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Oxygen Induced Suppression of the Surface Magnetization of Gd(0001)
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The effects of oxygen adsorption on the surface magnetization of Gd(0001) have been determined by
measuring the polarization of the Gd 4f core levels and the oxygen induced states with spin-resolved
photoemission. Calculations of the partial density of states of OyGd(0001) using the LMTO-ASA
method support the photoemission measurements, which indicate that oxidation occurs at low coverages.
The loss of surface magnetic order with oxygen exposure is explained in terms of decreasing indirect
coupling.

PACS numbers: 75.30.Et, 79.60.–i, 73.20.At, 71.70.Gm
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Almost all practical magnetic materials require a ra
earth because of its large moment and anisotropy.
fortunately, rare earths oxidize easily, thereby losing th
useful magnetic properties. Therefore it is important
carry out studies that shed light on the physical mec
nisms responsible for the changes in the magnetic p
erties of a rare earth with oxidation. The interatom
interactions among the highly localized 4f moments in
a rare earth solid are mediated throughs-p-d conduction
electrons [1–4]. To study the changes in the electro
structure responsible for the magnetic properties of a
earth upon oxygen adsorption, we have performed s
resolved photoemission measurements of Gd 4f core lev-
els and the oxygen-induced states. In addition, we h
carried out self-consistent spin-polarized calculations
complement the experimental data.

The experiments were performed in a UHV chamb
equipped with a spin-resolved electron analyzer descri
in detail elsewhere [5]. Well ordered crystalline Gd(000
films, nominally 80 Å thick, were preparedin situ via
thermal desorption onto a W(110) single crystal at ro
temperature [1,2,6,7], and subsequently annealed to 78
to obtain well ordered films. The specific details of t
experiment are presented in greater detail elsewhere [
The Gd(0001) films were magnetized in plane with
pulsed field, and all spin-resolved spectra were acqu
in remanence. All of the photoemission spectra w
acquired with a photon energy of 70 eV and at a sam
temperature of 130 K.

The Gd 4f core levels can be deconvoluted into surfa
and bulk components as a consequence of the surfac
bulk core level shifts [4,8–10]. Using spin-resolved ph
toemission, we have been able to determine the surf
to-bulk component shift of the Gd 4f core levels, as well
as changes in the binding energies of the surface and
components as a function of oxygen dosing. In Fig. 1
present the spin-integrated spectrum of the 4f core level of
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clean Gd(0001), as well as the spin majority and mino
ity components. We have neglected multiplet splitting
it only introduces ambiguity, and such fits are highly su
pect. We have used a Doniach-Sunjic line shape [11] to
the clean Gd 4f core level, as well as the spectra followin
oxygen adsorption. We have determined the surface-
bulk 4f core level shift to be400 6 20 meV. This shift
is obtained for both the spin-integrated spectrum and
spectra of both the majority and minority spin componen
These results are generally consistent with the majority
the previous measurements of the (0001) surface of
[4,8,10]. In addition, the deconvolutions of the majorit
and minority components indicate that the surface is fer
magnetically coupled to the bulk, in agreement with earli
studies [10,12].

With increasing oxygen dosing the surface-to-bu
core level shift is reduced from approximately 400
250 meV. The reduction of the Gd surface-to-bulk sh
at an O exposure of 0.25 Ls1 L ­ 1026 Torr sd is due to
a smaller shift to higher binding energies of the surfa
component (from 8.75 to 8.85 eV), as compared to t
bulk component (8.35 to 8.60 eV). The larger shift o
the bulk component is consistent with initial bondin
in subsurface sites, as determined by an earlier sp
integrated photoemission study of oxygen adsorption
Gd(0001) [6]. We therefore conclude that oxygen goes
subsurface sites at initial stages of adsorption.

We can understand the physical origin of the larg
binding energy shift of the bulk component of the G
4f core levels with oxygen adsorption by examining th
differences between the local electronic environmen
of the surface and subsurface before and after oxyg
adsorption (see Fig. 2). The higher binding energy
the surface component of the Gd 4f core levels for clean
Gd(0001) is a consequence of the reduced coordinatio
the surface, relative to the bulk, which in turn reduces t
screening of the gadolinium atoms at the surface [13].
© 1996 The American Physical Society
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FIG. 1. Photoemission spectra of the 4f core levels of clean
Gd(0001), (a) spin integrated, (b) the spin-majority compon
of the spin-integrated spectrum in panel (a) and (c) the s
minority component of the spin-integrated spectrum in pa
(a). The symbols are the data, and the solid lines are the fi
the data using a Doniach-Sinjac line shape. The dashed
represent the deconvoluted surface and bulk components o
respective spectra. Panels (b) and (c) are expanded relati
(a) in order to show the details of the fits.

contrast, the subsurface maintains the bulk coordina
and has greater Gd 5d itinerancy and hence more efficien
screening [1]. The greater localization of 5d surface states
of Gd(0001) supports this view [1]. The hybridization
the oxygen 2p orbitals with the 5d surface state of Gd will
not reduce the screening parameter of the 4f core levels at
the surface as significantly as hybridization with the bu
d bands upon subsurface absorption. This is suppo
by the large shift of the bulk component to a bindin
energy of 8.60 eV with an oxygen exposure of 0.25 L,
determined from the deconvolution of the spin-integra
and spin-resolved spectra.

Self-consistent spin-polarized electronic structu
calculations have been carried out using the linear-muf
tin-orbital method in the atomic sphere approximation
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FIG. 2. The normalized spin-polarized photoemission spec
of the Gd 4f core levels as a function of oxygen exposur
(a) clean, (b) 0.05 L, (c) 0.10 L, and (d) 0.25 L. The clos
triangles are the majority components, and the open trian
are the minority components. The polarization is display
below each spectra.

O/Gd(0001). The Gd surface is simulated by construct
a three-dimensional crystal made up of an eleven-la
(0001) Gd slab and a three layer empty-sphere slab, w
the bilayer slab repeated periodically. Additional emp
spheres are also inserted at the interstitial sites halfw
between adjacent layers and equidistant from the
nearest-neighbor sites in those layers. The two positi
considered for the O layer are the interstitial emp
spheres just above and below the three-fold hollow s
of the Gd surface layer. This gives a fairly comple
hexagonal structure with 24 sites per unit cell (11 G
11 empty spheres, and 2 O). The nearest-neighbor G
distance for O on top has been set to be the same as
in the GdO2 crystal (2.32 Å). The Gd 4f states, being
fairly localized, are treated as fully polarized core stat
The calculations have been carried out for 37k points
in the irreducible part of the Brillouin zone, which i
reasonable for the large unit cell of this system. Bas
on the experimental evidence, these calculations ass
ferromagnetic coupling between the layers.

The partial density of states (PDOS) of the two calc
lations for oxygen adsorption above the surface and
low the surface Gd layer are presented in Fig. 3. For b
sets of calculations, we have displayed the PDOS of o
gen, the surface layer of the Gd slab, and the second
2803
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FIG. 3. The calculated partial density of states, referen
to the Fermi level, of oxygen (top panel), the gadoliniu
surface (middle panel), and the first subsurface gadolini
layer (bottom panel) for (a) oxygen sites above the three f
hollow of the Gd surface and (b) for oxygen sites in th
threefold hollow between the Gd surface layer and the n
layer below.

layer. The PDOS for other Gd layers in both the calc
lations are similar to that of the second layer in Fig. 3
and show no hybridization with O. The O-induced ban
lie in the region of 5–7 eV for the top and underlayers,
spectively, and are in very good agreement with this stu
and earlier photoemission results [6]. Oxygen hybridiz
very strongly, but only with nearest-neighbor Gd atom
This results in a large number of the Gds,p,d states near
the Fermi level to be pulled down to the location of th
O bands. Therefore the strong 6 eV oxygen-induced f
ture in the Gd PDOS (Fig. 3) implies early oxide formatio
at low oxygen exposures (0.25 L), i.e., the 6 eV oxyge
induced feature in not due solely to the introduction o
density of states from the oxygen, but also contains a c
tribution from the Gd states pulled down from near t
Fermi level, indicative of oxidation.

We have observed noticeable changes in the struc
of the polarization of the Gd 4f core levels, as well as
in the vicinity of the oxygen-induced states (6 eV bin
ing energy). In Fig. 2(a) the polarization of the Gdf
core level for clean Gd is displayed below the set of sp
resolved spectra. Note that the polarization is relativ
flat across the 4f core level region (7.5–9.5 eV binding
energy). While there is scatter in the polarization in t
2804
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region where oxygen-induced states would form (5–7
binding energy), the average polarization is essentia
equivalent to the 4f region. This indicates that the back
ground is equivalently polarized with the Gd 4f core levels
at an average value of 33%, in agreement with second
electron polarization measurements [2]. For small qua
tities of oxygen exposure, a dip is observed in the pol
ization centered at about 6 eV binding energy [see 0.05
exposure in Fig. 2(b)] and should be taken as a signat
for the presence of oxygen.

Examination of the polarization spectra demonstra
that oxygen adsorption suppresses the magnetic o
of the surface, as well as in the subsurface. This
an anticipated consequence of modifying the magne
coupling between the Gd 4f core levels and the conduction
electrons due to hybridization of the Gds-p-d bands
with the O p bands. From Fig. 2(c) we see that at a
oxygen exposure of 0.10 L the polarization begins
decrease in the regions of the 4f core levels and the O-
induced states. The polarization of the background sho
be equivalent both at binding energies less than the
induced states and at binding energies greater than
Gd 4f levels. As can be seen from Fig. 2, the averag
of these two regions are indeed equivalent. Examinat
of Figs. 2(a) and 2(c) reveal that the polarization of t
background also decreases at an oxygen exposure
0.10 L. At an exposure of 0.25 L of oxygen, the pea
in the polarization spectrum in Fig. 2(d) is much narrow
than at lower exposures, even though the Gd 4f core levels
still exhibit a polarization of approximately 30%. This i
a consequence of the reduction in the polarization of
surface component of the Gd 4f core level, as well as a
reduction of the Gd 4f surface-to-bulk core level shift, as
discussed above.

The polarization spectra in Fig. 2 reveal that ear
stages of oxygen adsorption decrease the overall polar
tion of the surface. In addition, the diminishing structu
of the polarization curve at an exposure of 0.25 L of ox
gen is a consequence of the reduced magnetic order o
surface and the subsurface planes, and demonstrates
subsurface oxidation occurs at very low exposures (0.2
or less). Wandelt and Brundle [14] indicated from ultrav
olet and x-ray photoemission spectroscopy studies of o
gen adsorption on Gd that oxide formation occurs at
oxygen exposure of 0.8 L. Our results demonstrate t
oxidation occurs at much lower exposures, with an upp
limit of 0.25 L of oxygen.

Analysis indicates that the decrease in the polarizat
at a binding energy of 6 eV is not due to antiferroma
netic coupling of the oxygen-induced states, but is due
the nonmagnetic character of the oxygen-induced sta
This is supported by the LMTO-ASA calculations for ad
sorption of O at surface and subsurface sites. In b
cases, the oxygen-induced states have a negligible indu
moment. The magnetic moments of the Gd sites are re
tively unchanged with oxygen adsorption (,0.5%).
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Oxygen adsorption has the effect of pulling the G
s, p, and d bands down from the Fermi level throug
hybridization with the Op bands. This in turn reduces th
indirect coupling of thes-p-d bands with the Gd 4f core
levels, which is crucial to the long range magnetic order
the system. This is consistent with earlier measureme
indicating pronounced final state effects resulting fro
reduced itinerancy following exposure to oxygen [8].

The effects of oxygen adsorption on the magne
properties of Gd are in stark contrast to the oxidati
of other magnetic materials, in particle, O/Fe(001) [1
As with O/Gd(0001), the initial oxygen adsorption site
for O/Fe(001) are subsurface. Unlike O/Gd(0001), the
are significant changes in the spin polarization of t
shallow core levels (3p) of Fe with oxygen exposure
Spin-resolved photoemission of the Fe 3p core levels
revealed a chemical shift corresponding to the prese
of Fe31 ions, and that this iron phase correlated w
flips in the majority- and minority-spin populations
as compared to pristine Fe. It was concluded that
initial oxygen exposure a ferromagneticg-Fe2O3 phase
develops as a consequence of antiferromagnetic coup
between the top layer of Fe and the underlying Fe la
by superexchange through the oxygen atoms embed
between the two Fe layers.

In conclusion, we have measured the magnetic or
of the (0001) surface of gadolinium as a function
oxygen adsorption by measuring the polarization of t
Gd 4f core levels and the oxygen-induced states using s
resolved photoemission. The effects of oxygen adsorp
is an overall reduction of the polarization of the electr
background and the Gd surface state. The decrease in
polarization is accompanied by an increase in the bind
energies of the surface and the bulk components of thf
core levels as a consequence of final state effects.
results suggest that gadolinium oxide forms with oxyg
exposures as low as 0.25 L. The loss of magnetic or
is explained in terms of a reduction in the exchan
coupling between the 4f core levels through the conductio
electrons as a consequence of hybridization of the Gds-
p-d bands with the oxygenp bands. The oxygen site
negligible moments in the ground state calculation, wh
f
ts
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are supported by the spin-resolved photoemission, are
antiferromagnetically coupled to Gd nearest neighbors

This work is supported by NSF Grants No. DMR
92-21655 (D. N. Mc., C. W., and P. A. D.) and No. OSR
925525 (R. F. S. and S. S. J.), and DOE Grants N
BES-MS W-31-109-ENG-38 (D. L., J. P., and S. D. B
No. DE-FG2-86ER45262 (S. S. J.), No. ONR N-0001
94-F-0085 (D. L., J. P. and S. D. B.), and No. DE-AC0
76CH00016 (D.-J. H. and P. D. J.).

[1] Dongqi Li, C. W. Hutchings, P. A. Dowben, Rong-Tzon
Wu, M. Onellion, A. B. Andrews, and J. L. Erskine
J. Magn. Magn. Mater.99, 85 (1991).

[2] Dongqi Li, J. Pearson, S. D. Bader, D. N. McIlroy
C. Waldfried, and P. A. Dowben, Phys. Rev. B51, 13 895
(1995).

[3] D. M. Bylander and L. Kleinman, Phys. Rev. B50, 4996
(1994).

[4] P. A. Dowben, D. N. McIlroy, and D.-Q. Li (to be
published).

[5] P. D. Johnsonet al., Rev. Sci. Instrum.63, 1902 (1992).
[6] Jiandi Zhang, P. A. Dowben, Dongqi Li, and M. Onellion

Surf. Sci.329, 177–183 (1995).
[7] H. Tang, D. Weller, T. G. Walker, J. C. Scott, C. Chappe

H. Hopster, A. W. Pang, D. S. Dessau, and D. P. Papp
Phys. Rev. Lett.71, 444 (1993).

[8] J. E. Ortega, F. J. Himpsel, Dongqi Li, and P. A. Dowbe
Solid State Commun.91, 807 (1994).

[9] G. Kaindl, A. Höhr, E. Weschke, S. Vandré, C. Schüssl
Langeheine, and C. Laubschat, Phys. Rev. B51, 7920
(1995).

[10] Dongqi Li, Jiandi Zhang, P. A. Dowben, and K. Garriso
J. Phys. Condens. Matter5, L73 (1993).

[11] S. Doniach and M. Sunjic, J. Phys. C3, 285 (1970).
[12] G. A. Mulhollan, K. Garrison, and J. L. Erskine, Phy

Rev. Lett.69, 3240 (1992); E. Vescovo, C. Carbone, an
O. Rader, Phys. Rev. B48, 7731 (1993).

[13] Ruquian Wu, Chun Li, A. J. Freeman, and C. L. Fu, Ph
Rev. B44, 9400 (1991).

[14] K. Wandelt and C. R. Brundle, Surf. Sci.157, 162 (1985).
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