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Below T ., however, no similar association is
possible, in contrast to the acoustic behavior of
liquid helium in the region away from 7',. In the
near vicinity of T, in nickel, both the attenuation
and velocity of sound show features similar to
those seen near T, in liquid helium.

We are indebted to P. C. Hohenberg for fre-
quent discussions of dynamic scaling ideas. We
also wish to acknowledge the experimental assis-
tance of V. G. Chirba.
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PHOTOEMISSION STUDIES OF THE ELECTRONIC STRUCTURE OF EuO, EuS, EuSe, AND GdS
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(Received 26 June 1969)

Photoemission measurements on the magnetic semiconductors EuO, EuS, and EuSe
show emission from 4" states which lie in the gap above the top of ~2- to 3-eV-wide va-
lence bands. These measurements, together with optical data, indicate semiconductor
energy gaps of 4.3, 3.1, and 3.1 eV for EuO, EuS, and EuSe (all +0.4 eV). Metallic GdS
shows a narrow occupied conduction band at the Fermi level, in addition to a filled va-

lence band and 47 state.

The magnetic and semiconducting NaCl-type
compounds EuO, EuS, EuSe, and EuTe and their
solid solutions with analogous metallic compounds
such as GdS are being widely investigated be-
cause of their unique magnetic, optical, and
transport properties. Observed phenomena such
as the Curie-temperature increase with conduc-
tivity,! giant magnetoresistance at the ferromag-
netic Curie temperature,? and large absorption-
edge shift with magnetic order® have been inter-
preted in terms of various conflicting models of
the electronic structure. The position of the lo-
calized magnetic 4/7 states with respect to the
valence band, the width of the intrinsic semicon-
ductor gap, and the character of the empty states
at the bottom of the conduction band have been
speculated about in several papers.* We have ex-
perimentally determined the occupied energy lev-
els in EuO, EuS, and EuSe using photoemission
spectroscopy, which measures absolute electron
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energies with respect to the Fermi level E¢.

Photoemission energy distribution curves show
narrow stationary energy states at ~3, 1, and 1
eV above the top of the valence bands in EuO,
EuS, and EuSe, respectively, which are identi-
fied as the localized 4f7 states. In metallic GdS,
we have found a narrow (~1-eV-wide) occupied
conduction band at £ in addition to the 4f7 state
and the filled valence band. This conduction band
is consistent with a partially filled d band. Our
measurements confirm the basic energy-band
model suggested by Methfessel® for the semicon-
ducting Eu chalcogenides, in which the 4f7 state
lies in the energy gap between the valence and
conduction bands.

Photoemission from EuO was measured in the
range 2.5 eVShv<11,6 eV using a {100) surface
of a single crystal (with ~1-cm dimensions) which
was prepared by cleaving in ultrahigh vacuum (p
$1X107% Torr). Polycrystalline films of EuS,
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EuSe, and GdS were evaporated onto heated sub-
strates (T ~300°C) using an electron-beam gun.
Film thicknesses were 21000 A. Pressures were
=~1x 1078 Torr during evaporation (rates ~2-4 A/
sec) and were $(1-5)%x107!° Torr during measure-
ments. Stable and reproducible results were ob-
tained for these conditions. However, an oxygen
leak of ~10~7 Torr for a few minutes was suffi-
cient to distort completely the energy distribution
curves. Photoemission techniques have been de-
scribed elsewhere.® The NaCl-type structures of
the films were confirmed by x-ray diffraction
measurements.

EuO. -Normalized energy-distribution curves
(EDC’s) are shown in Fig. 1(a). Emission intensi-
ties N(E) are plotted versus the initial-state en-
ergy E;=Vp-hv+¢@,. with Ep at the origin. Vjyis
the applied retarding voltage and ¢ is the col-
lector work function. Our Au collector had ¢,
~5 eV. We observe an emission peak at E;~-1.8
eV with a leading edge at ~—1 eV. This structure
does not shift with photon energy (i.e., constant
E;) and is characteristic of transitions from lo-
cal states as well as nondirect transitions from
band states.”

This peak is assigned to emission from the 4f7
state, since this assignment explains the data
more consistently than the possible alternative
assignments of (1) impurity states and (2) nondi-
rect transitions from the valence band. Transi-
tions from impurity states are ruled out because
of the large observed quantum efficiency (~1073
electron/photon) of this peak. Furthermore,
this peak cannot be associated with the valence -
band, since the strong transitions from lower en-
ergies —4.2 eVRE;2-7.2 eV would then be unex-
plained. The occurrence of similar emission
peaks in EuS and EuSe supports our interpreta-
tion, The 417 state is assumed to be localized.®
In this case, the observed edge at ~—1 eV in Fig.
1(a) is interpreted as the minimum binding ener-
gy for removing a photoelectron from the 417
state into a conduction band state above ¢, leav-
ing a 4f° state behind.® The ~1.3 eV width of the
peak can be explained by the spin-orbit splitting
of the excited 4/° configuration into multiplet
states ("F;, J=0,1, -+, 6) which can occur in the
absorption process. This explanation is support-
ed by the fact that the photoemission peak has
about the same width as the lowest energy optical
absorption peak at kv~2 eV in EuO, which has
been interpreted as being broadened by the same
47% ("F;) multiplet.

For hv26 eV, the emission spectrum of EuO is
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FIG. 1. Photoemission energy-distribution curves
for EuO, EuS, EuSe, and GdS. The initial energy is
E;=Vp—hv+e,, with E; as origin (V5 is the applied
retarding voltage, ¢. is the collector work function).
The labels (x5), etc., indicate amplification factors.

dominated by transitions from the initial energies
-4,2 eV2E;2-1.2 eV. These are direct transi-
tions between band states since their initial-state
energies change with increasing photon energy.”
We identify these energies with the valence band
which extends from ~-4.2 eV to ~-"7.2 eV below

E ;. A schematic representation of the energy
levels of EuO is shown in Fig. 2. Band states and
local 4f states are distinguished by showing them
to the right and left of the energy ordinate, re-
spectively. The conduction-band minimum is es-
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FIG. 2. Schematic representation of energy levels in EuO, EuS, EuSe, and GdS. Energy bands and local 4f7
levels are shown to the right and left of the energy ordinate, respectively. The dashed lines represent the lowest
excited state of the 47 level. The 4f7 levels are shown with the observed widths. For localized 4f7 states, the up-
per edge represents the minimum binding energy, and the width is due to multiplet broadening (see text).

timated to be ~1.1 eV above the top of the 47’
state, i.e., ~0.1 eV above E;. This assignment
is based on the observed 1.1-eV optical absorp-
tion edge’® and the occurrence of photoconductivi-
ty at this energy.’! An intrinsic semiconductor
gap of ~4.3+0.4 eV is then obtained for EuO,
which corresponds quite well with the second ab-
sorption edge.®

A very low work function ¢ =0.6+0.3 eV was
determined for the (100) surface of EuO by mea-
suring the retarding voltage which saturates the
photocurrent (contact-potential difference between
emitter and collector). The measured photo-
threshold of 2.5+ 0.2 eV is larger, however, than
‘the value (1.6+0.4 eV) expected from this ¢.
This discrepancy can be due to field distortion at
cleavage steps or crystal edges, which can broad-
en the EDC’s at low kinetic energies and lower
our value for ¢.

EuS and EuSe. —Normalized EDC’s for EuS
[Fig. 1(b)] and EuSe [Fig. 1(c)] show structure
similar to that observed for EuO. For EuS and
EuSe, respectively, emission is observed from
stationary states with peaks at £;=-1.5 and -2
eV and leading edges at ~-0.8 and ~—1.4 eV.

This structure is again assigned to the 4f" states
in EuS and EuSe (see Fig. 2). For 2v26.5 eV,
the emission is dominated by transitions from
valence-band states with ~=2.2 eV>E ;2 -4.5 eV
for EuS and ~-2.6 eVXE ;2 -5 eV for EuSe.

The optical absorption edges® of 1.7 eV (EuS)
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and 1.9 eV (EuSe) for excitation of the 4/ state
as well as the observation of photoconductivity!?»*
at these energies have been used as a basis for
placing the conduction-band minima at +0.8 eV
(EuS) and +0.5 eV (EuSe) above E;. These esti-
mates result in semiconductor gaps of 3.1+0.3
eV for both EuS and EuSe, which are in approxi-
mate agreement with the second absorption edg-
es. X

The work function ¢ of EuS was determined
from the contact-potential difference as ¢ =3.3
£ 0.3 eV. The observed photothreshold of ~4.0 eV
corresponds to excitations from 4f7 states at 0.7
eV below E;. For EuSe, very low-intensity emis-
sion (quantum efficiency <10 %) is observed [Fig.
1(c)] from energies E; >E;>~-1.4 eV, which is at-
tributed to impurity-state emission. The mea-
sured photothreshold for EuSe of 2.8+ 0.3 eV is
the same as the work function, ¢ =2.8+0.3 eV,
due to emission from impurity states at E.

GdS. —We studied GdS because it is the metallic
counterpart of the Eu chalcogenides, with the
same crystal structure and 4/7 configuration. In
contrast to EuS, etc., the EDC’s of GdS [Fig.
1(d)] show strong emission from states within ~1
eV of Er, which we assign to a partially filled
conduction band. The narrow (~1 eV) width of
this band (which presumably contains ~1 electron/
Gd atom) is consistent with a partially filled d
band.!* Strong emission is observed from initial
energies —-2.6 eV2E;2-5.5 eV, which we assign
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to an occupied band similar to the valence band of
EuS.’® The top of this band (at E;~-2.6 eV) cor-
responds to the onset of strong interband optical
absorption at v =~3 eV in GdS.®

Weak stationary structure at £;~-2.2 eV in
Fig. 1(d) is tentatively assigned to the 47 state
since it is similar (in relative emission strength
and width) to the analogous structure assigned to
the 4f7 states in EuO, EuS, and EuSe. It is inter-
esting that the absorption spectrum®® of evaporat-
ed GdS films does not show an absorption peak
corresponding to an excitonlike 4/7-47%5d transi-
tion as seen in the semiconducting Eu chalcogen-
ides.

A work function of ¢ =2.3+0.2 eV was deter-
mined for GdS using a Fowler plot. The quantum
efficiency of GdS is ~&that of the Eu chalcogen-
ides; this is characteristic of the much shorter
mean free path for inelastic electron-electron
scattering in a metal.

The energy levels for GdS and EuS in Fig. 2
show an interesting and simple relation. In GdS,
the conduction band moves closer to the top of the
valence band and becomes partially filled (~1 eV
wide), while the 4/7 level lies just above the va-
lence band for both compounds.

The authors gratefully acknowledge the help of
M. W. Shafer who supplied us with the EuO crys-
tal and the able assistance of J. Donelon in per-
forming the measurements.
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The Josephson frequency-voltage relation has been compared at frequencies of 9.48
and 891 GHz using radiation-induced steps. The results indicate that the relation is fre-
quency independent over this range within an uncertainty of approximately 1.5 ppm.

The utilization of the ac Josephson effect in
high-accuracy determinations of the fundamental
physical constant®? ¢/% and the realization of the
importance of this effect for our overall knowl-
edge of the fundamental physical constants® and

in voltage standard applications® has engendered
considerable interest in the question of whether
there may be fundamental limitations or correc-
tions to the existing theory of the effect. The
central feature of this theory for the foregoing
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