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The electron band structure of Tb metal has been reexamined by means of angle-resolved photoemis-

sion experiments on Tb(0001) samples free of Fe impurities in the surface region. Comparison of the

present data with those co11ected from an Fe-contaminated sample shows that the presence of Fe in the

surface region caused a shift of the top portion Of the 6s-5d ~, -type 4l band toward larger binding en-

ergies by approximately l eV. The energy position of the top Of the 5& band ( I & ) is —2.6 eV, The
agreement with the result of the relativistic linear-muf6n-tin-Orbital calculation reported earlier

(E = —2.3 eU) is markedly improved.
4

I. INTRODUCTION

The study of the physical and chemical properties of
rare-earth Ineials presents a strong challenge to the ex-
perimentalist owing to the pronounced chemical reactivi-
ty of these metals, which makes it very difficult to grow
pure single crystals and to prepare and maintain atomi-
cally clean surfaces. ' We recently reported an investiga-
tion of the electron band structure of Tb by means of
angle-resolved photoemission experiments, but the sam-

ple used in that investigation was found to contain Fe im-
purities that segregated on the surface in substantial
amounts. The impurities apparently only affected the
density of states near the Fermi level and did not prevent
the observation of a dispersing band, which was identified
as the 6s-Sd &,-type b, , band —hence, it was believed

that the presence of Fe would have no effect on the
band-mapping process.

Subsequently, a purer sample of Tb, prepared in the
School of Metallurgy and Materials of the University of
Birmingham (UK), became available and this sample
made it possible to develop and test cleaning procedures
for the elimination of impurities from the surface region
and hence to study the properties of a clean surface.
Thus, a quantitative low-energy-electron-diffraction
(LEED) study of a clean Tb(0001) surface was carried
out, 3 which found a first-interlayer contraction of 3,.9/o

and a second-inteQayer expansion of 1.4% with respect
to the bulk spacing. In addition, a photoemission study
revealed the presence of a surface state on clean Tb{0001)
which lies 0.5 eV below the Fermi level and inside an en-

ergy gap of the projected band structure at the center of
the Brillouin zone, I .4

In the present paper we report angle-resolved photo-
emission data from clean Tb(0001) which demonstrate
that the presence of large amounts of Fe in the surface re-
gion of the earlier sample had caused the 6s-Sd3 2, -type

6i band to shift toward larger binding energies by about
1 eV. This shift can be explained by the repulsion be-
tween the Fe 31 and the Tb Sd electrons. The present
data in fact produce much better agreement between ex-
perimental and theoretical bands.

We give below some experimental details in Sec. II,
present the results in Sec. III, and draw the conclusions
in Sec. IV.

II. EXPERIMENTAL PROCEDURES

The photoemission experiments were carried out at
beamline U7B of the National Synchrotron Light Source
at the Brookhaven National Laboratory. A plane-grating
monochromator was used to disperse the synchrotron
light. The photoelectron energies were measured with an
angle-resolved double-pass cylindrical mirror analyzer
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FIG. 1. AES scans from Tb(0001). Above: after 60 h of Ar-
ion bombardments at about 750 C. Below: after prolonged
Ar-ion bombardments at about 450 C (see Ref. 4).

{(MA) fitte with a special slit providing an angular
resolution of 4'. Less resolution than in the previous
study of Tb(0001) (2' in Ref. 2) was chosen in order to
gain intensity and therefore shorten data-collection time.
The same CMA was also used to monitor the chemical
condition of the surface by Auger-electron spectroscopy
(AES), while LEED was used to monitor the crystallinity
of the surface.

The experiments were done on two Tb samples, both
present in the experimental chamber in the same run.
80th samples were mounted on a manipulator that al-
lowed either one to be moved in the proper position for
LEED or photoemission experiments. This manipulator
also allowed rotations around three mutually perpendicu-
lar axes, so that photoemission experiments could be
done with either s- or s-p-polarized radiation up to 25% p
polarization.

The two samples had difFerent origins. Sample A was
purchased from the Materials Preparation Center of the
University of Iowa in Ames, Iowa, was cut from the same
ingot, and was prepared in the same manner as the sam-
ple that we studied earlier. ' In particular, the sample was
electropolished in a bath that passivnted the surface with
a Cl layer. It was therefore expected that sample
would contain at least Cl and Fe impurities, according to
our previous experience. Sample 9 stemmed from a sin-
gle crystal that was grown and purified by the electromi-
gration process in the School of Metallurgy and Materials
of the University of Birmingham (UK). This sample was
mechanically polished as described elsewhere' and was
expected to contain less Fe impurity than sample A.

The elaborate procedures followed for the preparation
of a clean surface have been described elsewhere and will
not be discussed here. We will inention only that sub-
stantial segregation of Fe on the surface of sample A was
found after high-temperature (650—800'C) anneals, in
agreement with our earlier experience. Figure 1 shows a
typical AES scan from a surface that had been subjected
to many hours of Ar-ion bombardments at about 750'C

(Pd and Fe lines are visible); and below, an AES scan
from a surface depleted of metallic impurities but still
contaminated with some C and O. These latter impuri-
ties originated from the residual atmosphere in the exper-
imental chamber, ' they were not present on the surface
immediately after the cleaning process, but increased in
concentration with time and were notably enhanced by
the impact of high-energy electrons such as are needed in
AES experiments. Thus, to minimize the concentrations
of C and 0 the surface was periodically recleaned ap-
proximately every 40 min and the photoemission data
were collected immediately after the cleaning process and
before the recording of AES scans. When clean, sample
A gave the same results as sample B, thus providing
confidence that these results reflect the properties of
clean Tb(0001). For brevity, we show here only the re-
sults obtained with sample B.

m. RESULTS AND DISCU'@SION

Figure 2 shows angle-resolved normal-emission spectra
from clean Tb(0001) taken witli 25% p-polarized radia-
tion and photon energies between 14 and 38 eV. We note
the presence of seven features, denoted by A, B, C, D, P i,
P„and S in the figure, which we discuss in the following.

Peaks A and D, located 2.6 and 7.7 eV below the Fermi
level, respectively, are due to the 4f electrons of Tb.
Their energy positions are very close to those reported by
Gerken et al. These peaks can be seen only with photon
energies larger than 30 eV, because below 30 eV the pho-
toionization cross section of the 4f electrons is very low.

Peak S, located about 0.5 eV below the Fermi level, is
due to n surface state, as discussed elsewhere, and will
not be discussed further here.

Peak C, located about 6 eV below the Fermi level, grew
rather rapidly with time and is associated with oxygen
contamination, as demonstrated by AES. Even at pres-
sures of (1 —2) X 10 ' Torr, the oxygen peak C became
detectable already about 15 min after an ion-
bombardment and annealing cycle. The electron-
distribution curves (EDC s) shown in Fig. 2 were all col-
lected within less than 40 min after each cleaning cycle.
It may be useful, in this respect, to point out again (see
Ref. 4) that the oxygen contamination was substantially
reduced if, after cleaning, the surface was not exposed ei-
ther to high-energy electrons (such as used for AES) or to
high-intensity photons (such as needed for "zeroth-order
alignment" of the monochromator).

Peak B, weak and identifiable only at low photon ener-
gies, disperses from —6.9 eV for photon energy hv=14
eV to —2.6 eV for h v= 18.5 eV, and is due to direct tran-
sitions from the 6s-5d, , -type b, , band. (Study of the

polarization dependence of this peak shows that it is p
polarization sensitive, hence we deduce from the dipole
selection rules that it is a 6, band. ) The fact that peak B
does not disperse for hv&20 eV is related to the short
mean free path of the photoelectrons and the attendant
strong k j broadening, which increases the contribution of
indirect transitions at the cost of direct transitions.
Hence, in the photon-energy range above 20 eV peak 8 is
dominated by transitions from regions of the band struc-
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ture with high density of initial states (the tap of the 4,
band, I4 ).

Peaks P& and Pz stem from the Tb 5p3&z level and are
due ta electrons emitted by second-order light produced

by the monochromator, i.e., by photons with energy 2k v.
We prove this statement in the fallowing.

In the photon-energy range between 18 and 21 eV

peaks P& and P~ shift to smaller binding energy with in-

creasing photon energy (see Fig. 2). Figure 3(a) depicts
an EDC af the Tb 4p levels with kv=40 eV, We see

three features, P, , P2, and P3, located 21.2, 22.6, and

28.7 eV below the Fermi level, respectively. Feature P3

originates from the 5p&&2 level, while P, and P2 originate
from the 5p3&z level. The binding energies of P& (the
larger feature in the braad 5p3&2 spec«um) and P, are
consistent with the values published in the table of elec-
tron binding energies edited by Cardana and Ley.

First, we note that the kinetic energy of the electrons
emitted by the second-order light from the 5p&&z level is
E~=2kv E—b, where EI, is the binding energy af the
5p, ~, level [21.2 and 22.6 eV for P, and P„respectively,
in Fig. 3(a)]. Hence, the "apparent" binding energy of
these same electrons in the EDC's measured with photon
energy kv (Fig. 2) is given by hv E&—=E& k—v, as can
be tested in FiH. 2.

Second, we note that the ratio of intensities af P~ to P&

is the same in Fig. 2 for kv) 19 eV as in Fig. 3. Third,
we note that the EDC for hv=21 eV in Fig. 2 shaws
rather high counts in the energy range above the Fermi
level. These three observations are consistent with the
origin of peaks P, and P, from interference by second-
order light.
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FIG. 2. Angle-resolved normal-emission electron distribution
curves from Tb(0001) for 25% p-polarized photons between 14
and 38 eV. Peaks A, B, C, D, P&, P&, and S are discussed in the
text.

FIG. 3. (a) Angle-integrated photoemission from the Tb
&p l yp and Sp 3&2 levels with photon energy h v =40 eV. (b)
Photon-energy dependence of photoemission from the Tb Sp3/2
level.
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We also note that peaks P) and B overlap one another
in the photon-energy range around 18 cV. In fact, we see
in Fig 3(b} that the intensity ratio vf P, to Py is constant
when the photon energy varies between 32 and 42 cV
(corresponding to 16—21 eV in Fig. 2). But for hv=18
and 18.5 cV the intensity ratio P(/P2 is larger in Fig. 2
than in Fig. 3(b), demonstrating that peak Pi has some
contribution from peak B Fo.r photon energies smaller
than 17.5 eV peaks Pi and P2 are very weak and heDce
the effect of second-order light can be neglected.

Finally, we note that the photoionization cross section
of Tb 5p electrons is high at photon energies around 40
eV (Rcf. 7), and also that there is only onc Sd electron in
Tb, but there are four Sp electrons in the Sp3&, level, all
of which makes it understandable that the second-order
light eff'ect could be observed. Qn an Fe-contaminated
surface~ this effect was nor observed, probably because it
was obscured by the presence of Fe and by the short
mean free path of electrons in Tb.

A careful comparison of the positions of peak B in Fig.
2 with those found on the Fc-contaminated surface in the
earlier work~ is instructive. We find that at photon ener-
gies smaller than 17 eV the peak positions are not very
different in the two cases, but for photon energies be-
tween 17 and 18.5 eV peak B is consistently found at
smaller binding energies by 0.5 —1 cV. We conclude
therefore that the presence of Fe in the earlier sample
pushed at least the top portion of the Tb 6s-5d, 2, -type

b, ( band toward larger binding energies. This effect can
be explained by the repulsion between the Fe 3d and the
Tb Sd electrons. This repulsion is proportional to

( +&e(3d)l ~H I+Tb(5d) ~ ~(@b[Fe(3d)] Eb[Tb(3d)] )
2

where O'Fg{3d) and )IITb(3d) are the wave functions of the Fe
3d and Tb Sd electrons, respectively, 60 is the Hamil-
tonian of the in«racti«between these two, and &b[p (3d)]
and Eb[rb(, d)] are the binding energies of the Fe 3d and
Tb Sd electrons, respectively. Since the center of the Fe
31 valence band is located about 0.5 eV below the Fermi
I«ei, the dNerenCC Eb[F (3d)] Eb[Tb(5d)] iS Smaller fOr

electrons in the top portion of the Tb 5d valence band
than for electrons in the bottom portion of that band,
hence the repulsion is stronger for the former than for
the latter. A similar repulsion effect has been observed in
Cu3Au between the Cu 31 and the Au 5d electrons. ' "
Also, LaGraffe, Dowben, and Onellion' reported energy
shifts as large as 0.7 eV of the Cu 3d valence band at the
interface between a copper substrate and a gadolinium
film, and attributed this shift to the strong interaction be-
tween Cu and Gd. We note that the Tb 4f levels were
not affected by the presence of Fe in our previous
study —a conclusion drawn from the comparison be-
tween the present data (without Fe) and the earlier data
(with Fe). This observation can be explained by the fact
that the Tb 4f electrons are very localized, ' and hence,
the overlap between the wave functions of the Fe 3d and
the Tb 4f electrons is much less than the overlap between
the wave functions of the Fe 3d and the Tb 5d electrons.

We now discuss the problems encountered in the pro-
cess of using the present data for the determination of the

band structure of Tb. Owing to the overlap between the
top portion of the 6s-Sd, -type b. ) band on one hand

and the Tb Sp3/3 peak produced by the second-order
light on the other, we found it difficult to determine the
positian of the top of the 5) band from the EDC's in Fig.
2. In our earlier study thc position of the tap of the h)
band was confirmed by a resoIlallce photoemission study,
namely, on the Fc-contaminated Tb(0001) surface we had
found that near the Tb 4d absorption edges (143—14S eV
and 150—153 eV) the peak located at —3.6 eV (I ~, top
of the b. ( band) exhibited different resonance behavior
from the peak 1(3cnted at —2.6 eV (Tb 4f level). Howev-
er, as Fig. 4 shows, on the present clean Tb(0001) surface
we find only one peak, located at —2.6 eV, and this peak
exhibits resonance behavior at photon energies near the
Tb 4d absorption edge. This observation suggests that
the top of the b, ) band (1"4 } has the same binding energy
as the Tb 4f band.

The mapping of the initial band from the present ex-
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Esmark
—EF= fi
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where EF is the position of the bottom of the band rela-
tive to the Fermi level defined as the zero of energy, m,"
is the efFective mass, and ks„,&

is the magnitude of the
hnal-state wave vector. Thus, we 6nd that the efFective
mass m, is about 1.59m, or 2.0m, (m, =free-electron
mass), and EF=+4.2 eV or +6.6 eV, respectively, for
the two choices of the bottom of the band. (Note that the
bottom of the band is higher than the Fermi level, owing
to the presence of the 4f levels. ) The final bands are
diFerent in the two cases and are shown as solid or
dashed-dotted lines in the top portion of Fig. 5.

Accordingly, the experimental band structure is shown
with full circles (solid line) or with crosses (dashed-dotted
line) in the bottom portion of Fig. 5, while the theoretical
band structure is depicted with the dashed curve. The
agreement between experiment and theory is improved
with respect to our earlier work, and is visibly better for
the dashed-dotted curve, which deviates from theory by
0.5 eV at the top and 0.7 eV at the bottoxn of the band.

7n order to confirm that the position of the 6, band
determined in our earlier study had indeed been affected
by the presence of Fe, at the end of the present experi-
ments we intentionally annealed sample A to about
750 C for 30 min. AES scans showed that surface con-

peniiieiital photoemission data was carried aut with the
same method used in the earlier study, i.e., the final band

vyM obtained fromm a band in the effective-magog appgpgj-

mation as fitted to experimentally determined critical
points. A difficulty is encountered, however, in trying to
identify the position of the bottom of the band.

At low photon energies (hv c 15 eV), peak B is located
in the high background produced by secondary electrons
(see Fig 2). We see that for h v=14.5 eV the width of
peak 8 is visibly larger than for larger photon energies,
and we cannot exclude the possibility that below 15 eV
peak B (shown with question marks in Fig. 2) is not due
to a direct transition. Hence, we cannot decide with
confidence whether the bottom of the band is located at
—6.9 eV (EDC for hv=14 eV in Fig. 2) or at —6.1 eV
(EDC for h v=15 eV in Fig. 2). The fact that peak B was
never observed to return to smaller binding energies for
h v ( 15 eV is not useful to decide between the two alter-
natives because we know froin theory that there is an en-

ergy gap below I & (10 eV above the Fermi level) along
the I b, A line, hence for phatoii energies below the value
at which the final state reaches the I'& point peak B
should disappear. We therefore leave both possibilities
open for the position of the bottom of the band in the fol-
lowing evaluation of the 6s-5d, , -type 5i band.

If the bottom of the band is at —6.9 eV (h v=14 eV),
then the final-state energy E„„„=7.1 cV. If the bottom
of the band is at —6.1 eV (h v=15 eV), then Es„,i =8.9
eV. In either case these values correspond to the I' point
k J 2k r „and in either case the final-state energy for
k&=4k&& is 15.9 eV (hv=18.5 eV). These final-energy
values were used to fit the final-state band in the range
2k&& ~ k& ~4k&& to the parabolic form

The electron band structure of Tb has been reexamined
by means of angle-resolved photoemission experiments on
a Tb(0001) sample with no Fe impurity in the surface re-
gion. Comparison with the data collected earlier on an
Fe-contaminated sample shows that the presence of Fe in
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FIG. 5. Electron band structure of Tb along the I hA line.
Dashed curves represent theory. Solid and dashed-dotted
curves represent experiment edith different choice of the posi-
tion of the bottom of the band (see text}.

centration of Fe wns about the same as in the earlier
work. The EDG's collected from this surface were
indeed found to be very similar to those presented in Fig.
2 of Ref. 2, as expected.

IV. CONGLUSION
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the surface region affected the position of the 6, band,

especially in the top portion of the band, the effect con-

sisting in a shift of the band toward larger binding ener-

gies, This efFect can be explained by the repulsion be-

tween the Fe 3d and the Tb M electrons. The data from
the clean surface are in good agreement with theory with

regard to dispersion and width of the initial b, , band, al-

though thc absolute energy positfon dcviatcs from theory

on average by —0.6 eV.
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