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Experimental energy bands of a rare-earth metal: Gd(0001)
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We have determined energy bands of Gd metal at room temperature with the use of angle-
resolved photoelectron spectroscopy with synchrotron radiation. Along the central sixfold axis of
the Brillouin zone, we find the two critical points of the 6s,5dzz-type band (I'j at Er—1.4 eV and

I't at Er—2.8 eV) and a critical point of a final-state band (I';” at Er + 6.6 €V) in qualitative agree-
ment with band calculations. At the zone boundary 5d states are observed along the ML line at
about Er—0.35 eV corresponding to an L; point. Unoccupied 4f states appear in the secondary-
electron emission within 1.6 eV of the vacuum level. The work function of Gd(0001) is 3.3+0.1 eV.

INTRODUCTION

The rare-earth (RE) metals and their compounds have a
peculiar electronic structure, since the 5d,6s valence states
are often energetically degenerate with the shallow core-
like 4f states. This leads to interesting phenomena such as
a mixed valence in many RE compounds and highly com-
plex magnetic structures in the RE metals.! Gadolinium
is a prototype RE metal due to its half-filled 4f shell,
which makes Gd a particularly stable trivalent metal with
three conduction electrons (5d,6s%). In addition, only
Gd exhibits simple ferromagnetism (7.=293 K, pu
=7.6upon) among the RE elements. For RE systems, the
occupation number for core electrons and the density of
states for band electrons have been studied using pho-
toelectron spectroscopy®> and isochromat spectroscopy.’
For Gd, optical measurements have been performed* and
de Haas—van Alphen data® exist to determine its Fermi
surface. However, no band dispersions or critical points
have been measured for any of the RE’s, although several
band-structure calculations exist (for Gd, see Refs 6—9).
In analogy with other elemental RE’s there exist occupied
5d states in Gd (about one 5d electron per atom). The 4f
shell of Gd is half-filled with all seven spins aligned paral-
lel according to Hund’s rule. These spins form a localized
magnetic moment which makes Gd the only simple ele-
mental ferromagnet! apart from the transition metals Fe,
Co, and Ni. The latter exhibit itinerant (i.e., bandlike) fer-
romagnetism’0 caused by the 3d electrons, whereas in Gd
the localized 4/ moment dominates with seven Bohr mag-
netons over the 5d,6s electrons which carry 0.6 Bohr mag-
neton according to neutron scattering data!! and band cal-
culations.” The occupied 4f levels (i.e., the peak position
of the 4f° multiplet after photoionization) is found at
7.9+0.1 eV below Er and the empty 4f levels (i.e., the
peak position of the 4% multiplet after adding a 4f elec-
tron in isochromat spectroscopy) is at 4.3+0.1 eV above
Er.’ The 5d states are believed to be bandlike and a fer-
romagnetic exchange splitting of ~0.5 eV has been calcu-
lated near Eg.”

We have used angle-resolved photoemission with syn-
chrotron radiation on a Gd(0001) surface to determine en-
ergy and momentum of the 5d states. At the Brillouin-
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zone center, we find the critical points 'y at Er— 1.4 eV
and I'f at Er—2.8 eV in fair agreement with the non-
self-consistent band calculations of Dimmock and Free-
man. As predicted by theory,®’d states near Ep are
found only at the boundary of the Brillouin zone. The
large gap of states above the I'; point at the zone center
affects'? the interpretation of the spin-polarized photo-
emission data.!> Our findings represent the first experi-
mental band-structure determination for a RE metal.
They demonstrate that the concepts of angle-resolved
photoemission originally developed for transition and no-
ble metals'* also work out in the presence of a partially
filled f shell.!®

EXPERIMENTAL

The key to obtaining band dispersions from angle-
resolved photoemission data is the preparation of an atom-
ically clean well-ordered surface. Because of the high
chemical reactivity of the RE metals, few attempts have
been made to prepare such surfaces (see Ref. 16 for Lu
and Sc which have a similar s2d valence-electron configu-
ration as Gd). We have used a basal plane from a single
crystal grown by B. J. Beaudry at Ames National Labora-
tories, which was electropolished in 90% methanol and
10% perchloric acid at dry-ice temperature with a current
density of ~10 mA/cm?. This leaves a well-ordered sur-
face passivated by a chloride layer. The chloride was re-
moved by sputter-annealing cycles with annealing tem-
peratures up to ~600°C during sputtering (annealing tem-
peratures above ~700°C produced a rough surface by sub-
liming Gd). Small remaining amounts of surface carbon
could be removed by reaction with adsorbed oxygen at the
expense of residual surface oxygen. The results presented
below were obtained from surfaces which had C(273 eV)-
to-Gd(138 eV) Auger peak ratios between 0.02 and 0.06
and O(513 eV)-to-Gd(138 eV) peak ratios between 0.01
and 0.03 and a small residual Fe contamination. Gd(0001)
exhibited a sharp (1 1) low-energy electron diffraction
(LEED) pattern and photoemission results independent of
the actual C-to-O Auger peak ratio. Care had to be taken
to obtain a well-ordered surface. In particular, excessive
sputtering or heating above ~700°C produced a disor-
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dered surface without angular dependence of the photo-
emission peaks, with very weak emission from the bands
below Ep—1 eV and without a visible LEED pattern. A
sensitive test of surface order was provided by the intensi-
ty and width of the surface 4f core-level emission.!” The
photoemission experiments were performed with a display
spectrometer'® at the Synchrotron Radiation Center of the
University of Wisconsin.

RESULTS

With the use of angle-resolved photoemission with a
tunable synchrotron radiation light source, we have deter-
mined critical points of the Gd valence bands. Band-
mapping methods are described in more detail elsewhere.'*
Here we use mainly the fact that critical points are charac-
terized by an extremal behavior of transition intensities
and of binding energies. This is exemplified in Fig. 1
where photoelectron spectra are shown for emission nor-
mal to the basal Gd(0001) plane. The momentum parallel
to the surface k' is zero because of momentum conserva-
tion, i.e., a line in momentum space (see Fig. 2) is scanned.
The momentum perpendicular to the surface (K") is tuned
by varying the photon energy and reaches diffferent points
of a final-state band [see arrow in Fig. 3(a)]. Although the
detailed structure of the final-state bands is unknown, one
can assume that over a wide enough photon energy range,
all k! values are reached. The initial-state energies of the
principal transition in Fig. 1 range between —2.8 and
—1.4 eV. We assign these two energies to the critical
points T'ff and 'y of the only occupied band in qualita-
tive agreement with the calculations of Refs. 6—8 [see Fig.
3(a)]. The symmetry character of these two critical points
is 5,d ;. The symmetry assignment in Fig. 3(a) (from Ref.

6) is analogous to the d bands in hcp transition metals'
and agrees with the labels in Refs. 7 and 8 except for the
lowest I point. The I'” symmetry assigned to this point
in Refs. 7 and 8 would have g character.”® The local max-
imum in initial-state energy around hv=238.0 eV (Fig. 1)
indicates a I" point in the final-state bands around 6.6 eV
above Ep. Similar to hcp transition metals, an s,p-like
critical point with 'y symmetry exists in this energy
range which is associated with a free-electron-like band
[see dashed curve in Fig. 3(a)]. The symmetry and topolo-
gy of this band may be changed by the unoccupied 4f
states in Gd which are very close in energy (see Fig. 3
shaded area and Ref. 3).

In transition metals it is possible to obtain not only
critical-point energies, but also energy-band dispersions
between critical points by measuring the continuous move-
ment of interband transitions with photon energy.'* A
dispersing peak can be observed in Gd between 7.5 and 10
eV photon energy (Fig. 1). At higher photon energies,
however, only a switch in intensity between the two criti-
cal points is seen. This is due to a strong k! broadening
which is related to the exceptionally short mean-free path
I, of photoelectrons in the RE metals. Values of about
two interplanar spacings have been obtained!’ for I, from
the ratio of surface-to-bulk core-level emission on po-
lycrystalline films, and our data on single-crystal
Gd(0001) indicate an even shorter mean free path between
20 and 40 eV kinetic energy. With /, comparable to the
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FIG. 1. Normal-emission photoelectron spectra from
Gd(0001) for different photon energies Av. The extremal peak
positions are assigned to the critical points I'{" and I'; of the
lowest valence band.

interplanar spacing the uncertainty in k' becomes compar-
able to the size of the unit cell in k space, i.e., the Brillouin .
zone. Therefore, a certain averaging over k' is going on
and critical points with high density of states become
enhanced. The k* broadening becomes less severe close to
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FIG. 2. Bulk and surface Brillouin zones for Gd(0001).
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FIG. 3. Comparison of calculated energy bands (full lines
from Ref. 6) with experimental critical-point energies (dots) for
Gd. The bands are unfolded according to Ref. 19 similar to the
d bands of hcp transition metals.

the photothreshold. The width of the direct-transition
peaks (tickmarks in Fig. 1) decreases for photon energies
below 10 eV and the second feature at —2.7 eV (due to the
[ critical point) disappears. This apparent increase in
the mean free path below 10 eV photon energy is con-
sistent with the threshold for the principal energy-loss
feature (peak at 12 eV with about 5 eV full width?!) which
has been assigned to a bulk plasmon.

Photoelectron spectra for off-normal emission are
shown in Fig. 4. At the particular azimuth chosen for
Fig. 4 one scans from the center T of the surface Brillouin
zone at k!1=0 (equivalent to the line TAT" in the bulk) to
the M point at the zone boundary at k!l=1.0 A-!
(equivalent to the line MLM in the bulk) and back to r
a kll=2.0 A1 (see Fig. 2). The salient feature in off-
normal emission (see Fig. 4) is a band near the Fermi level
Ep which crosses Ep at about 0.5T M and moves down to
Ep—0.35 eV at M. A similar structure is seen along other
azimuths (not shown). The intensity near Er is strongest
around the M point (at hv=33 eV). This is visualized in
the two-dimensional display of the photoelectron emission
from states near Ep (Fig. 5) where not only M points of
the first Brillouin zone but also of the second zone are
seen. These observations can be explained qualitatively by
band calculations®~® (see Fig. 3) which give occupied d
bands near Er at the zone boundary (e.g., around L, at
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FIG. 4. Angular-dependent photoelectron spectra from

Gd(0001) at Av=30 eV. 5d-like states appear below Er near the
zone boundary.

Er—0.3 eV) but not at the zone center. These bands cross
the Fermi level about halfway between the zone center and
the boundary [e.g., along 4,L, in Fig. 3(c)]. The critical
points at the zone boundary cannot be determined as accu-
rately as the zone center since k' is very much lifetime
broadened (see above) for the final-state energies of about
Er+30 eV used in Figs. 4 and 5. Similar to the normal

TABLE I. Comparison of experimental and calculated critical points of energy bands for gadolini-

um. Energies are in eV relative to Er.

® is the work function.

Calculation (Refs. 7 and 8)
This experiment Calculation (Ref. 6) (ferromagnetic)
(near T,) (paramagnetic) Spin up Spin down
rf —2.8%04 —35 —32 —3.1
by — 147083 —1.7 —1.6 —13
L, —0.35+0.15 —-0.3
ry + 6.6+£0.5 + 8.1

[ 3.3+0.1
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FIG. 5. Picture of the emission pattern for electrons excited from the Fermi level with 33 eV photon energy. The strongest emis-

sion is seen around the M points (see Fig. 2).

emission data we expect mainly the critical points with
high density of states to show up. For the M =MLM line
the calculated critical points cluster around two values
(Ly=-0.3 eV, L,M{",M{ ,M; between —1.1 and
—1.7 eV) in agreement with the two main experimental
peaks (—0.35 and — 1.8 eV). The zone boundary at M be-
comes inaccessible from the Gd(0001) surface for final-
state energies below Er+7.1 eV since the necessary escape
angle approaches 90° from the normal. This escape cone
effect will also affect spin-polarized photoemission!?!? be-
cause the spin-polarized d states are located near Ep
around the zone boundary MLKH and not at I". A sum-
mary of our experimentally determined critical points and
a comparison with theory is given in Table L.
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FIG. 6. Angle-integrated spectrum of secondary electrons (ex-
cited at hv=70 eV) showing conduction-band features and the
unoccupied 4f levels. For comparison, an isochromat spectrum
of the unoccupied 4f states in the bulk (from Ref. 3) is shown.

The spectrum of secondary electrons in Fig. 6 gives in-
formation about unoccupied states. The structure at
Er+6.5 eV is assigned to the high density of states at the
bottom of an s,p-like band (I';,L,Z,) in agreement with
our determination of the I'j point at Er+6.6 eV from
direct transitions. The large peak near the vacuum level is
related to unoccupied 4f states. We can exclude analyzer
transmission effects causing such a structure, since we
carefully compensated the contact potential and com-
pared the spectra with other metals which give rounded
edges without an extra peak. From the width of the ener-
gy distribution curve we determined the work function of
Gd(0001) to be 3.3+0.1eV.

The increase in intensity below the bulk 4f level (given
by the x-ray isochromat spectrum® may be due to an
unoccupied surface core level but other possibilities cannot
be ruled out (e.g., an accumulation of electrons at the bot-
tom of the bulk 4f states). It would be interesting to
determine the position of the unoccupied 4f level at the
surface. Two different mechanisms for surface core-level
shifts could be distinguished, namely, the purely initial-
state shift (due to a different electrostatic potential at the
core) and the purely final-state shift (due to a different
screening at the surface relative to the bulk). The initial-
state effect shifts occupied and empty states in the same
direction. The final-state effect shifts them in opposite
directions. For the occupied 4f states of polycrystalline
Gd a shift of —0.48 eV (i.e., towards higher binding ener-
gy at the surface) has been reported.!” Our data on
single-crystal Gd(0001) indicate a somewhat larger shift in
the same direction.

For the future, angle-resolved photoemission at higher
photon energies (hv> 100 eV) will lead out of the low es-
cape depth regime with large k broadening and will allow
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an actual mapping of the bands between the critical
points. It will also be interesting to measure at low tem-
perature to determine the ferromagnetic exchange splitting
of the d bands. Low temperature would also reduce the
phonon-assisted transitions which partially destroy the
momentum information at. room temperature and at high
photon energies. For a better test of the band picture,
self-consistent band calculations are desirable.

Note added in proof. Recently, self-consistent relativis-
tic, and spin-polarized band calculations have been per-
formed by P. Strange, H. H. Wills, and W. M. Temmer-
mann (unpublished). Compared with the results of Refs.
6—8 the majority-spin f levels are shifted by about 1.1 eV,

and the d bands are shifted by about 0.3 eV. This shift in
energy makes the agreement with our experimental critical
points less favorable. Furthermore, the ferromagnetic ex-
change splitting is much larger in this calculation (1.5 eV
at 't and 1.3 eV at I';) than in Refs. 7 and 8 (0.1 and 0.3
eV, respectively).

ACKNOWLEDGMENT

We are indebted to B. J. Beaudry and D. W. Lynch for
providing us with the Gd single crystal, to B. N. Harman
for helpful advice, and to E. M. Rowe, and the staff of the
Synchrotron Radiation Center at the University of
Wisconsin—Madison for their excellent support.

1S. Legvold, in Ferromagnetic Materials, edited by E. P.
Wohlfarth (North-Holland, Amsterdam, 1981), Vol. 1, Chap.
3. Terbium and dysprosium exhibit complex antiferromagnet-
ic phases before they become ferromagnetic.

2For a review, see M. Campagna, G. K. Wertheim, and Y. Baer,
in Photoemission in Solids 11, edited by L. Ley and M. Cardo-
na (Springer, Berlin, 1978), p. 217.

3J. K. Lang, Y. Baer, and P. A. Cox, J. Phys. F 11, 121 (1981).

4J. H. Weaver and D. W. Lynch, Phys. Rev. Lett. 34, 1324
(1975); J. L. Erskine and E. A. Stern, Phys. Rev. B 8, 1239
(1973).

SR. C. Young, R. G. Jordan, and D. W. Jones, Phys. Rev. Lett.
31, 1473 (1973); J. E. Schirber, F. A. Schmidt, B. N. Harmon,
and D. D. Koelling, ibid. 36, 448 (1976); P. G. Mattocks and
R. C. Young, J. Phys. F 7, 1219 (1977); R. C. Young, J. Phys.
(Paris) Collog. 40, C5-71 (1979).

6J. O. Dimmock and A. J. Freeman, Phys. Rev. Lett. 13, 750
(1964); A. J. Freeman, in Magnetic Properties of Rare Earth
Metals, edited by R. J. Elliott (Plenum, London, 1972 ), Chap.
6.

7B. N. Harmon and A. J. Freeman, Phys. Rev. B 10, 1979
(1974).

8B. N. Harmon, J. Phys. (Paris) Collog. 40, C5-65 (1979).

9S. C. Keaton and T. L. Loucks, Phys. Rev. 168, 672 (1968).

10E. P. Wohlfarth, in Ferromagnetic Materials, Ref. 1, Chap. 1.

11IR, M. Moon, W. C. Koehler, J. W. Cable, and H. R. Child,
Phys. Rev. B 5, 997 (1972); F. A. Mueller, A. C. Moleman, K.

A. McEwen, R. G. Jordon, and D. W. Jones, J. Phys. F 5,
L233 (1975).

12B, Reihl and F. J. Himpsel, Solid State Commun. 44, 1131
(1982).

13D. Mauri and M. Landolt, Phys. Rev. Lett. 47, 1322 (1981).

14F. J. Himpsel, Appl. Opt. 19, 3964 (1980); N. V. Smith, in
Photoemission in Solids I, edited by L. Ley and M. Cardona
(Springer, Berlin, 1978), p. 237.

15The f-band dispersion was found by angle-resolved photoemis-
sion only in UN [B. Reihl, G. Hollinger, and F. J. Himpsel, J.
Magn. Magn. Mater. 29, 303 (1982)] and Ulr; [A. J. Arko, D.
D. Koelling, and B. Reihl, Phys. Rev. B 27, 3955 (1983)].

16J. Onsgaard, S. Tougaard, P. Morgen, and F. Rydborg, J. Elec-
tron Spectrosc. Relat. Phenom. 18, 29 (1980).

I7R. Kammerer, J. Barth, F. Gerken, A. Flodstrom, and L. L.
Johansson, Solid State Commun. 41, 435 (1982).

18D, E. Eastman, J. J. Donelon, N. C. Hien and F. J. Himpsel,
Nucl. Instrum. Methods 172, 327 (1980).

ISF. J. Himpsel and D. E. Eastman, Phys. Rev. B 21, 3207
(1980); 22, 5014 (1980).

203, C. Slater, Symmetry and Energy Bands in Crystals (Dover,
New York, 1980).

213, H. Weaver, C. Krafka, D. W. Lynch, and E. E. Koch, Opti-
cal Properties of Metals (Fachinformationszentrum Energie,
Physik, Mathematik GmbH, Karlsruhe, W. Germany, 1981),
Vol. 18, p 2; G. Strasser and F. P. Netzer (unpublished).



FIG. 5. Picture of the emission pattern for electrons excited from the Fermi level with 33 eV photon energy. The strongest emis-
sion is seen around the M points (see Fig. 2).



