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Field-emitted electrons from EuS-coated W tips cooled to below 21 K show spin polari-
zation of up to (89+7)%. The preferential direction of the magnetic moments of the elec-
trons is parallel to the magnetization of the emitter. The high spin polarization is ex-
plained in terms of emission from spin-polarized 4f states of ferromagnetic Eua or in
terms of emission assisted by interaction with these states.

An ensemble of electrons is said to have elec-
tron spin polarization (ESP) when they show a
preferential spin direction. ' ESP is described
by the vector P in the preferential direction,
whose magnitude is P= (N+ —V )/(N++N ), where
N, and N are the numbers of electrons with ex-
pectation value of the spin parallel or antiparal-
lel to the preferential direction. In electron emis-
sion, ESP is to be expected when states with a
certain spin direction have a preference in the
emitter and the emission ensues from these states
or by interaction with them. As with the photo-
electric effect, ' in field emission (FE) ESP af-
fords information on the emission process or on
the electronic states in the emitter. Propos-
als," calculations, + ' and experiments" ' deal-
ing with FE o' spin-polarized electrons always
utilize the emission from spin-polarized states
in the region of the Fermi edge. Experiments
hitherto only conducted on ferromagnetic metals
show P beiow 15%."'

Tunneling mechanisms involving interactions
with vacant or occupied spin-preferred states in
a barrier have so far not been discussed with re-
spect to polarization effects. Here we report the
first results of a FE experiment utilizing a W tip
coated with a thin film of insulating, ferromag-
netic EuS.

Figure 1 shows the expex imental setup. The
W tip is mounted on a He-cooled finger in the
center of a magnetic field coil. The cold finger
works on the contact fluid principle' with liquid
H, permitting attainment of temperatures be-
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FIG. 1. Experimental setup.

~~een 14 and 21 K. The magnetic field H defines
the preferential spin direction, i.e. , P, antipar-
allel to the resulting magnetization in the emit-
ter. The coil is cooled with liquid N, and pulsed
(pulse length, 250 @sec; repetition rate, 0.1-0.5
Hz; 0 „=20 kOe). The tip and the coil can each
be aligned. The % tip is coated in situ with EuS
from a removable oven heated by electron bom-
bardment. The FE patterns are projected by the
extraction optics on a screen, which can be
viewed in the mirror. For detection of the ESP
the Mott scattering technique is used. The prin-
ciple of the arrangement is similar to that ap-
plied in photoemission experiments. ' However,
we use a four-detector arrangement. '" Two
detectors set at scattering angles of 120 are sen-
sitive to ESP and the other two, set at 45, serve
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to control the beam alignment. The entire Mott
scattering arrangement can be rotated about the
beam axis to eliminate instrumental asymmetries,

Film PreParation. "—I'he first step requires a
W tip with a clean W FE pattern. Then the tip
is coated with 500-2000 A of EuS at a rate of 1-

0
3 A/sec, while the tip is either cooled or slight-
ly heated. The residual gas pressure during
evaporation is kept below 10 ' Torr. The FE
pattern of a freshly coated tip does not show any
ordering. " Annealing at about 800'C causes the
EuS to migrate towards the tip shank. The film
thickness thereby decreases and the EuS assumes
an epitaxial structure. At this time emission
tyPe I occurs. In the FE pattern individual re-
gions of high emission primarily in the (112) di-
rections of W are observed. The emission po-
tential' — a,lways referred to the vacuum level
of EuS~s about —1.8 eV at 14 K. Further an-
nealing produces emission tyPe II, with a like-
wise twofold symmetric but otherwise completely
different FE pattern. About the [110]direction
there is a rosette from which four beam-shaped
punctiform arrangements issue, The emission
potentials is —4.1+0.3 eV. Further annealing
at temperatures of up to 1200 C results in emis-
sion tyPe III. As in type I, the FE here is in the
(112) directions" and the emission potential is
—3.3+0.2 eV.

E'SP measurements. —In emission type II an
ESP of up to (89+7)% was found. Figure 2 shows
our measurements on this type. The scale er-
ror is due to the uncertainty in calibration. ' The
positive sign of P~~ and the ratio P~~/P~ proves
P to be nearly antiparallel to H. In the investi-
gated temperature and magnetic field ranges of
14-21 K and 2.3-18.5 kOe, respectively, P var-
ies weakly, although the Curie point of well-an-
nealed EuS films is about Tc' =16.6 K and the
saturation magnetization is about 14 kG. '

Few measurements were made on emission
type I. At 14 K the ESP is about 50% and de-
creases with increasing temperature to about
20% at 21 K. What is important is the tempera-
ture dependence in the region of the normal Cu-
rie point T c of EuS. In emission type III, as well
as in the case of a clean W tip, "no ESP could be
detected (detection limit 5%).

The results are interpreted by means of the
model shown in Fig. 3. For the EuS we use the
electronic structure found by optical measure-
ments. '" ' The characteristic features of the
EuS are the 4f levels lying in the band gap and
the ferromagnetically ordered spins below Tc
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FIG. 2. Electron spin polarization of field-emitted
electrons from EuS-coated W tips as a function of the
magnetic field for two temperatures around the normal
Tc of EuS (emission from or after interaction with 4f
states). &~~ is the component of the polarization vector
P parallel to the external magnetic field H. &~ is one
component of P perpendicular to H. The lower points
(open circles) are measured under less favorable va-
cuum conditions.

=16.5 K. As a result of interaction with the 4f'
states the conduction bands are magnetically
split. The lower edges of these bands have d
character, and so as a result of spin-orbit cou-
pling they do not contain pure spin states only. '"
The 4f ' states are assumed to be localized.
Their energy levels are located to correspond
to transitions from the 4f ' 'S, I, state to a state
at the vacuum level, leaving behind a 'I'~ mul-
tiplet state (4=0, 1, . . . , 6) of the excited 4f' con-
figuration. " If the lowest multiplet state 'E, is
involved, the transition energy is equal to y=-4
eV. '"' Since y is smaller than p&=4. 5 eV, and
the vacuum level is continuous at the W-EuS in-
terface, 4f'-4f ' transitions are possible in the
boundary layer. The resulting excess charges
cause a direct matching of the Fermi levels of
W and EuS by a potential drop in the boundary
layer" (yz„s= 3.3+ 0.3 eV)." The emission field
F of typically 2.5&&10' V/cm is weakened in the
EuS film to F' =F/e„„(e„„=10.2).2' F' lowers
the potential of the electronic states in the EuS
linearly with the distance x from W. This model
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FIG. 3. Field-emission mo e or u ond 1 f E S on W for a typical field E=2 5xlo V/cm. In the image force potential o.
is (e~t —1)/(eqg+ 1j wit e~ = . e .)

' h =5 2 (Ref. 22). g is the electron affinity of the lower split conduction band, X the pho-
tothreshold, and p ~ and y«s the work functions of W and EuS.

gives the following essential FE processes:
23 ~(1) Tunneling through conduction-band states

With a sufficiently thick film, EuS conduction-
band states are lowered below the Fermi level
E of W. Electrons from EF can tunnel into theseF

states and hence into the vacuum. The emission
potential should be higher than —g, = —2.5 eV.
Because of the d character of the used states the
ESP of the emitted electrons will be well below
100%%uo.

(2) Tunneling from 4f ' states or tunneling as-
sisted by interaction with 4f' states: In these
cases the emission potential should be about

With ferromagnetic ordering an ESP
of close to 100%%uo is to be expected. In thick films
process (2) is at a marked disadvantage com-
pared with (1); it will be only observed if the
film is too thin for (1) (Fig. 3).

(3) Direct tunneling of W electrons from the re-
gion of EF". As with (2) exclusion of (1) is nec-
essary for the existence of this process (Fig. 3).
The emission potential should be —3.3 eV, cor-
responding to p ~ lowered to p E„s by the charged
layer. If the 4f spins are ordered the conduc-
tion bands are spin split, and consequently the
height of the EuS barrier is spin dependent. ""
The tunneling electrons will be polarized to a
similar degree as in (1). No ESP is to be ex-
pected for a very thin film comprising only the

6charged boundary layer with its nonmagnetic 4f
states. Process (3) will always occur in com-
petition with (2). With thick films (2) is pre-
ferred and with very thin films it is (3) that pre-
vails. "

We relate our emission types I, II, and III to
the FE processes (1), (2), and (3), respectively.
The succession of the three emission types dur-
ing the annealing process, the emission poten-
tials, and the observed ESP agree with the pro-
posed model. The slight magnetic field depen-
dence in the measurements (Fig. 2) is explained
by the fact that the EuS has moved down the tip
shank and as a cylindrical film is easily mag-
netized axially. Therefore, the area near the
pole of the tip experiences nearly total magne-
tization in or against the direction of the tip even
for small external fields. The existence of I'~
(Fig. 2) is probably caused by asymmetries in
the film, by misalignments of the axis of tip and
coil, and by radial components of the magnetic
field. 2'

The saturation behavior of P(T, P) at emis-
sion type II (Fig. 2) indicates a large increase of
T, . This may be due to an additional exchange
interaction via W electron states and/or lattice
compression at the EuS-W interface.

We believe that the experiment described leads
the way to further interesting FE effects and to
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a source of high brightness for highly spin-po-
larized electron beams. ln static operation a
current of 10 ' A seems possible.
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