
PHYSICAL REVIEW B 1 AUGUST 1999-IVOLUME 60, NUMBER 5
Magnetically ordered surface oxide on Gd„0001…
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Oxygen adsorption on Gd~0001! at 300 K leads to the formation of a well-ordered surface oxide with a
characteristic occupied valence state, originating from hybridization between Gd 5d and O 2p states. This
oxygen-induced state, which closely resembles the surface state of clean Gd~0001!, has a binding energy of

'0.8 eV atḠ and hence permits a detailed investigation by photoelectron spectroscopy. It exhibits a distinct
temperature-dependent magnetic splitting, that remains finite above the Curie temperature.
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The local 4f moments of the lanthanides, which persist
the solid state, give rise to a number of unique magn
phenomena and have attracted continued experimental
theoretical interest in these systems.1 Especially Gd with its
half-filled 4f shell and the highest magnetic ordering te
perature among the lanthanide metals, has been stu
intensively.2–15 Controversial experimental results obtain
from this local-moment system have led to a discussion o
enhanced Curie temperature (TC) at the surface2,9,16 and of
the temperature dependence of the exchange splitting o
lence states.5,12–15The discussion has focused on the surfa
state on Gd~0001!, which is strongly localized3 and hence
prototypical for the study of exchange interaction with t
local 4f moments. It provides a high density of conducti
states at the Fermi energy3,4 (EF) and determines details o
the magnetic coupling at the surface. It is furthermore c
fined to the topmost surface layer and can thus serve
probe of surface magnetism.

From theoretical considerations such a localized stat
expected to exhibit a temperature-independent split
aboveTC due tolocal exchange with the 4f electrons, which
does not require long-range magnetic order.10,11 Up to now,
however, spectroscopic results do not provide a consis
picture. From spin-polarized photoemission~PE!, a persist-
ing splitting and an enhancement ofTC at the surface was
concluded,12 while the splitting was found to vanish at bu
TC in a spin-polarized inverse photoemission~IPE! study.14

From a combined PE and IPE study, a collapse of the s
ting at a temperature well above bulkTC was concluded.13

Evidence for a persisting, temperature-independent split
was found in tunneling spectroscopy,15 which has the advan
tage of probing both occupied and unoccupied states in
same experiment, but suffers from a limited resolution
momentum space. In addition, this latter investigation
not provide any evidence for an enhancedTC at the surface,
in constrast to a recent spin-polarized photoelectron diffr
tion study.16

Properties of surfaces can be studied by systematic
modifying their electronic structure. Such experiments ha
been carried out on Gd~0001! by adsorption of hydrogen,17

oxygen,18 and nitrogen,19 with the result that a clear suppre
sion of surface-state emission was observed, but only v
limited information about the influence of the adsorbants
the surface magnetism was obtained. In a recent s
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polarized PE study of oxygen adsorption on Gd~0001!, a
suppression of surface magnetization was found that was
plained by a reduced magnetic coupling strength caused
loss of delocalized conduction electrons upon oxidation.20 In
this context, the discovery of an unusual metallic oxide
the surface of Lu~0001! is important.21 In such a surface
system, conduction electrons can be provided for an indi
coupling of 4f moments in analogy to the metallic bul
monosulfides.22 Since Lu and Gd are very similar from
chemical point of view, an analogous oxide can be expec
on Gd~0001!.

In this paper, we report on such a well-ordered surfa
oxide on Gd~0001!, which is magnetic and exhibits a cha
acteristic occupied valence state with a binding energy~BE!

of '0.8 eV at the center of the surface Brillouin zoneḠ.
This valence state shows a magnetic splitting that decre
substantially with increasing temperature up to theTC of
bulk Gd ~293 K!, however, remaining at a constant value
(210630) meV aboveTC . This behavior can be readily
studied by PE only, in contrast to the partially occupied s
face state of clean Gd~0001!.

Angle-resolved PE spectra were recorded at the Berl
Elektronenspeicherring fu¨r Synchrotronstrahlung~BESSY!
at the TGM3, TGM5, and TGM6 beam lines, using a VS
ARIES hemispherical electron-energy analyzer with an
gular resolution of 2°. The total-system energy resolut
varied between 80 meV and 130 meV@full width at half
maximum~FWHM!#. Resonant PE spectra were recorded
the SX700/II beamline, operated by the Freie Univers¨t
Berlin, using a Leybold EA-11 electron spectromet
Gd~0001! surfaces were prepared byin situ film growth on a
W~110! substrate, which could be cooled to'50 K with a
closed-cycle He refrigerator. 99.99% pure metal was eva
rated from a Ta crucible heated by electron bombardm
with the substrate held at'100 K. The film thickness was
'100 Å as determined by a quartz balance. The base p
sure was 1310211 mbar rising to 8310211 mbar during
evaporation. Under these conditions, contamination-f
films could be grown as checked by surface-sensitive PE
40-eV photon energy. Subsequently, these films were
nealed to'820 K, resulting in monocrystalline films, tha
exhibited very sharp hexagonal low-energy electron diffr
tion ~LEED! patterns. Lu films of comparable quality, whic
3449 ©1999 The American Physical Society
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3450 PRB 60C. SCHÜßLER-LANGEHEINEet al.
have been studied as a nonmagnetic reference, were obt
by the same method.21 In the present experimental setu
film annealing led to minor oxygen contaminations, whi
could hardly be avoided, since a substantial amount of o
gen was frozen onto the cooled sample rod in the vicinity
the sample during preceding adsorption procedures. The
sulting level of contamination of less than 0.02 ML, how
ever, is not of any relevance for the present study. W
ordered oxide phases with sharp 131 LEED patterns could
be prepared on these Gd~0001! and Lu~0001! surfaces by
exposure to'1 Langmuir ~L! of oxygen and subsequen
annealing. While for Lu, the annealing temperature w
'700 K,21 only 345 K was applied in the case of Gd, b
cause of oxygen desorption at higher temperatures. Gd2O3
films with thicknesses of'50 Å , which were studied for
comparison, were also preparedin situ on W~110! by evapo-
ration of sesquioxide powder from a Ta crucible heated
electron bombardment.

An overview of the electronic structures of various G
surfaces is obtained from valence-band PE spectra reco
with 40-eV photon energy in normal-emission geometry
50 K. Figure 1~a! displays the PE spectrum of a freshly pr
pared Gd~0001! surface, which is characterized by the pr
nounced emission from the surface state (S1) at EF

4 and
from the exchange-splitD2 bands~D! around 2-eV BE.5,6

The 4f states occur at'8-eV BE and the weak feature a
'6-eV BE is due to the aforementioned minor oxygen co
tamination. Upon exposure to 1 L of oxygen and annealing
the spectral features change significantly. A very sharp
2p-derived peak appears at'6-eV BE, while the surface-
state emission is suppressed. Instead, two new feature
beled S2 appear at'0.8-eV BE. The corresponding spe
trum from the oxide phase on Lu~0001! @Fig. 1~c!# reveals
the same characteristics, however, with only a single fea
S2. As in the case of Lu~0001!, the surface oxide on
Gd~0001! does not represent the sesquioxide. This is evid
from the corresponding spectrum of Gd2O3 displayed in Fig.
1~d!, which reveals a broad O 2p emission and vanishing
intensity atEF according to its nonmetallic character. A hi
at the character of featureS2 can be obtained from the

FIG. 1. Angle-resolved photoemission spectra recorded athn
540 eV from various Gd systems~a!, ~b!, ~d!, and from oxygen/
Lu~0001! ~c!. The inset displays the intensitiesI of featuresS1 , S2 ,
D, and O 2p, as a function of photon energy,hn.
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photon-energy dependence of the PE cross section. Figu
~inset! displays integrated peak intensities as a function
photon energy, normalized with respect to the incident p
ton flux. The behavior ofS2 is different from that of the
surface stateS1, rather following the behavior of the O 2p
emission with a broad maximum around 45 eV, indicating
close relationship between these states, presumably due
significant mixing of O 2p and Gd 5d states at the surface

Details of the change in the 4f -electronic structure of
Gd~0001! upon oxidation can be inferred from the resona
PE spectra displayed in Fig. 2. These spectra were reco
at 148.5-eV photon energy corresponding to the maximum
the 4d˜4 f giant resonance. At resonance, the cross sec
of Gd 4f PE is strongly enhanced,23 allowing a detailed
analysis of the 4f -spectral features with negligible influenc
of the otherwise interfering O 2p emission. Figure 2~a! dis-
plays the 4f emission from clean Gd~0001!, which is char-
acterized by two7F final-state multiplets due to emissio
from bulk (b1) and surface (s1) atoms, separated by a su
face core-level shift of (270630) meV.24 Upon adsorption
of 0.5 L of oxygen, the intensity ofs1 has decreased substa
tially, while two new componentss2 and b2 appear, which
are assigned to emission from the surface oxide and the
surface layer, respectively.21 While components2 cannot be
debated,b2 is not readily distinguished in the spectra of Fi
2. Such a component, however, has been clearly resolve
case of Lu~Ref. 21! and is necessary for a consistent descr
tion of the spectra 2~a!–2~c!. Upon adsorption of'1 L of
oxygen, the clean-surface components1 has almost van-
ished, being replaced by the oxygen-induced componens2,
which occurs at (640650) meV higher BE as compared t
b1. The bulk componentb1 is unchanged and the subsurfa
componentb2 is shifted by (60640) meV due to the pres
ence of oxygen on the surface. The respective shifts in
case of Lu~0001! are significantly larger,'1.0 eV for s1
and'230 meV forb2, which corresponds very well to th
stronger oxygen bonding on Lu~0001! than on Gd~0001! as
indicated by the higher thermal stability, observed, e.g., d
ing the annealing procedures. The behavior of oxygen

FIG. 2. 4f -photoemission spectra recorded at the 4d˜4 f reso-
nance from~a! clean Gd~0001! and~b!, ~c! after adsorption of oxy-
gen. The inset displays the spectrum recorded from a 50-Å-th
film of Gd2O3 /W(110).
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PRB 60 3451MAGNETICALLY ORDERED SURFACE OXIDE ON Gd~0001!
Gd~0001! is in complete analogy to the case of Lu~0001!,
leading to the formation of a surface oxide, with negligib
diffusion of oxygen into the bulk. This phase does not re
resent the sesquioxide, with the 4f -electronic structure char
acterized by three broad features~inset of Fig. 2!. It can
rather be interpreted in terms of a monoxide phase with
tallic character, resembling the electronic structure of
monosulfide.21

In view of the analogy to GdS, which exhibits antiferr
magnetic order,22 interesting magnetic properties can be e
pected also for the present surface oxide, in particular, s
the underlying bulk Gd film is ferromagnetically ordered.
magnetic behavior can be readily studied by angle-reso
PE only, using the characteristic oxygen-induced featureS2,
which is essentially occupied and well separated from
Fermi energy, in contrast toS1, which is only partially
occupied.12–15 Unlike S1 , S2 is located close to thelower
edge of the band gap around the center of the Brillouin zo
It exhibits properties of a surface state, with no dispers
alongGA perpendicular to the surface. Similar toS1, it dis-
perses alongḠK̄, however, towards lower BE, whileS1 dis-
perses towards higher BE~spectra not shown here!. This
characteristic ofS2, on the other hand, is not surprisin
since it reflects the behavior of the bulk bands close to
lower gap edge.3 Thus, the oxygen-induced stateS2 closely
resembles the surface state of clean Gd~0001!, being local-
ized in the topmost layer, however, with a higher BE due
the interaction with O 2p states. As inferred already from
Fig. 1~b!, featureS2 reveals a distinct splitting at low tem
peratures that is not observed in the case of Lu with a clo
4 f shell, and therefore is necessarily related to the 4f mo-
ment of Gd.

Details ofS2 are shown in Fig. 3, which displays angl
resolved PE spectra recorded in normal emission at var

FIG. 3. Angle-resolved valence-band photoemission spe
from oxygen/Gd~0001!, recorded at various temperatures. Note
absence of any splitting of featureS2 in the case of Lu~0001! ~top!.
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temperatures below and above theTC of bulk Gd metal.
Besides the oxygen-induced featureS2 at '0.8-eV BE, also
emission from the bands of the underlying bulk Gd~D! can
be observed around 1.8 eV. Both features are split into
components, which are easily resolved at 52 K. The sp
tings ofD andS2 decrease with increasing temperature, w
no changes observed aboveTC in both cases. While the bulk
band splitting collapses to zero, a finite splitting persists
S2, as can be inferred from the strongly asymmetric shape
this feature even at 345 K. Such an asymmetry is not
served in the PE spectrum from the respective oxide
Lu~0001!, recorded at 50 K~top of Fig. 3!, providing further
evidence for a magnetic origin of the splitting in case of G

For a quantitative description of the temperature dep
dence of the splitting, a least-squares-fit analysis was
plied, as represented by the solid lines through the d
points. The spectra are readily described by pairs of symm
ric Lorentzians for the emissionsD andS2 ~solid subspectra!,
respectively, and a smooth background~dotted lines!. Note
that for Lu, S2 is described by asinglesymmetric Lorentz-
ian. The results of the fit analysis are summarized in Fig
which displays~a! the BE’s and~b! the splittings ofD andS2
as a function of temperature. The bulk-band states~squares!
show a decreasing splitting as found in other studies5,12

eventually collapsing to zero atTC5293 K within the ex-
perimental uncertainty of'100 meV. A decrease of the
splitting is also found for the oxygen-induced featureS2,
from (460620) meV at 52 K to (210630) meV atTC . In
constrast to the bulk-band behavior, a temperatu
independent finite splitting is observed aboveTC , as in tun-
neling spectra from the surface state of clean Gd~0001!.15

Since the latter observation is at variance with results fr
PE and IPE,13,14 it is not clear at present, if the magnet
behavior ofS1 andS2 is identical.

In conclusion, an epitaxial surface oxide has been p
pared on Gd~0001!, which is distinctly different from the
sesquioxide and rather has to be identified with a monox
as in case of Lu~0001!. In this surface oxide, no suppressio
of magnetization was found, in contrast to the conclusions

ra

FIG. 4. Temperature dependence of~a! binding energies and~b!
splittings of featuresD andS2 from Fig. 3. Solid lines in~b! rep-
resent a power-law behavior withTC5293 K, however, with a
persisting finite splitting in the case ofS2.
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Ref. 20. It reveals a characteristic valence state at'0.8-eV
binding energy, that can be used to study its magnetic p
erties. This oxygen-induced state closely resembles the
face state observed for clean Gd~0001!, but can be readily
studied by photoemission only, in contrast to the latter. T
state exhibits a temperature-dependent magnetic split
providing evidence for magnetic order in the surface ox
up to the Curie temperature of bulk Gd. AboveTC , a per-
sisting temperature-independent splitting is observed, wh
is direct evidence for such a phenomenon in a local-mom
system from photoemission, for whichk selectivity ensures a
straightforward identification of spectral features. Interest
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open questions concern the magnetic structure and the ro
the underlying ferromagnetically ordered bulk Gd. Simil
oxide phases can be expected for the close-packed sur
of other heavy lanthanide metals, offering new perspecti
for the study of surface magnetism in these systems.
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