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Spin- and angle-resolved photoemission study of ultrathin Gd films on Fe(100)
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Using spin-resolved photoemission with synchrotron radiation, we have studied the electronic
structure of the Gd/Fe(100) interfac . For Gd films up to one monolayer thickness, we find a
high Gd 4f-electron spin polarization which is antiparallel to that of the Fe valence bands. This
is the first direct observation of high Gd 4f.electron polarization. The main eff'ect of the Gd ad-
sorption on the Fe-derived valence bands is a depolarization. For thick Gd films () 35 A) the
observed Gd 4f polarization is small, even well below the Gd Tc.

Rare-earth-transition-metal (RE-TM) compounds are
of considerable interest because of their potential use as
thermomagnetic recording media. ' It is known that their
magneto-optical activity stems from the spin-split elec-
tronic structure which, therefore, has to be determined in
order to understand the magneto-optical effects. Materi-
als primarily considered are, e.g. , amorphous alloys of Gd
or Tb with Fe or Co. From Kerr-effect measurements it
was concluded that the magneto-optical effect in amor-
phous Gd-Fe films is largely determined by Fe, but an
understanding in terms of the electronic structure of the
compound is lacking since the latter is unknown. Pure Fe
and, to less extent, Co have been investigated thoroughly,
and their valence-band electronic structures are con-
sidered to be well understood. This is not so much the
case for pure Gd, which is dificult to investigate experi-
mentally, in part because of its reactivity and the related
di%culty of preparing atomically clean surfaces from bulk
material. The Gd 4f electrons are expected to be fully po-
larized at T=O. In this Rapid Communication, we ob-
serve, for the first time, a spin polarization as high as 60%
for the Gd 4f electrons, at T =175 K.

As a step toward the understanding of the electronic
structure of RE-TM systems, we have performed in the
present work spin-resolved photoemission studies of evap-
orated Gd films on Fe(100). Films in the monolayer
(ML) regime allow us to investigate the Gd/Fe interfacial
region. This system has been characterized previously by
Allenspach, Taborelli, and Landolt by spin-resolved
Auger electron spectroscopy, which, however, did not un-
cover the electronic structure. It was shown that the Gd
magnetic moment is aligned opposite to the Fe moment,
the interface forming a ferrimagnetic system.

Synchrotron radiation in the 30- to 70-eV photon ener-

gy range has been used to observe directly the Gd 4f level
and the Fe-derived valence bands in the same system, for
Gd coverages low enough to allow the observation of the
Fe valence-band emission originating from the interfacial
region. The spectrometer is described in Ref. 5. Gd was
evaporated onto a clean Fe(100) surface in an ultrahigh-
vacuum environment with a base pressure of 5x10
Torr. During Gd evaporation from a tungsten basket, the
pressure rose to 6 x 10 ' Torr. The sample could be
cooled to 170 K, and Gd evaporation was performed at
this low temperature. The Gd deposition rate was cali-

brated by means of a commercial quartz microbalance
film-thickness monitor. The accuracy in the Gd coverage
determination is estimated to be 20%. The evaporation
rate was about 1 A/min. The sharp low-energy electron
diA'raction (LEED) pattern of the pure Fe(100) substrate
becomes gradually worse with Gd adsorption, until LEED
spots are hardly visible for a Gd film thickness ~ 1 ML.
We conclude that film growth is not epitaxial for those
evaporation conditions.

Spectra have been taken for normal emission and s-
polarized light, at 70-eV photon energy. Throughout this
paper we refer either to the representation of the data in
the form of spin-resolved energy distribution curves
(SREDC's) It (E),I 1 (E), or to the spin-polarization
curve

P(E) = [I '(E) —I'(E)]/[I 1 (E)+I '(E)],
and the spin-averaged intensity curves Io(E) =I 1 (E)
+I 1 (E). Obviously,

I 1 l(E) =0.5I, (E)[1+'P(E)]

and t(J ) refers to Fe majority- (minority-) spin electron
emission. The Gd magnetic moment is directed antiparal-
lel to that of Fe. We indicate by an asterisk those spin-
dependent quantities which are referred to the local spin-
polarization direction of the Gd.

Figure 1(a) shows the spin-averaged angle-resolved
EDC after evaporation of 1 ML Gd onto the clean
Fe(100) substrate. The simultaneously measured spin po-
larization is shown in Fig. 1(b), and the corresponding
SREDC's in Fig. 2(a). The clean Fe(100) SREDC's tak-
en prior to Gd evaporation are shown in Fig. 2(b).

Gd has the electronic configuration 4f (5d6s) . The
4f shell is half filled and carries a magnetic moment of
7ptt. The peak at about 8-eV binding energy (Ett) in Fig.
1(a) is due to the Gd 4f emission. The Gd 4f (spin-
averaged) photoemission spectrum is interpreted in terms
of the 4f final-state multiplet structure. The Gd 5d6s
valence bands overlap the Fe valence bands, but they give
rise to a negligible contribution (= 1%) at 70-eV photon
energy because of the very low cross section of the Gd
Sd6s emission as compared to that of the Fe 3d emission.
Since the background polarization is dominated by the Fe
majority-spin electrons [see Fig. 2(b)], the negative dip in
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FIG. l. (a) Spin-averaged energy distribution curve from 1

ML Gd on Fe(100) for normal emission and normal incident
light at 70-eV photon energy, T 175 K. (b) Spin-polarization
distribution as measured simultaneously with (a).
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the spin-polarization curve at around 8-eV binding energy
in Fig. 1(b) indicates that the Gd 4f moment is aligned
opposite to that of the Fe. Accordingly, the Gd 4f emis-
sion is observed mostly in the (Fe) minority-spin channel,
which is majority-spin emission when referring to the Gd
local frame. After subtracting a background of inelasti-
cally scattered electrons as indicated in Fig. 2(a), a spin
polarization P* =60% is obtained for the Gd 4f peak.
Besides the dominating Gd 4f majority-spin (in the Gd lo-
cal frame) emission, there is a small peak of similar shape
at the same binding energy of Gd 4f minority-spin (in the
Gd local frame) emission. The presence of this peak is an
indication of the incomplete polarization of the Gd 4f
emission.

The clean Fe(100) valence-band SREDC's shown in
Fig. 2(b) are understood according to Ref. 5. We identify
the minority-spin peak near EF as due to emission from
initial states near I 25, and the two majority-spin peaks at
1- and 2.6-eV binding energy (Ez) as due to initial states
near I (z and I 2s, respectively. The inelastic background
at higher binding energy is small and smooth in both spin
channels.

By comparing Figs. 2(a) and 2(b), we see also that the
Fe valence-band emission is affected by the Gd adsorbate.
The majority-spin SREDC increases near EF, and the
peak at about E~ =2.6 eV decreases relative to the peak
at Ez =1 eV upon Gd adsorption. In the minority-spin
EDC, a shoulder grows around Eg=3 eV. This corre-
sponds to an overall decrease in spin polarization across
the valence-band region.

The question is how to understand the Fe-valence-
band-derived SREDC's as obtained from the Gd/Fe in-
terface [cf. Fig. 2(a)]. We will show below that the
diA'erent appearance of the Fe-valence-band derived

FIG. 2. (a) Spin-resolved energy distribution curves corre-
sponding to Figs. 1(a) and 1(b). (b) Spin-resolved energy dis-
tribution curves from clean Fe(100) before Gd evaporation.

SREDC's in Fig. 2(a) as compared to the clean Fe(100)
SREDC's [cf. Fig. 2(b)] is essentially due to depolariza-
tion. We rescale the spin-polarization curve P(E) ob-
tained for pure Fe(100) by a factor M„, prior to recalcu-
lating the SREDC's by Eq. (1). For a fully magnetized
sample, M, =1. With M, 0.6, we obtain the SREDC's
as shown in Fig. 3 (lines) which are overlayed with the
Gd/Fe(100) valence-band data of Fig. 2(a). The agree-
ment between the measured Gd/Fe SREDC's and the cal-
culated SREDC's in the Fe valence-band regime is good.
Notably, with the same value of M„ the observed Gd 4f
SREDC's in Fig. 2(a) (with the backgrounds subtracted)
are obtained from initially fully polarized Gd 4f emission.
This suggests that the reductions of the Fe and the Gd po-
larizations are strongly correlated. This is also supported
by the fact that the Gd 4f and the Fe-derived valence-
band polarization change similarly at elevated tempera-
tures.

In the following, we will show that, in principle, two
different mechanisms could produce the changes in the
Fe-derived valence bands which have been discussed
above: (i) a reduced interface magnetization, or (ii)
spin-flip scattering.

Because of the success of fitting the Fe-derived
SREDC's from the Gd/Fe interface by a mixture of pure
Fe(100) SREDC's, the result of Gd adsorption on the
clean Fe(100) surface is similar to the effect of elevated
temperatures on pure Fe(100) SREDC*s.9'0 It was
shown by calculations that transverse fluctuations of mag-
netic moments in the presence of short-range magnetic or-



1282 C. CARBONE AND E. KISKER

C3
CD

0 4
CD

CY'

Energy bel. ow EF (eVj

0= EF

FIG. 3. Comparison of the SREDC's in the valence-band re-
gime from 1 ML Gd on Fe(100) [data from Fig. 2(a)l with the
results of a model calculation based on the pure Fe(100)
SREDC's from Fig. 2(b). A reduction of the magnetization
from I to 0.6 is assumed in the calculated curves.

der exceeding 4 A can explain the changes observed in the
SREDC's of pure Fe(100) when approaching Tc. '

Therefore, if the depolarization observed here in the Fe-
derived SREDC's from the Gd/Fe interface arises because
the Gd atoms are forcing the Fe magnetic moments to
point into directions deviating from the long-range mag-
netic order direction, it is likely that short-range magnetic
order exists also among the Fe atoms in the interfacial re-
gion. The spin-split "local" electronic structure in a frame
which rotates with the local magnetization direction
("fluctuating-band model" ") remains largely unchanged.

The other mechanism which would result in depolariza-
tion of the Fe-derived valence-band SREDC's is spin-Aip
scattering. It has been shown recently that the Gd optical
excitation spectrum is very complicated because of spin-
orbit interaction. ' In order to interpret the optical con-
ductivity data, d-f exchange excitations with energy
hE = 0.7 eV, '*s -1" excitations among d electrons
(AE = 0.35 eV), and "thermal" excitations of fluctuations
of magnetic moments (hE = 0.01 eV) have been in-
voked. ' In principle, the excited photoelectrons could be
affected by each of the above-mentioned scattering pro-
cesses. Because of the small energy loss, changes in line
shape of the SREDC's might not have been detected in
the present experiments.

Strong depolarizing scattering by paramagnetic Gd ad-
layers on Ge has been observed in threshoM photoemission
by Meier, Pescia, and Baumberger. ' Low-energy excita-
tions similar to the thermal excitations as defined by
Besznosov, Eremenko, and Gnezdilov' have been sug-

gested to explain the effect. In principle, the scattering
length as given by Meier et al. would be of the right order
of magnitude to explain the depolarization as observed in
the present work. However, the energies of the electrons
involved are quite different, and a strong energy depen-
dence might be expected for spin-exchange scattering.
This shows that further investigations of electron scatter-
ing processes in Gd appear to be promising. The fact that
the depolarization is the same for the Gd layer and the Fe
substrate suggests, however, that electron scattering is not
the main process, since overlayer and substrate should
show different amounts of depolarization.

Similar to the temperature-dependent studies of pure
Fe(100), we observe also a reduction of the peak near FF
in the down-spin EDC (see Fig. 3), which is beyond the
simple spin-mixing model. Since the minority-spin peak
emission is strongly confined to the surface normal direc-
tion in pure Fe(100), we interpret the reduction of its
amplitude as caused by a broadening of the angular distri-
bution due to the magnetic or structural disorder, or due
to electron-electron scat tering.

Regardless which of the above mentioned depolarizing
mechanisms is at work the conclusion is that the "local"
Fe valence-band electronic structure in the interfacial re-
gion is only weakly affected by the Gd adsorption.

With comparatively thick films, the spin polarization of
the Gd 4f emission is only 10% at T =175 K. Since Gd
films of 35 A thickness have a Curie temperature close to
that of bulk Gd, ' we have to find a mechanism which
could cause the small polarization obtained here from a
highly polarized system. It is known that the magnetic
anisotropies of Gd are complicated and temperature
dependent. ' Since we are measuring only one component
of the spin polarization (parallel to the Fe polarization),
these anisotropy effects might prevent the alignment of
the Gd film magnetization along this axis. Ho~ever, also
the role of the strong spin-orbit coupling on the quasipar-
ticle electronic structure has still to be explored. '

In conclusion, we have observed for the first time highly
spin-polarized Gd 4f photoelectrons. We are able to ob-
serve the Gd 4f emission together with the Fe-derived
valence-band emission from the ferrimagnetic Gd/
Fe(100) interface. The spin-resolved Fe-derived valence
band EDC's deviate strongly from those of pure Fe(100)
and are similar to those of pure Fe at much higher tem-
perature. This suggests either the presence of transverse
Auctuations of the Fe magnetic moments in the presence
of short-range order in the interfacial region or depolariz-
ing scattering in the Gd overlayer (or a combination of
both). In any case, it is concluded that changes in the lo-
cal Fe valence-band electronic structure due to the Gd ad-
sorption are minor.
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