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Magnetic ordering of thin Gd overlayers
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1 —6-monolayer-thick films of Gd have been studied with use of synchrotron-radiation photoemis-
sion. A method is described that utilizes the linear light polarization to obtain information about
the overlayer magnetization. The method is complementary to electron-spin-polarization tech-
niques. The thinner Gd overlayers exhibit a local magnetization component along the surface nor-
mal that decreases for thicker overlayers. The Gd films exhibit a 5d exchange splitting that changes
from approximately 1.1 to 0.6 eV as the overlayer thickness increases.

I. INTRODUCTION

Thin metallic films exhibit qualitatively different elec-
tronic' and magnetic ' properties compared to their
bulk counterparts. One question of widespread interest is
the presence, and the details, of magnetic ordering in thin
films. Several techniques have been developed by other
investigators to study such questions. ' In this paper
we present a method for using linearly polarized
synchrotron-radiation photoemission, without electron-
spin-polarization analysis, to investigate such questions.

Our study was motivated by the realization that there
is an unexploited aspect of synchrotron-radiation photo-
emission that can be used to obtain information regard-
ing the magnetic ordering of overlayers. The method
possesses two noteworthy features.

(i) The method is sensitive to any ferrimagnetic order-
ing, but does not distinguish the type of ferrimagnetism.

(ii) Whether planar or normal magnetization is ob-
served depends on the symmetry character of the particu-
lar core and valence orbitals used in the study.

II. METHODOLOGY

information about magnetism.
Our procedure begins with calculating the eigenspi-

nors' of the valence- and core-level electrons studied, in
our case Gd Sd and Gd Sp electrons. The calculation
yields an analytical solution in the instance of spin-orbit
coupling without any magnetic ordering, as other investi-
gators have already established the results for the Gd
Sp levels are shown in Table I. Four points emerge from
examining the eigenspinors.

(1) The occupied Gd 5d level is of mixed spin character.
(2) The Gd Sp3/2 rnid —,

' ol 2, is of well-defined spin
character and contains no p, component, while the Gd
Sp&&2 and the Gd Sp3/2 mj 2

or —'

—,
' or —

—,', are of
mixed spin character and contain a p, component.

(3) The reference axis for these eigenspinors is the spin
quantum axis, which is oriented with respect to any spa-
tial axis only when there is magnetic ordering.

TABLE I. The Gd 5p eigenspinors in the presence of a spin-
orbit interaction and assuming no exchange splitting or magne-
tization (Ref. 16). (yi =p„y 1 =p~+ip~, y1

' =p~ —ip~. )

In order to exploit using linearly polarized
synchrotron-radiation photoemission to probe local mag-
netic ordering, it is essential to first experimentally deter-
mine the coupling between the core and valence states in-
volved. This is obtained by using constant-initial-state
spectroscopy' (CIS) done at different photon incident an-
gles to select different symmetry states. ' The eigenspi-
nors of the relevant orbitals are then calculated to deter-
mine the symmetry of the core-level initial states for com-
parison with the photoemission final states. This can be
done analytically for spin-orbit-split levels in the absence
of magnetism ordering. ' The experimentally determined
coupling between the core and valence orbitals then per-
mits us to determine the valence-level spin polarization
when combined with the core-level eigenspinors as wi. l be
discussed in detail below. Taking CIS spectra across pho-
toemission thresholds is particularly useful for obtaining
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(4) Both the 5@3/p and 5p»z eigenspinors are markedly
different compared to the analogous wave functions in
the absence (or negligible) of spin-orbit coupling. Such
details of the angular momenta coupling have been used
by other investigators in studying circularly polarized
photoemission and optical spin orientation. '

Having obtained the eigenspinors, we performed
angle-resolved photoemission experiments and investigat-
ed two aspects of the electronic density of states. We
have noted how the valence- and core-level features vary
in intensity with the incident angle (0) between photon
vector potential and the surface normal. This provides a
direct measure of the symmetry character of the states.
This required observing how the valence- and core-level
states change their intensity with respect to "reference"
features that possess a rough spatial isotropy. In the case
of Gd, the 4f multiplet is half-filled and thus all mI levels

are filled, providing such a reference feature. We have
also studied how the coupling between the valence- and
core-level varies with incident angle. In the case of Gd,
such a coupling has been established by other investiga-
tors' ' as due to an exchange polarization between the
Gd 5d and Gd 5p levels. The details of this exchange in-
teraction and the conclusions to be drawn from using
different light incidence angles are discussed below.

III. KXPKRIMKNT

spectroscopy also indicated less than 1 at. % contamina-
tion (mostly oxygen).

The depositions were made in the absence of an applied
magnetic field, to determine whether there is any rem-
nant local magnetic ordering. The ambient magnetic
field was measured as approximately 0.05 G.

IV. RESULTS

Figure 1 illustrates photoemission electron energy dis-
tribution curves taken at normal emission for three Gd
overlayers of increasing thickness. The thickness, in
monolayers (labeled ML in figures), is noted in the figure.
The spectra exhibit features corresponding to the Gd 5d
and 6s states (0.3—0.4 eV binding energy), the Cu 3d
states (3.6 eV), and the Gd 4f states (8.6 eV). All binding
energies are referenced to the Fermi energy. As an aside,
the feature visible in some of the spectra at approximate-
ly 5.6 eV binding energy is intrinsic, not due to contam-
ination, as is discussed in detail elsewhere. '

Particularly noteworthy is the enhanced emission from
the Gd 5d state, compared to emission from either the Cu
3d or Gd 4f states, when the light p polarization, P, in-
creases from 0.22 to 0.64, where P = 3 /( 3 +8), and 2
is the amplitude of the photon vector potential along the
surface normal (p-polarized light), and B is the amplitude
of the photon vector potential in the surface plane (s-

We have applied this method to study thin (1—6 mono-
layer) films of the elemental ferromagnet gadolinium de-
posited on Cu(100). The experiments included measuring
the crystallographic order by low-energy electron
diffraction (LEED), the electronic structure by angle-
resolved photoemission, and the overlayer cleanliness and
possible interdiffusion with angle-resolved Auger-electron
spectroscopy. Gd overlayers on Cu(100) were also depos-
ited on a substrate cooled to 170 K before deposition.
The angle-resolved photoemission measurements were
performed using a hemispherical angle-resolved energy
analyzer mounted on a two-axis goniometer and possess-
ing a 3' acceptance full angle. The total energy resolution
varied between 0.18 and 0.35 eV. Photoemission experi-
ments were performed on a 3-m toroidal-grating mono-
chromator, which is 65% linearly polarized along the
horizontal plane.

1 monolayer of Gd exhibits, in the LEED analysis,
diffuse centering spots with four bright spots at the elec-
tron momentum of the Cu(100) first-order spots. Thicker
Gd overlayers exhibit only diffuse scattering. These re-
sults indicate that one monolayer Gd overlayers possess
small domains of c(2X2), misaligned with respect to
each other. The thicker Gd films do not exhibit crystal-
lographic order in LEED.

The detailed results of the angle-resolved Auger study
are reported elsewhere; the conclusion is that there is
little or no interdiffusion of the Gd on the Cu or Ni sub-
strates, at room temperature or at 170 K. Specifically,
there is no observable interdiffusion until the substrate is
heated to 60—80 C; for higher temperatures, however,
there is unambiguous inter diffusio. Auger-electron
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FIG. 1. Energy distribution curves (EDC's) of Gd overlayers
on Cu(100) for photon energy of 33 eV at normal emission. The
overlayer thickness, in monolayers (ML), is noted. Both 60' in-
cident angle (mostly p-polarized light) and 34' incident angle
(mostly s-polarized light) spectra are shown. The spectra exhib-
it peaks at 0.3—0.4-eV (Gd 5d level), 3.6-eV (Cu 3d level), and
8.0—8.6 eV (Cxd 4f level) binding energy.



972 D. LaGRAFFE, P. A. DOWBEN, AND M. ONELLION 40

polarized light).
For 1 —2-monolayer Gd overlayers, the I(Gd 5d): I(Gd

4f) emission ratio increases 49%%uo when the light polariza-
tion, I', is increased from 0.22 to 0.64. For thicker Gd
films, about 6 monolayers, the I(Gd Sd): I(Gd 4f) emis-
sion ratio increases only 26%%uo, a factor of 2 less. This
demonstrates that p-polarized light produces an enhance-
ment of emission from the Gd 5d level.

In addition to the Gd Sd levels, emission from the Gd
Sp levels was observed to depend on the light polariza-
tion. Figure 2 illustrates electron energy distribution
curves taken at photon energy hv=50 eV for two Gd
overlayers (2 and 5 monolayers), both for the light in-
cident angle 8= 34' (P =0.22, mostly s polarized) and for
0=60 (P =0.54, mostly p polarized). The spectra in-
clude the Gd 5p doublet, at binding energies of 21.9 and
26. 1 eV, and the Gd 4f levels, the latter for reference.
The spectra exhibit a marked change for the thinner Gd
overlayer that does not occur for the thicker Gd over-
layer. For the 2-monolayer Gd overlayer, the higher-
binding-energy member of the doublet (the Gd Sp, &2

state) has virtually disappeared for the 0=60 spectrum.
For the 5-monolayer Gd overlayer, the Sp doublet is al-
most independent of 0. (We are using the conventional
Russell-Saunders angular momentum notation, although
it is not rigorously correct in the present context. ) The
inset illustrates the e6'ect of contamination, and is dis-
cussed below.

TABLE II. The inflection points for the Gd 5d CIS spectra
of Fig. 3 as a function of overlayer thickness in monolayers
(ML) and light polarization, across the 5p&z& threshold. Also
shown are the exchange splittings deduced from these inflection
points. See text and references for additional discussion.

Overlayer
thickness

ML

5p, &2 inflection
points

s-pol.
(eV)

p-pol.
(eV)

Exchange
splitting

(eV)

1

2
3
6

31.5
31.5
31.6
32.0

32.6
32.4
32.3
32.6

1.1
0.9
0.7
0.6

Figure 1 illustrates the angular momentum character
of the Gd 5d state observed by comparing s- and p-
polarized spectra. A more complete picture of the Gd 5p
level is provided in Fig. 3, which illustrates the
constant —initial-state' (CIS) spectra of the Gd Sd level
from 1 —6-monolayer Gd films. Both 8=34' (P =0.22)
and 8=60' (P =0.64) spectra are included. A marked
change occurs across the Sp & &2 threshold in comparing 1-
and 4- monolayer films. For s-polarized light, there is an
enhancement across both thresholds, consistent with ear-
lier reports by Murgai et a/. ,

' who showed electron en-
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FIG. 2. EDC's of Gd overlayers on Cu(100) for photon ener-

gy of 50 eV, taken at normal emission. The overlayer thickness
in ML is noted. Both 60 and 34' incident angle results are
shown. The spectra exhibit peaks due to the Cxd 4f level (ap-
proximately 8 eV binding energy) and the Gd 5p spin-orbit dou-
blet between 20 and 28 eV. The inset illustrates the 2-ML,
0=60' 5p-level results 3 h after deposition, 1ong enough for con-
tamination to aA'ect the EDC.
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FIG. 3. A series of Cxd 5d CIS spectra taken for both 0=60'
and 34'. The photon incident angle and the overlayer thickness
[in monolayers (ML)] is noted. All results illustrated were ob-
tained at normal emission.
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FIG. 4. The fractional change of the Gd 5d emission as a
function of overlayer thickness when comparing results ob-
tained using mostly s-and p-polarized light. See text for formula
used to compute the fractional change.

IV. DISCUSSION

The results illustrated by Fig. 1 bear directly on the
symmetry character of the Gd Sd level. Increasing the
photon incident angle favors selection of the d 2 2 and

3z —I'

p, states over other p and d states. ' ' These spectra
demonstrate that the Gd 5d band on Cu(100) and on Ni

ergy distribution curves. For p-polarized light, however,
the enhancement across the Sp3/2 threshold is largely
suppressed for 2-monolayer and thinner films.

Figure 3 illustrates that the resonant enhancement of
the Gd Sd level across the Sp3/2 threshold is largely ab-
sent for thin (1—2 monolayer) Gd layers and p-polarized
light. Further, the Sp, /z resonant enhancement of a Gd
overlayer consistently occurs at a higher photon energy
for p-polarized light than for s-polarized light, as summa-
rized in Table II. This result bears on the question of ex-
change splitting and is discussed below.

Figure 4 displays the fractional change of the resonant
Sd emission across the Sp»2 and Sp3/2 thresholds versus
overlayer thickness between s- and p-polarized light. The
fractional change is defined by

I' =1.0—a/b,
where a is the ratio of the Sd resonant emission above the
Sp&/2 versus the Sp3/2 threshold at 60 light incident an-
gle and b the Sd ratio of resonant emissions at 34' in-
cident angle. Since the fractional change is obtained
from the raw Sd CIS emission data, without background
subtraction, it underestimates the effect of light polariza-
tion on the Sd ratios of the resonant emissions. In the
figure, a fractional change of 1.0 would mean that the Sd
level has no Sp3/2 resonant emission for p-polarized light,
while a fractional change of 0.0 would mean that the Sd
resonant emission across the Sp thresholds is independent
of light polarization. Figure 4 demonstrates that s-
polarized light enhances emission from the Gd Sd level at
the photon energy corresponding to the Sp3/2 resonant
enhancement.

overlayers on Cu(100) is predominantly of Sd3» char-
acter.

We have studied the Gd Sd CIS spectra as a function
of overlayer thickness. These CIS spectra exhibit a pro-
nounced resonance attributable to excitations from the Sp
core levels to the Sd band. For the 1 —2-monolayer Gd
films, the Sp 3/p resonant enhancement is largely
suppressed for p-polarized light, as noted in Figs. 3 and 4.
For the thicker Gd films, however, the Sp3/2 resonant
enhancement is present. Indeed, the CIS spectra for the
four-six-monolayer Gd films appear virtually indepen-
dent of incidence angle.

The changes in the Sp branching ratio for the thin Gd
overlayer indicate that the Sp, /2 feature appears to pos-
sess little p, character. Here the branching ratio means
the integrated intensity of the Sp3/2 level divided by that
of the Sp&/2 level, as illustrated in Fig. 2. By contrast, for
the thicker (6-monolayer) Gd overlayer, the angular
momentum characters of the Sp, /2 and Sp3/2 features are
quite similar. The inset of Fig. 2, which illustrates spec-
tra taken on a film 3 h after deposition, reveals the build-
up of contamination. This contamination drastically
reduces the observed branching ratio, demonstrating that
the large branching ratio is not due to contamination.
The branching ratio is a consequence of Sp-Sd couphng in
the final state.

The results in Figs. 2 and 3 represent a qualitative
change in the Gd 5d-5p coupling between thinner (1—2
monolayer) and thicker (3—6 monolayer) Gd overlayers.
The qualitative change in this coupling bears directly on
the question of magnetic order.

The analytical solutions for the Sd and Sp eigenspinors
(Table I) imply that both features of the 5p doublet
should exhibit the same fractional p, character. Further,
the solutions imply that the Sd-Sp coupling should be vir-
tually identical when there is no well-defined Sd spin mo-
ment, or if the spin angular momentum is randomly
oriented in space.

The experimental results (Figs. 2 and 3), however, are
quite different. The Sp3/2 levels exhibit a clear p, charac-
ter for all Gd overlayers, while the Sp, /2 level exhibits
virtually no p, character for thinner layers and exhibits
similar angular momentum character for the thicker
overlayers. This would suggest that the Sp»2 level, for
thinner films, is predominantly of p +ip or p —ip
character. We conclude that exchange-polarization in-
teraction between Gd Sd and Gd Sp levels imparts
3z —r character to the Sp3/2 level, which is indistin-
guishable from p, character in photoemission. '

The changes in the Gd Sd CIS spectra with overlayers
thickness also demonstrate that there is a qualitative
difference in the polarization exchange coupling between
the Gd Sd-Sp3/2 and Sd-Sp&/2 levels. In particular, the
effect of Sd-Sp3/2 coupling on Sd emission is markedly re-
duced for p-polarized light (which selects p, orbitals, ini-
tial states in solid-state terminology) compared to s-
polarized light (which selects p„+ip or p, ip orbita—ls,
initial states in solid-state terminology). This is observed
in spite of the fact that the 5d level itself is clearly (Fig. 1)
enhanced by p-polarized light. The Sd level itself is
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demonstrably (Fig. 1) of d 2 & symmetry. The assign-
ment of character assumes C4, point-group symmetry
and is applicable only at normal emission.

The conclusion is that the results obtained in Fig. 3 are
due to a final-state effect, in which the Sd level couples in
a different way to the 5p holes. Examining the Sp eigen-
spinors (Table I), note that the 5p3&z level includes two
eigenspinors (m =+—', and —

—,') possessing well-defined
spin. These are the only two Sp eigenspinors with well-
defined spin. The remaining eigenspinors are remarkably
similar, so the differences in the 5d-5p interaction is likely
associated with these two states. The only consistent way
to yield such a difference in 5d-5p coupling is for the 5d
level to possess a well define-d spin. With such a spatially
well-defined spin, the Sd level can couple effectively to the
5p3/2 mj 2

or —
—,', levels. The Sp&/2 and the 5p3/2,

m =
—,
' or —

—,
' levels, however, do not possess well-defined

initial-state spin eigenstates, and the 5d level does not
couple equally effectively to them.

This coupling of the rare-earth Sd level with rare-earth
core levels is consistent with the earlier work of other in-
vestigators, particularly in the studies of the 5d-5s and
Sd-4s levels. ' Such coupling also explains the anoma-
lous result that the 5p, /2 levels exhibit no apparent p,
character, whereas (Table I) the analytical eigenspinors
yield a definite p, character. The eigenspinors in Table I
assume no 5d-5p coupling and, in particular, no exchange
coupling.

The results of Figs. 1 —3 are similar to earlier work on
Ni by other investigators, whose work led us to realize
the general utility of polarization-dependent CIS studies.
The earlier work reported that spin polarization of the
Ni d band was enhanced across the Ni 3p threshold due
to a final-state, exchange-polarization coupling between
the Ni 3d electrons and the Ni 3p hole. Ni 3p electrons at
the 3p threshold are excited to a minority-spin valence
state. In the present case, the 5p3/2 and 5p&/2 thresholds
just above the Fermi level excite to majority-spin final
states, as is discussed in more detail below. This aspect, a
threshold to an unoccupied 5d state of well-defined spin,
also accounts for the different intensities in the Sd CIS
spectra for s-polarized and p-polarized light observable in
Fig. 3. The physics involved is essentially the same as re-
ported by Clauberg et al. for Ni. In both instances, the
p i/z level is largely spin unpolarized, and exhibits a Larger
resonant intensity than the p3/p level, which is, in the
final state, strongly spin polarized. In the present case,
the p3/2, m =+—,

' or —
—,', levels are of p +ip and

p —ip character and also possess definite spin orienta-
tion (Table I). s-polarized light selects p +ip or p —ip
states, while p-polarized light selects p, states. The
enhancement of the Gd Sd CIS spectra for s-polarized
light is due to Fermi s golden rule, which again implies a
strong coupling between initial and final states of well-
defined spin. '

The comparison of spatial anisotropy with the photo-
emission geometry used to perform our experiments al-
lows us to conclude that the thinner (1—2 monolayer)
films exhibit a component of magnetization along the sur-
face normal, while the thicker (4—6 monolayer) films do

not. Because of our use of s- and p-polarized light, the
method we employed establishes the surface normal as
the relevant symmetry axis. If the magnetization vector
is zero, randomly oriented in space, or perpendicular to
the surface normal, then the p3/2 mj +

p
or —

—,', states
would not be selected preferentially by s-polarized light,
in disagreement with our results, which demonstrate such
a preferential selection.

Our use of the CIS (Refs. 14 and 15) technique also
leads to an estimate of the minimum exchange splitting
for Gd overlayers on Cu(100). To deduce the exchange
splitting, we note that the Gd 5d CIS spectra for s- and
p-polarized light, illustrated in Fig. 3, exhibit enhanced
resonant intensities at different photon energies. The
maxima in the CIS spectra for s- and p-polarized light
also occur at slightly different photon energies. For con-
sistency of measurement, we used the inAection point be-
tween the upward slope and the peak of the Sp, /2 reso-
nance as a marker. We have chosen the Sp&/2 resonance
to preferentially select for p, /2 to d3/2 intra-atomic exci-
tations. Table II provides the photon energies at which
inAection points occur for s- and p-polarized light as a
function of overlayer thickness in monolayers. Since
overall wave-function symmetry must be conserved (as a
consequence of Fermi's golden rule), s-polarized light
produces transitions between p„+ip to unoccupied
d dy states. p-polarized light produces transitions be-
tween p, states and unoccupied d 2 & states. Assuming
that core levels of different symmetries are close to degen-
erate, the difference in the CIS peaks is the difference in
the unoccupied d „d, and the unoccupied d & 2 lev-

3z —
1

els. By placing the unoccupied d „d, levels just above
the Fermi energy, this difference is the minimum estimate
of the exchange splitting consistent with our data. The
exchange splitting determined in this manner is thickness
dependent. As the thickness of the film increases, the
measured exchange splitting decreases from 1.1 for 1

monolayer to 0.6 eV for a 6-monolayer film. This latter
value is consistent with the measured value for bulk Gd
of 0.6—0.7 eV

Figure 5 illustrates the energy-level diagram expected
for the Gd 5d levels in the presence of an exchange split-
ting. Earlier calculations, albeit for bulk Gd, imply that
the Sd levels, in the absence of an exchange splitting, are
virtually degenerate. In summary, in the presence of an
exchange splitting, the relevant 5d energy levels will be
ordered as illustrated in Fig. 5. As already discussed, we
observed a 5d 2 & state in our spectra, located very

near the Fermi energy. To obtain an estimate for the ex-
change splitting, we use the difference in the Gd Sd CIS
between s and p-polarized light noted in Table II. The
difference just noted is the difference in energy between
the 5d, , (majority-spin) and the 5d, , (minority-

spin) states. We are not certain of the energy location of
the 5d, , (spin-majority) state. We used the approxima-
tion that the 5d, , (majority-spin) state is almost degen-
erate with the 5d & 2 (majority-spin) state, the former
located immediately above and the latter immediately
below the Fermi energy.

An enhanced exchange splitting of ferromagnetic over-
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FIG. 5. The Gd energy-level diagram deduced from our re-
sults, in the presence of an exchange splitting. The Gd Sd mul-

tiplet, the Gd 4f level, and the Gd 5p doublet were included,
Also illustrated is the two-step process by which a Gd Sp elec-
tron can lead to enhanced emission from the Gd Sd level. See
text for additional discussion and references.

layers compared to the bulk material has been previously
observed in Ni overlayers on Cu(100), and is consistent
with earlier calculations on bulk Gd ' and the enhance-
ment expected for thin films. It is noteworthy that the
exchange constant that we have deduced from our results
decreases with overlayer thickness, as does the surface-
normal magnetization component. Gd overlayers on
Ni/Cu(100) also exhibit an exchange splitting, for which
work is in progress.

Excitations from the Gd 5p levels to the Gd 6sp band
are not an important contribution to the interband transi-
tions and the resonance photoemission results discussed
above. This is in part a consequence of the high electron
occupancy of the Gd 6sp band, and the large bandwidth
(more than 3 eV). Symmetry restrictions in s-polarized-
light incidence geometry do not allow for any excitations
to this band. ' ' Other researchers have also shown that
transitions to the Gd 6sp band are very weak. Transi-
tion probabilities based upon dipole selection rules
strongly favor p i &2-to-d 3/2 transitions over p», -to-s i &2

transitions.
The change in resonance enhancement is directly relat-

ed to the (local) surface-normal component of the magne-
tization vector as illustrated in Fig. 4. The surface-
normal magnetization component is largest for a 1-
monolayer film. As the overlayer thickness grows, and
the disorder increases, the surface-normal magnetization
decreases. For submonolayer films the surface-normal

magnetization component also decreases, consistent with
imperfectly arranged islands. The results obtained are
similar for Gd overlayers on Cu(100) and Ni overlayers
on Cu(100).

It is worth emphasizing the limitations of the results
discussed above. The present investigation utilizes linear-
ly polarized synchrotron-radiation photoemission. This
combination of left-handed and right-handed circularly
polarized light limits the information that can be ob-
tained. ' Specifically, the present approach allows us to
determine the presence of a well-defined local surface-
normalization magnetization component. It does not
provide information concerning the spatial extent of the
magnetic ordering. Further, the approach does not pro-
vide information concerning the precise type of ferrimag-
netic ordering. The method presented here is only sensi-
tive to the presence of (local) magnetic ordering, without
specifying the nature of the long-range magnetic order.
Further, since we are changing the vector potential with
respect to the surface normal in our measurements, we
are defining the surface normal as the symmetry axis.
The approach is, therefore, sensitive to the presence of a
magnetization vector component along the surface nor-
mal. Finally, our method provides an estimate of the ex-
change splitting. Our method is complementary to the
techniques other investigators have used to study the
magnetic properties of Gd surfaces and overlayers.

In summary, we have used polarization-dependent
photoemission to obtain results for the presence of (local)
surface-normal magnetization in thin metal overlayers.
We have also used the technique of constant —initial-state
spectroscopy'"' to deduce an exchange interaction of
approximately 1.1 eV for a 1-monolayer film that de-
creases to 0.6 eV for thicker films. In devising this
method, we benefited from the earlier work of several
investigators. ' ' ' The method presented does not
distinguish the various ferrimagnetic orientations
possible; on the other hand, it is sensitive to any such
magnetic orientation. In this respect, the method is
complementary to electron-spin-polarized tech-
niques, ' ' ' ' ' ' ' which provide more detailed in-
formation for ferromagnetic systems, but are not sensitive
to other ferrimagnetic orientations, in particular, antifer-
romagnetism. The essential elements of the method re-
quire mell-known valence and core-level eigenspinors,
and symmetry characters of such states that permit the
use of polarization-dependent photoemission to infer the
presence of magnetic orientation. At present, we are not
certain what spatial range of magnetic ordering is observ-
able with this method. What has been demonstrated is
that other investigators can use this method for studying
the presence or absence of a local surface-normal magne-
tization component for various ferrimagnetic orienta-
tions, and for obtaining an estimate of the exchange split-
ting. As regards the magnetization of the Gd overlayers,
the magnetization is consistent with earlier reports from
other investigators of Gd on different substrates that state
there is no surface-normal magnetization component for
thick films. The exchange splitting deduced is con-
sistent with the enhancement expected for thin films '

and the known bulk exchange-splitting value for Gd.
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