penetrates from a trap

into the inclined conduction band. At higher tem-

peratures, this tunneling becomes easier because

the barrier is reduced and, therefore, the current
increases,

The interpretation above invokes spin clusters
which order among each other ferromagnetically
at low temperatures. This phenomenon is differ-
ent from that discussed later in Sec. IV.H in or-
der to explain the large polarization observed in
high external magnetic fields near or above the
Curie point; there the clusters are assumed to
order paramagnetically in the external magnetic
field.

B. Influence of annealing on the extraction voltage

It is rather difficult to extract from the available
body of data, obtained with emitters of different
tip size and EuS-layer thickness, the influence of
the annealing temperature upon the emitter char-
acteristics. The extraction voltage V, at which a
certain emission current (10™° A) is obtained, was
found to depend on both R and d; next, the elec-
tric field strength at the EuS-vacuum boundary
was tried as quantity for the intended data evalua-
tion. This field strength is given by

FEus=V/k(R +d), (9)

where k is geometric form factor.*® Because the
factor & is not known, one can eliminate k by using
the field strength F, at which the same emission
current is obtained with the same, but clean tung-
sten emitter before EuS deposition. This leads to
the following ratio of field strengths and extraction
voltages, respectively,

Feus/F = Vs /V w1 +d/R). (10)

The right-hand side of Eq. (10) contains only
measurable quantities and, therefore, we use this
expression to define the “normalized extraction
voltage”

Vn=Veus/V (1 +d/R), (11)

which we finally used for the data evaluation. The
tip radius R contained in Eq. (11) was computed in
a rough approximation by assuming a proportion-
ality between R and V, for all tips used regard-
less of their shape, R(A)~0.7V(Volt).” For d

we used the EuS-layer thickness before annealing
as determined from the rate of EuS deposition;

the thickness after annealing would be more appro-
priate but this is not known.

Phenomenologically, this method of comparing
emitter properties is justified by its success in
displaying a great variety of data in the form of
one VyvsT, curve, as shown in Fig. 13.%® The
most noticeable features are the sharp maximum
of V\(T,) at T, =840 K and the minimum at T, =920
K, which is followed by a steep rise.

As a tentative interpretation of the function
V\vsT, we propose the following: The increase of
Vy going from T, ~ 700 to 840 K is a consequence
of an increase in crystal order; similarly, order-
ed EuS films were found to have a higher photo-
threshold than disordered films.* The decrease
of V going from T, ~840 K to 920 K is related to a
decrease of the internal barrier at the W-EuS in-
terface which gradually becomes epitaxial and de-
velops a dipole layer reducing the barrier height.
As discussed in Sec. IV . D sulfur ions penetrate
below the plane of the uppermost tungsten-atom
layer into lattice sites such that each S ion can
contact with an overlying Eu ion. The rise of Vy
going from T, ~920 K to about 1000 K results from
the decreasing conduction-band splitting caused by

_ the introduction of impurities (stoichiometric im-

perfections such as S vacancies) into the EuS crys-
tal itself; this phenomenon is also responsible for
the accompanying increase in Curie temperature

from 16.6 to 23 K.

C. Dependence of emission current on extraction voltage

The dependence of emission current on extrac~
tion voltage can be used to calculate the emitter
work function. Conveniently, In(//V2) is plotted
versus 1/V (Fowler-Nordheim plot), and from the
slope m of this curve the work function is obtain-
ed.*® This method is only meaningful if the curve
is a straight line which is approximately the case
for our W-EuS emitters having the pronounced
dependence of emission current on temperature
as shown in Fig. 10. Such Fowler-Nordheim plots
with different slopes for two temperatures are
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FIG, 13. Phenomenological survey of W-EuS emitters. The normalized emission voltage is given by V,=(V/Vy)
R/R(R+d), where V and Vy, are the voltages at which an emission current of 10" A is drawn (at 10K) from the W-EuS
emitter and the uncoated W tip, respectively; R is the W tip radius and d is the EuS-layer thickness before annealing.
Annealing at the temperature T, was done for at least 0.5 sec. It was found that the observable effects illustrated in
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nealing at about 840 K, Previous annealing at lower temperatures does not affect the behavior after annealing at a
higher temperature. Since the absolute determination of the tip temperature during annealing is rather difficult, the
absolute values of T, could be off by as much as 150° (probably, the true values of 7, lie somewhat lower).

shown in Fig. 14. From the slope mg,s of the FN
plot, the work function can be calculated by means
of :

Prus = (=mgys /'3 (12)

where b is the same constant as in Eq. (6). -Our
I(T) measurements have shown that the current is
dominated by the internal barrier ¢,;, whereas

¢ gus has no physical meaning. Therefore, we call
¢rus an “apparent work function.” The measured
slope m g can be related to ¢; by assuming that
the field emission process occurs at the W-EuS
boundary without any additional tunneling at the
EuS-vacuum boundary; it follows that

Miys == be[R/(R +d)] 932, (13)

where € is the static dielectric constant of EuS.
The proportionality constant b can be eliminated
by measuring the slope m,, of a clean W emitter
having the same radius R. This yields

- ml@ﬁ)*” '
o= (o LBV, (14)
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the tungsten tip radius was about 1000 A.
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FIG. 15. Current-voltage characteristics for an emit-
ter annealed above 1100 K, exhibiting a current-voltage
hysteresis effect.

where ¢, is the average work function of the clean
tungsten emitter. From FN plots for different tip

temperatures and Eq. (14), a difference in barrier
height of

Ag; = ¢i(Tc) - ¢{(9K) =0.12eV

was determined.'®

For emitters annealed at high temperatures
(>1100 K) the FN plots would be very nonlinear.
Those emitters, which exhibit the steplike cur-
rent-voltage characteristics shown in Fig. 12,
also exhibit steplike current-voltage characteris-
tics with an accompanying hysteresis effect as
shown in Fig. 15. We assume that for these
emitters a large number of impurity states
has been introduced by the high annealing
temperature. Presumably these impurities are
52~ vacancies due to preferential sulfur evapora-
tion. At some electric field strength these vacan-
cy states, which can bind two electrons, become
field ionized and are left positively charged. The
tunnel current into the EuS is then mainly deter-
mined by the positive space charge at the inter-
face rather than by the applied external electric
field. Thus a decrease in extraction voltage will
not immediately cause a current reduction. Simi-
lar hysteresis effects have been observed by
Qvshinsky,®® Wachter,®! and Bayer.

D. Electron energy distribution, spin polarization,
and field-emission pattern obtained with
different annealing temperatures

1. Critical annealing at 840 K

The electron energy distributions which are
typical for the various annealing temperatures are

14
T, = 840K
(a)
0
/\QOOK
0
~ 1000K
0
1
Ta~ 1200 K /\
0
-1 -2 -3

ELECTRON ENERGY,E(eV)

FIG. 16, Typical differential energy distributions for
four different annealing temperatures. Going from (a)
to (d) the Curie temperature increases from 16,6 K to
above 22 K,

—_
1

CURRENT PER UNIT ENERGY, dI/dE (arb. units).

shown in Fig. 16. For T, a most striking, very
monoenergetic distribution is found which is shown
in more detail in Fig. 17. In this case, the anneal-
ing time is also critical and was less than one sec-~
ond. The spin polarization associated with the
monoenergetic beam is 85% + 7%. The field-emis-
sion pattern does not show any symmetry. It con-
sists of one or two bright spots, while the rest of
the fluorescent screen is dark. Those emitters
exhibit the strong temperature dependence of the
electron current, which was shown in Fig. 10.
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FIG.17. Narrow energy distribution measured after
critical annealing of the EuS layer at a temperature of
840 K. The energy resolution of the retarding-field
analyzer was determined to be 150 meV, The distribu-
tion function given above as a solid curve has a width
of 80 meV; this function folded with a Gaussian of 150-
meV half-width gives a good approximation to the data
points.

2. Annealing between 850 and 920 K

Now the field-emission pattern is symmetric
and shows emission from the (112) planes of the
tungsten emitter. A photograph, obtained with a
(110) oriented tungsten tip, is given in Fig. 18.
Sometimes the energy distribution exhibits only
a single peak which is 0.5~1 eV below the Fermi
level. Generally it displays the double-peak
structure as shown in Fig. 16(c). The emission

’

FIG. 18, Field-emission pattern obtained with an EuS-
coated tungsten tip which had the {10) direction along the
tip axis. In this sample only three of the normal four
spots are observed; the emitting surfaces shown here
are (211), (211), (12I). The image is slightly distorted
because of electron-optical aberrations. The full pat-
tern consists of four spots which form a rectangle whose
sides have a length ratio of 1:1.3.
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current depends strongly upon temperature, and
the polarization is high (85%). Apparently, the
electrons suffer energy losses inside the EuS
layer as indicated by the broadened and shifted
energy distribution.

3. Annealing in the range 920- 1080 K

After annealing at slightly higher temperature
the emission pattern remains unchanged showing
emission from the (112) planes of the clean tung-
sten emitter (cf. Fig. 18). The energy distribu-
tion is broader, and and has a small peak at the
tungsten Fermi level or slightly lower in energy,
and a dominant peak several electronvolts lower
in energy. The I(T) and P(T) curves are those
shown in Fig. 10; the electron current still de-
pends strongly upon tip temperature, and the po-
larization remains very high. The emission vol-
tage for obtaining a given current is very low at
920 K. It increases with annealing temperature
in the range 920-980 K.

We assume that the internal barrier is changed
by a formation of a dipole layer at the W-Eus
interface. Since the vacuum barrier does not li-
mit the electron current, as has been inferred
from the temperature dependence of the current,
the field-emission pattern must be caused by bar-
rier variations at the W-Eus interface. From the
field-emission pattern it is concluded that the
lowering of the internal barrier occurs only at
the (112) planes of the tungsten emitter. This can
be explained in the following way: From absorp-
tion studies of CsO on tungsten tips® combined
with the assumption that the adsorption behavior
of sulfur corresponds to that of oxygen (and Eu
to Cs), it can be concluded that S atoms fit well
into the surface voids of the (112) planes. Only
in this very plane is the S density the same as the
monolayer atom density of Eu which is adsorbed
on the W planes. Therefore, at the (112) planes
W-S-Eu complexes are formed with a higher den-
sity than anywhere else. They reduce the work
function due to the positive charge of Eu ion. At
all other crystal planes, excess W-S sites of op-
posite dipole moment can be accomodated.

E. Influence of electron traps

The large change in emission current with tip
temperature and a value for the Curie temperature
close to 17 K prove that the samples are crystal-
lized. But the crystal structure must be disturbed
due to the matching of the fcc EuS crystal to the
tungsten (112) plane. A large number of defects
can be expected to exist throughout the lattice. In
addition, at these annealing temperatures sulfur
is expected to evaporate preferentially from the
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EuS layer leading to sulfur vacancies. These
vacancies act as electron traps (similar to oxygen
vacancies in Eu0).** Due to repeated trapping on
their way through the EuS layer, the electrons
stay close to the bottom of the conduction band.
The S*~ vacancy can bind two electrons with dif-
ferent binding energies; one represents a “shallow
donor,” the other is bound more tightly. Due to
the applied electric field the “shallow donor” will
be field ionized, that is, the loosely bound electron
tunnels into the conduction band and an F* color
center remains. A possible mechanism for the
energy loss is thus capture by multiphonon or
cascade processes, as discussed in detail by
Stoneham, >%+%6

The double-peak structure of the measured en-
ergy distributions is similar to the results of the
theoretical considerations of Hrach®” concerning
Al-Al,O;-Au tunnel junctions. It follows from the
trap model that the high-energy shoulder of the
energy-loss peak must be exponential, which is
indeed observed.”® Two groups of electrons with
significantly different energies are also predicted
by Devreese.®

The low-energy peak corresponds to an electron
energy loss of AE (as compared with the energy
of the Fermi level of tungsten). The measured
values of AE were found to depend on film thick-
ness d and extraction voltage V. The data agree
with the formula

AE = ¢; —eF,d/e, (15)

where ¢, is the internal barrier height, € is the
static dielectric constant, F, =aV/(R +d) is the
external field strength, « is a factor dependent
on the tip shape, and R is the tip radius. This
can be understood from the emission model (cf.
Fig. 11) because the energetic distance between
the Fermi level and the bottom of the conduction
band at the vacuum boundary increases with in-
creasing film thickness and with increasing ex-
traction voltage. '

The electron spin polarization is high even when
the energy distribution exhibits the double-peak
structure. Because the high-energy peak contains
only a small fraction of the total electron current,
the low-energy electrons must be highly polarized.
An energy-dependent polarization measurement as
shown in Fig. 19 confirms this. The polarization
of the high-energy electrons is zero within the
experimental error, whereas the low-energy elec-
trons (E <-2 eV) are highly polarized. Presuma-
bly the high-energy electrons are elastically scat-
tered in the EuS layer and emitted into a wide
solid angle (cf. Sec. IV F) and, therefore, it is
conceivable that they experience depolarization
due to spin rotation® in the external field of the
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FIG. 19. Measurements on an emitter annealed at T
=1050 K with an EuS-layer thickness of 740 A, Upper
diagram: electron polarization measurements as a func-
tion of the filter-lens threshold energy at 7=11.5 K.
The measured polarization is the average for all elec-
trons with energies E > E;;,, where E is the emission en-
ergy with respect to the tungsten Fermi edge. Lower
diagram: corresponding differential electron energy
distribution.

tip region, but a total depolarization due to this
effect is unlikely. Thus, we prefer a different
explanation: The samples which were annealed

at higher temperatures (like that of Fig. 19) do
not exhibit the pronounced current-temperature
dependence characteristic for the spin-filter ac-
tion of the internal barrier. This suggests that
all electrons entering the EuS layer through the
W-EuS interface are unpolarized and that the low-
energy electrons become polarized within the EuS
layer while they are trapped. The here proposed
ferromagnetic exchange interaction mediated by
the trap is similar to that of the “bound magnetic
polaron” discussed in the literature, 3*+6% 6!

F. Anisotropy of EuS field emission

In measurements of the energy distribution on
selected spots of the field-emission pattern, it
was found that the shape of the energy distribution
depended on which portion of the spot was ana-
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lyzed. In the middle portion of the spot the inten-
sity is high and the distribution contains a small
“elastic” peak as well as a large inelastic peak.
But near the edges the distribution contains only
one peak.

This “anisotropy effect” is interpreted in the
following way: the inelastic electrons are assumed
to be emitted only in the normal direction because
the electrons lose all their kinetic energy when
they are trapped and leave the trap by tunneling
in the direction of the electric field which is di-
rected normal to the surface. Presumably, the
“ elastic electrons” are emitted into a wide solid
angle because in the EuS lattice they undergo
mainly scattering by phonons, processes in which
very little kinetic energy is lost.

G. Magnetization and polarization of the EuS layer

The relative magnetization of EuS can be deter-
mined from the emission current [see Eq. (8)].
The direction of magnetization can be determined
by polarization measurements. For a (111)-ori-
ented tungsten tip three spots are observed
forming a regular triangle at the (112) directions
of tungsten. The direction of P for these spots
has been measured, and the results are shown in
Fig. 20. The fact that the three spots differ in
degree of polarization must be interpreted as due
to different magnitudes of magnetization; but the
fact that the three P vectors of different length
still add up to zero (within the accuracy of the
measurement) is remarkable and not yet ex-
plained.

At low magnetic.fields the direction of polariza-
tion lies tangential to the emitting surface, which
leads to largely transversely polarized electrons.

P =0.48

FIG. 20. Measured direction and magnitude of polari-
zation of the electrons emitted from the (112), (121), and
(211) surfaces of EuS-coated tungsten. In this experi-
ment the tungsten tip had the {(111) direction parallel to
the tip axis. The polarization was found to be trans-
verse, In this schematic drawing the tip is viewed head-
on.

The direction of magnetization of EuS layer M
must be assumed antiparallel to 5, since the elec-
tron magnetic moment is antiparallel to the spin.
This correlation of M and P was confirmed ex-
perimentally for the case of a high external mag-
netic fields.?

H. Polarization in a high magnetic field,
evidence for spin clusters

With a high field of 5 kG at the emitter, the
magnetization determined from current measure-
ments M (T) shows a “high-temperature tail”
which is absent in low magnetic field. As shown
in Fig. 21 the M ,(T) curve based on our current
measurements agrees well with the curve M x(T)
which is the magnetic red shift of (of the absorp-
tion edge in optical spectroscopy), according to
Nolting’s calculation.®*® Both M, and M g are
measures of the relative magnetization of the
sample and also of the average 4f"-electron pola-
rization.

Noteworthy is the fact that the measured elec-
tron polarization P(T) is significantly higher than
M, and Mg, especially at temperatures near and
above the Curie point. A possible explanation for
the high-field polarization above T can be given
assuming the existence of spin clusters. Within
a spin cluster, which might enclose 20-30 Eu®**
ions (inferred from the data in Fig. 21), the spins
of the 417 electrons are ordered ferromagnetically
among each other, giving the cluster a large total
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FIG. 21. Measurements with a high magnetic field of
5 kG at the emitter. The relative magnetization M, (T)
as calculated from the measured emission current is
compared with My(T) from red-shift theory. Also shown
is the measured spin polarization P(7). The polarization
in excess of the relative magnetization is taken as evi-
dence for ferromagnetic spin clusters which order para-
magnetically in the external magnetic field,

o
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Performance parameters of low-energy polarized electron sources.

TABLE 1.

Field emission
from W-EuS

Photoemission

Two-photon
Ionization of Cs

Fano effect Optically pumped

Low-energy
Mott scattering

Source process

from GaAs
ETH Ziirich

He discharge

of cesium
Yale Univ.

Univ. Bielefeld

FOM
Amsterdam

Rice Univ.

Univ. Mainz,
Stanford Univ.,

utilized at

Univ. Miinster

(Ref. 23)

Ref. 77)

(Refs. (73,74) (Refs. 75,76)

(Refs. (71,72)

(Ref. 20)

0.85
1078

8x 1077
0.1

7.2x 107
3.8 x10°
4 x10

(goal 107%)
2x 103
(1.6x 10%)
(40)

2 x 10%)

0.4
1

0.2

(goal 1.0)
(goal 1077)
107!
3x10°2
(3x10™)
(6% 10™)

0.5
"

0.4
1076

1072

5 x 102
0.5

1.6 x 1077
3.2x 1078
6x 1076

0.63
2.5% 1078
2x 1072
10°

1.0% 1078
2.5 % 1078
8x 107

3.5x 1078
2x 1072
3 x 102
1.4 x 1079
1.2%x 108

0.6
2x10°8

0.2

IP% (A)

My/ € E,
(A/rad?cm?eV)

My/AE
(A/rad?cm?eV?)

Energy width AE (eV)

Polarization P
Current I (A)
Emittance € (rad cm)
At energy E, (eV)

M,y
M,
M
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spin.

Theoretically, such clusters were discussed by
Kasuya and Yanase.®® Experimentally it was shown
by Vitins and Wachter”® that in antiferromagnetic
EuTe very large spin clusters are built up around
vacancies, the size of which depend upon the crys-
tal temperature and the applied magnetic field.
The clusters are formed by the overlap of the wave
function of an impurity d electron with neighboring
Eu ions, and the d-f exchange interactions couple
the spins of the 4f electrons ferromagnetically
to the spin of the d electron.

To explain the large electron polarization, we
assume that most of the emission current comes
from electrons which were temporarily trapped
in vacancies. Around the vacancies spin clusters
are built up and by spin exchange the trapped elec-
trons obtain a polarization corresponding to the
magnetization of a cluster. A spin cluster, ferro-
magnetically ordered, has a magnetization which
is much higher than that of the sample, averaged
over a large volume. If a magnetic field is applied
the spinclusters will order paramagnetically with
their spins aligned in field direction. Under the
conditions stated in Fig. 21, the spin clusters
will obtain a large paramagnetic order, explaining
the measured electron polarization.

V. W-EuS EMITTER AS A SOURCE OF POLARIZED
ELECTRONS

A W-EuS emitter, critically annealed, is an
almost ideal polarized electron source for-low-
energy experiments. It is compared in its char-
acteristics with other available sources in Table
I. Only sources similar in design and intended
for similar purposes can reasonably be compared
by the common figure of merit which we call M.
Kessler?® advocated the quantity M, (which he
calls “beam quality”); we feel that that M, is the
most useful figure for a critical evaluation of
different sources. Not included in the table is

- the LEED source of polarized electrons®~® for

which the optimum performance characteristics
are not yet known, but which could turn out to be
an interesting source for low-energy experiments.
It would be unreasonable to extend this compari-
son to sources for high-energy accelerators. For
example, the very successful polarized electron
source of the Stanford Linear Accelerator Center
(SLAC)®® ®® yields more current than a polarized
proton target can stand. Therefore, a further
current increase would be useless and, conse-
quently, the factor I cannot be included in a figure
of merit appropriate for such sources; the energy
width is of no concern at SLAC as long as it lies
below 1.5 kV; the emittance can be as large as the



18 ELECTRON FIELD EMISSION FROM FERROMAGNETIC... 2273

injector acceptance.

For low-energy experiments the most useful
sources are those which operate with a weak or
without any magnetic field. If a strong magnetic
field has to exist at the source and the beam has
to be extracted from the field, an additional con-
tribution to the beam emittance must be consi-
dered in order to take into account the unavoidable
skewing of the electron trajectories in the magne-
tic fringe field.™

The stability of the W-EuS source depends on
the pressure in the emission chamber. At
5x107'° Torr there is a noticeable decrease in
current and degradation of the pattern after a
time of about half an hour, probably caused by a
contamination of the emitting surface with ad-
sorbed gases. At pressures between 0.5 and
1 X107 Torr no changes of the beam parameters
_ are observed over times of several hours. The
current of 10® A, given in Table I, is based
on typical values with which our investiga-
tions were carried out. An upper limit for a
polarized current, in particular for the monoen-
ergetic and highly polarized beam, has not yet
been determined.” Indications are that, with in-
creasing extraction voltage, the emission intensi-
ties connected with the individual field-emission
spots saturate at some level and therefore the
electron beam current, obtained by selecting one
of these spots, will saturate—most probably
below 1077 A.

VI. SUMMARY

By combining measurements of the field-emis-
sion current, spin polarization, electron energy
distribution, and energy-selective spin polariza-
tion we have been able to develop a reasonable
model for the emission process of electrons from
W-EuS emitters. It has been shown that the
W-EuS interface acts as a spin filter for electrons
originating from the tungsten tip. The emission
is governed by the internal barrier at the W-EuS
interface. The external barrier is lowered due
to the field penetration into the EuS layer; this
barrier still prevents any emission from the 4f”

states, the highest occupied states in EuS.

It has been demonstrated that field emission
studies together with polarization measurements
can provide new information on the magnetic pro-
perties of the material deposited onto the tungsten
tip. We can explain our experimental observations
by assuming two ferromagnetic interactions:

(i) indirect exchange via 5d states near the bottom
of the conduction band which prevails in pure and
slightly impure samples (S vacancies); and (ii)
ferromagnetism mediated by the impurity states
which dominates at high concentrations of S vacan-
cies and is responsible for the formation of spin
clusters. (An indirect superexchange via anion
lattice could lead to antiferromagnetic ordering.
This, however, can not be detected by means of-
polarization measurements.)

Energy distribution measurements yielded infor-
mation on the composition of the crystal and the
generation of $*~ vacancies with increasing an-
nealing temperatures. Important for the field
of polarized electron sources is the discovery of
the critical annealing which leads to highly pola-
rized (P~ 0.85) and highly monoenergetic
0FE ~ 100 meV) electrons. The field-emission
source is distinguished by a very small emittance
which means that the polarized beam can be de-
celerated without appreciable loss of intensity.
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