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We measured the temperature dependence of the current and spin polarization, and de-
termined the work functions from Fowler-Nordheim plots. The current increases expo-
nentially with decreasing temperature. Work-function data can be related directly to the
height of the internal W-EuS barrier. This barrier is lowered by magnetic splitting of
the EuS conduction band for one electron-spin state which should lead to a spin polariza-
tion of unity. The measured spin polarization, however, is equal to the polarization of
the 4f ' electrons of europium.

At low temperatures europium sulfide is a fer-
romagnetic insulator. ' Esaki, Stiles, and von
Molnar' studied the internal field emission (Fow-
ler-Nordheim tunneling) on metal-EuS-metal
junctions at temperatures above and below the
EuS Curie point, which is at 16.5 K for pure, an-
nealed thin films. They discovered a decrease
in the Schottky potential-barrier height due to
magnetic ordering. In external field emission
from metal-EuS-vacuum emitters additional in-
formation can be obtained by measuring the elec-
tron-spin polarization. The first field-emission
studies and polarization measurements on EuS-
coated tungsten tips were performed by Muller
et al. ' They found three different types of emis-
sion, two of which (types I and II) yielded high
polarization; for type I (P „—0.5) conducti. on-
band tunneling was assumed but no temperature
dependence of the current was reported. In this
Letter we report polarization and work function
measurements on W-EuS emitters which exhibit
the pronounced temperature dependence of the
current as observed by Esaki, Stiles, and von
Molnar for internal field emission.

The layout of our apparatus is shown in Fig. 1.
Oriented tungsten tips' with (111)or (110) direc-
tions parallel to the axis and radii of typically 50
to 100 nm were coated at room temperature with
EuS by in situ vacuum deposition. The EuS was
evaporated from a tungsten oven which could be
moved in front of the tip; the rate of deposition
was 70 nmrmin and evaporation times ranged
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I IG. 1. Schematic diagram of the apparatus (not to
scale) .

from 0.5 to 2 min. The tip is cooled by a helium-
flow system such as that described by Reed and
Graham, ' which in our case allows temperature
variation in the range from 9 to 300 K. The tip
can be heated by drawing a current through the
filament to which the tip is spot welded. Above
600'C the thermal glow was observed through a
telescope; at temperatures below 600'C the an-
nealing process was controlled by monitoring
the temperature-dependent heating current.

During field-emission studies a pressure of
about 10 "Torr was maintained at the tip. The
tip was at a potential of —2 kV with respect to
the grounded fluorescent screen, and the varia-
ble potential of the cylindrical anode determined
the emission current. A longitudinal magnetic
field variable from 0 to 0.5 T was used for imag-
ing the emitting tip surfaces onto the screen.
The emission pattern can be moved by electro-
static deflection and for electron-polarization
analysis one point of the pattern was selected by
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steering it onto the probe hole. The beam then
passed through a Wien filter (crossed electric
and magnetic fields) capable of turning the polar-
ization vector P transverse to the beam direc-
tion, as only transverse polarization can be de-
termined by Mott scattering. The Mott-scatter-
ing setup is similar to that used at Yale Universi-
ty. ' Two pairs of detectors are positioned at a
scattering angle of 0 =120' and azimuthal orienta-
tions of 0' and 180' and 90' and 270', respective-
ly. Simultaneous measurement of two of the
three components of the polarization vector is
therefore possible. The third component can be
measured separately with a different Wien-filter
setting. Since only one spot of the emission pat-
tern is analyzed, all the Mott-scattered electrons
can be assumed to originate from a single Weiss
domain.

W-EuS emitters which exhibited the pronounced
temperature dependence of current, as observed
by Esaki, Stiles, and von Molnar with Al-EuS-Al
junctions, were obtained by using moderate an-
nealing temperatures at which the thermal glow
of the tip was not visible; e.g. , annealing either
for 1 h at a temperature between 300-350'C or
for several seconds at some higher temperature
not exceeding 600'C. ' Emission occurred from
the (112) planes of tungsten. ' Usually the spots
had different emission intensities, apparently
because of different layer thicknesses. For dep-
osition layers of 35 nm, which were the thinnest
junctions prepared, short annealing times suf-
ficed; thicker deposition layers had to be annealed
repeatedly and presumably EuS migration over
the tip occurred in these cases. Such migration
was observed by Swanson' even at temperatures
below 400'C.

Figure 2 shows our results for the temperature
dependence of the emission current and electron
polarization. The exponential decrease of the
current for 7.

' - 7.', makes polarization measure-
ments in the vicinity of T, very difficult. The po-
larization shown is P = lPl. At T =10.5 K the po-
larization is greater than 0.9; extrapolation gives
a polarization of unity at 0 K. The direction of
P of the electrons leaving the tip is nearly trans-
verse to the beam direction. ' From measure-
ments with a strong external field of B= 0.5 T it
follows that P is antiparallel to B, which means
that the magnetic moments of the emitted elec-
trons have the direction of the magnetization.

The electric field at the tip penetrates into the
EuS, with the internal field strength E; related
to the external field strength E, by E; = E,/e,
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FIG. 2. Current, 1(T), and electron-spin. polariza-
tion, P(T), obtained with a W-EuS field-electron emit-
ter which consisted of a (111)-oriented tungsten tip and
a EuS layer, with a deposition thickness of about 140
nm before annealing at 800-600 C for 10 sec. The da-
ta were taken with a constant extraction voltage of 898
V and a longitudinal external magnetic field of 20 mT.
The total emission current at T =10 E was 20 nA. As
a measure of the probe current entering the Mott de-
tector the average counting rate (counts/second) of the
four electron detectors was plotted here (left scale,
arbitrary units). The polarization of the 4fv electrons,
P(4f I), was computed from Eq. (2) by using work-func-
tion data shown in Fig. 8. The shown dependences are
reversible with temperature.

where c =10.2 is the static dielectric constant of
EuS." From our experimental conditions it must
be concluded that this field penetration causes
the external barrier to be lowered below the Fer-
mi level of tungsten. The probability for travers-
ing the external barrier then becomes unity and
the emission current I(T) is governed by the W-
EuS internal barrier. It can be shown from the
Fowler-Nordheim equation for internal tunnel-
ing"" that in this case the internal barrier
height, y;(T), given by the difference between
the tungsten Fermi level and the bottom of the
EuS conduction band, can be determined by

where &= (R/r)' '-1.2 is a geometric correction
factor with 8 the radius of the EuS-vacuum bound-
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FIG. 8. Work-function data obtained with two W-
EuS emitters. Curve 1: (111)-oriented tungsten tip,
EuS deposition thickness 580 nm before annealing. Da-
ta points were obtained from Fowler-Nordheim plots.
Curve 2: Emitter with which the data of Fig. 2 were
taken. The work function at T =10 K was obtained from
a Fowler-Nordheim plot; the other values were calcula-
ted by fitting the Fowler-Nordheim equation for internal
tunneling to the I{T) curve of Fig. 2. The relation be-
tween g ileft scale) and y; (right scale) is given by
Eq. (1).

ary and x the radius of the tungsten tip, and $(T)
is the "apparent work function" obtained from a
Fowler-Nordheim plot by standard procedures. "
Work-function data for two emitters are given in
Fig. 3 with scales for ( and y;." The lowering
of the work function can be understood as a re-
sult of the EuS conduction-band splitting due to
magnetic ordering. The difference b.p;(T) = p;(T,)
—p&(T) is half the conduction-band splitting at
temperature T and by extrapolating to zero tem-
perature we obtain &p;(0) = 0.14+ 0.03 eV for
emitter 1, in good agreement with values report-
ed by Thompson et al." Emitter 2 shows a high-
er Curie temperature and a smaller band split-
ting, which can be understood by assuming a
higher concentration of impurities. " The appar-
ent work-function values of Fig. 3 are lower than
all previously reported values for W-EuS emit-
ters. Muller et a/. measured a work function
of about 1.8 eV for their tyPe-I emission. It is
unlikely that the low values observed here are
due to surface roughness; before annealing, when
the surface was presumably rougher, no emis-
sion current was obtained with extraction voltag-
es as used for annealed layers.

The spin polarization of the ferromagnetic elec-
trons, P(4f'), is equal to the relative spontane-
ous magnetic moment, o(T)/o'(0). The latter can
be obtained from the barrier height as was shown

by Thompson et al.":
P(4f')=&a (T)l&y (o) (2)
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The y; data for emitter 2 were used for comput-
ing P(4f') and the result is shown in Fig. 2 for
comparison with the P(T) data obtained with the
same emitter. From the tunneling mechanism
one wouM conclude that the emitted electrons
have a spin polarization of unity below T„since
the change in barrier height with decreasing tem-
perature causes the current to increase exponen-
tially for one electron-spin state and to decrease
exponentially for the other.

The internal barrier thus transmits only elec-
trons with their spin direction antiparallel to the
Weiss magnetic field into the EuS conduction
band. The good agreement between the P(4f')
and the P(T) data indicates that spin-exchange
collisions with the 4f' electrons are frequent
enough such that the conduction electrons are de-
polarized from P =1 to P =P(4f') before they es-
cape into the vacuum.

A strong spin-exchange interaction with a mag-
netically nonsaturated surface layer was assumed
by Siegmann" and Busch, Campagna, and Sieg-
mann" in order to explain that photoelectrons
from the 4f' states of EuS have a polarization
substantially lower than P(4f'). The interpreta-
tion of our polarization results requires spin-ex-
change collisions between the electrons in the
conduction band and the ferromagnetic 4f' elec-
trons; our data show no evidence of a depolariz-
ing surface layer.

We are indebted to N. Muller, Max-Planck-
Institut fur Plasmaphysik, Garching, for his co-
operation. We thank Professor S. Methfessel,
Universit'at Bochum, and his collaborators for
stimulating discussions and helpful suggestions.
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Earlier we used annealing temperatures exceeding
800'C. This did not lead to junctions showing the pro-
nounced temperature dependence of the current. Cf.
G. Baum, E. Kisker, A. H. Mahan. , and K. Schrbder,
to be published.

This is concluded from the field-emission pattern
which exhibits a threefold symmetry if the tip is (111)
oriented and a twofold symmetry (a rectangular pat-
tern) if the tip is (110) oriented. A comparison in
size of the W-EuS emission pattern with that of W,
made by scaling the external magnetic field proportion-
al to the square root of the extraction voltage (to in-
sure equal electron optics), also agreed with this as-
signment. We do not yet know to what extent epitaxial
growth is essential for the layer formation.
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~OTypically the polarization vector P has an angle of

about 80 with respect to the tip axis at low magnetic
field. When a stronger magnetic field is applied, the
direction of P turns longitudinally; typically an angle
of 10 to the tip axis is observed in a field of 0.5 T.
The dependence of current and polarization on external
field strength is currently under investigation. At high
field strengths a higher polarization as well as an in-
creased emission current has been observed.
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It is argued that a black hole can remain in thermal equilibrium with a heat bath even
in the presence of particle interactions. This is achieved by proving the identity of the
Hartle-IIawking Feynman propagator and a certain thermal Green's function.

Hawking" has discussed the problem of parti-
cle emission from black holes using quantum
field theory on classical background geometries.
He has shown that if the particles do not interact
among themselves, then the probability for the
emission of a particle of energy E relative to in-
finity, in a state s, from a Schwarzschild black
hole of mass M, P,(E, s), is related to the proba-
bility of absorption by the black hole from that
state, P.(E, s), by

P, (E, s) = exp [-8nME]P, (E, s)

(in units such that G =c=h=k= 1). This is, by
the principle of detailed balance, a sufficient
condition for the black hole to remain in thermal
equilibrium with a heat bath of temperature

T = 1/871M.

Because of the basic nature of this latter re-
sult, one would expect that it would remain valid
in the presence of particle interactions even
though Eq. (1) would no longer do so. This is es-
pecially important since the regime in which the
Hawking process is of observational significance
is that of possible miniature black holes formed
in the early universe, "for which T-10"K and
the emitting region is -10 "cm where strong
interactions are obviously significant. In this
Letter, we shall show that to all orders of per-
turbation theory for any renormalizable interac-
tion, a nonrotating, neutral black hole can indeed
be in thermal equilibrium with a heat bath at a
temperature given by (2).

For simplicity we shall restrict our attention
to a neutral scalar field q, mass m. We enclose
the black hole in a box with perfectly reflecting


