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Oxygen adsorption on the close-packed surfaces of trivalent heavy lanthanide metals leads to the formation
of well-ordered surface-oxide systems. These systems are characterized by fully occupied oxygen-induced
surface states, resembling the surface states of the clean metal surfaces. For the magnetic lanthanides, these
states exhibit temperature-dependent magnetic splittings with constant finite values above the respective high-
est magnetic ordering temperaturd@s,. Angle-resolved photoemission from Gd to Ho reveals a systematic
behavior of the splittings: the magnitudes are proportional to thespin moment and their temperature
dependencies scale wifft .
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[. INTRODUCTION der on the band structure of Gd was also studied by Sand-
ratskii and Kibler using a model with a certain finite angle
The magnetic properties of the lanthanide metals arédetween the ## moments in adjacent close-packed lay&rs.
strongly determined by the atomiclikef 4anoments, which Here, the 4 magnetic structure forms a helix along the crys-
persist in the solid stateLong-range magnetic order in these tallographicc axis of hexagonal close-packéucp Gd. This
systems is induced by an indirect exchange interaction bestructure imposes a generalized translational symmetry,
tween the 4 moments via the polarization of conduction which allows a calculational treatment. In this model, the
electrons, the so-called Ruderman-Kittel-Kasuya-Yosiddully ordered ferromagnetic phase at zero Kelvin is repro-
(RKKY) interaction? This interaction, in competition with duced by an infinite helix period; increasing temperature is
anisotropies and magnetoelastic energies, leads to a variesymulated by a decreasing helix period. The results obtained
of magnetic structures, including ferromagnetic, helical anti-within this model are similar to those of Noltiref al., with
ferromagnetic, and conical ferrimagnetic phasésThe energetically low-lying states displaying a Stoner-like behav-
RKKY coupling mechanism is particularly sensitive to de- ior, while other states showing a more complex temperature-
tails of the Fermi surface, and the relation of the magneticdlependent redistribution of minority- and majority-spin con-
structures to the so-called nesting features is well estaldributions. Interestingly, the calculations revealed a magnetic
lished, both theoreticalfyand experimentall{® splitting of valence states for certain regions of the Brillouin
Less well understood and a topic of current research is theone in this helical antiferromagnetic system despite the zero
influence of magnetic ordering on the details of thenet magnetization, as long as the helix period is larger than
temperature-dependent valence-electronic struétdfélhe-  ~4 monolayers? Such a helical antiferromagnetic structure
oretical calculations were performed particularly for ferro- exists, e.g., in Th, Dy, and Ho, and exchange splittings were
magnetic Gd metal. In a many-body treatment by Noltingrecently observed in their respective antiferromagnetic
et al, the temperature dependencies of the magnetic exshases by angle-resolved photoemissi®E) for the A,
change splitting and the spin polarization of valence statestates near the center of the Brillouin zodg® The ex-
were found to vary across the Brillouin zoHeConsidering  change splitting of these states was found to be proportional
two extreme cases, itinerastlike states were found to be to the 4f-spin moment, indicating that thef 6d exchange
sensitive to long-range magnetic order, leading to an energintegral does not change considerably across the lanthanide
splitting that reflects the net magnetization and hence varseries:® Furthermore, these bulk-related valence states ex-
ishes at the Curie temperatuie; . Resembling the charac- hibit a Stoner-like temperature dependence of the magnetic
teristics of the valence states within the Stoner model ofplitting, essentially vanishing at the respective highest mag-
band ferromagnetisiif,this behavior is referred to as Stoner- netic ordering temperatuf&* ,>°in rather good agreement
like. In contrast, the splitting of more localizetlike states ~ with the theoretical calculations for Gd metal.
in the vicinity of the Fermi energ\r, depends only on the The search for pronounced spin-mixing behavior and
temperature independent locaf 4noment and hence was temperature-independent magnetic splitting, on the other
found to be essentially temperature independent, persistingand, raised some controversy. Resonances observed in the
into the paramagnetic phase. In a disordered local-momermptical reflectivity of the lanthanide met&fs° were inter-
system, such as Gd metal at finite temperatures, the spipreted as a result of a temperature-independent energy split-
projection of a given valence state onto the magnetizationing of states above and belo&: around thelL high-
direction is not well defined. This characteristic, often calledsymmetry point of the hcp Brillouin zorfé; to our best
spin mixing, leads to a decrease of the spin polarization wittknowledge, these states have not been directly observed by
increasing temperature, vanishing in the paramagnetic phaseE or inverse photoemissidfiPE) up to now. Considering
The influence of the temperature-dependent magnetic othe calculations of Noltingt al. for bulk states in the vicin-
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ity of Er,'! a good candidate for spin-mixing behavior is the terns are observed from these films. Well-ordered surface
localized, partially occupied surface state, present on albxides were prepared by dosirgl L (10 ° Torrsec) of
close-packed surfaces of the trivalent lanthanide métafs. molecular oxygen at a partial pressure of 50~ 2 mbar and
And in fact, many studies concentrated on ttiske surface  subsequently annealing. The annealing temperature was lim-
state!’~*®Experimentally, however, it cannot be accessed byted by the onset of oxygen desorption, occuring around 350
angle-resolved PE nor by IPE alone, since at low temperax in the case of Gd, but not below 700 K in the case of Lu.
tures, the majority component is occupied, whereas the Mirhese surface oxides exhibited long-range crystalline order
nority component is unoccupied. The close proximity to theaq inferred from sharp (11) LEED patterns observed in all
Fermi energy aggravates the determination of the bindin%ases. The oxygen dose turned out to be uncritical; even
energy(BE) by either of the two methods and data Suggest]arger doses up te=2.5 L lead to identical results. This in-

; il A2,14,15 iy Brw .
ing Stoner-liké as well as spin-mixing behaviorwere dicates a passivation of the system after an initial oxidation

obtaingd. . . . __of the surface. Such a passivation behavior was also found in
Particularly useful in this case has been scanning- '

tunneling spectroscop{STS, which is capable of probing an early oxm_lanon study of GA00D, where a (1) LEED
both occupied and unoccupied states in the vicinity ofgbe pattern perS|sted_after oxygen doses of 100 L and even after
in a single experiment. By this method, the surface state ofXPOSure to ambient atmosphere for one Hdur.
Gd(0001) was shown to have a temperature-dependent split- A_ngle—resolved PE e_xpenr_neqts were carried out at the
ting with a finite residual value that stays constant above3erliner Elektronenspeicherring rfuSynchrotronstrahlung
Tc .17 A more recent STS study of the corresponding sur{BESSY ) with a laboratory PE spectrometer. In the case of
face state on Ti®001) by Bodeet all® revealed a behavior Gd, data were recorded at the TGM 3, TGM 5, and TGM 6
different to that of Gd, with the energy splitting decreasingbeamlines using a VSW ARIES hemispherical electron en-
even at temperatures of at least 30 K above thelXem-  ergy analyzer with an angular resolution-s2°. The total-
perature Ty~230 K). This deviation from Gd was sug- System energy resolution varied between 80 meV and 130
gested to be due to short-range antiferromagnetic correlaneV (full width at half maximum. The experiments on the
tions resembling the temperature-dependent helical structurgo, Dy, Ho, and Lu surfaces were performed with a Scienta
aboveTy. However, the above-mentioned study of the ~ SES 200 analyzer operated in angle-resolving mode using
bulk states showed that their magnetic splitting behaves fully0.8-eV photons from a high-flux He resonance lamp se-
systematically, with no anomaly in the antiferromagneticlected by a grating monochromator. The total-energy resolu-
phaseé.9 tion was set to 50 meV, and the angular resolution was .
Thus, the picture of electronic states with pronounced The typical changes of the electronic structure upon oxy-
spin-mixing behavior evolving from these experiments stillgen adsorption on the close-packed surfaces of trivalent lan-
remains unsatisfactory, calling for a systematic study acrosthanide metals are shown in Fig. 1 for the example of
the lanthanide series. For such a study, we have chosenTd(0001). The 4f PE final-state multiplet of Tb metal is
characteristic oxygen-induced surface state rather than thsharacterized by a well-separaté® component with a com-
surface state of the clean close-packed surfaces, because ggably low BE of~2.3 eV. Therefore, changes of both the
former is fully occupied and hence readily accessible by4f and the valence-band structures in the vicinityEgfcan
angle-resolved PE only, as demonstrated for the cases @k observed in detail in a single PE spectrum. The spectrum
Lu(000) (Ref. 30 and Gd0001).3" This oxygen-induced of the clean TK000D) surface(bottom), recorded at 50 K,
surface state is characteristic of the well-orderedk ()  displays emission from the occupied part of the surface state,
surface-oxide system that can be readily prepared on thg directly atE, theA, states, as well as th&S component
close-packed surfaces of the heavy trivalent lanthanide mebf the 4f multiplet, consisting of a bulkb) and a surfacés)
als. contribution, separated by a surface core-level shift of (270
The paper is arranged as follows: Following this introduc-+30) meV3* The surface stat& with essentiallyds,z_,2
tion, the second section is concerned with experimental decharacte?®?’ was already mentioned in the introduction as a
tails of the preparation and characterization of the oxygengeneral feature of the close-packed surfaces of trivalent lan-
induced surface states. The magnetic properties of thghanide metald® Because it's derived from the butkband,
surface states are discussed in the third section. S represents a Tamm stateAt low temperatures, the,
states exhibit an energy splitting due to the exchange inter-
action with the 4 states, with the high-BE component hid-
den by the 4 emission'®
The characteristics of oxygen adsorption can be inferred
The experiments were performed on the close-packed sufrom the S component of the # spectra. Upon oxygen ad-
faces of ~100-A-thick lanthanide-metal films epitaxially sorption, the surface componesis successively suppressed,
grown in situ in ultrahigh vacuum(UHV) on W(110. On  being replaced by a new featurs, shifted by (580
this substrate, the films grow in close-packed planes with+30) meV with respect ts. This comparably large chemi-
high crystalline quality and very clean surfaés® Corre-  cal shift is characteristic of strong chemisorption rather than
sponding to the(0001) surface of the hexagonal close- weak physisorptiof® suggesting an interpretation in terms
packed crystal structure of the heavy lanthanide metalsf a surface oxide.
sharp hexagonal low-energy electron-diffractitEED) pat- A fit analysis of the data of Fig. 1 shows that the BE and

II. PREPARATION AND CHARACTERIZATION OF THE
OXYGEN-INDUCED SURFACE STATE
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FIG. 2. Angle-resolved PE spectra recorded from the oxygen-
covered(000)) surfaces of Gd, Tb, Dy, Ho, and Lu in normal-
emission geometry at the given temperatures. Note that the spec-
trum of Ho was recorded at room temperature and hence exhibits
substantial thermal broadening.

Binding Energy (eV)

FIG. 1. Angle-resolved PE spectra recorded in normal-emissionyctyre, indicating a passivation of the surface after the first
geometry from a clean TB00J1) surface and at several stages of layer has been oxidized. Due to this passivation, oxygen
oxygen exposure. The spectra are normalized with respect to thgo sition is uncritical and, once prepared, the films stay
total 4f intensity. unchanged for more than one day under UHV conditions.

Analogous results were obtained for the surfaces of the other
intensity of the bulk componerit, normalized with respect trivalent lanthanide metals of this stutfy.
to the total 4-spectral intensity, are essentially unchanged. Oxygen adsorption under the present conditions does not
The intensity of the 4 surface componers decreases, bal- lead to the formation of the trivalent lanthanide sesquioxides
anced by a new componesy. The same behavior has been Ln,0;; these latter compounds are characterized by a much
observed in the cases of GBef. 31 and Lu¥® as wellas Yb  broader 4 emission and vanishing spectral intensity at
at low temperature¥, showing that oxygen adsorption on E. 331 The distinctly different character of the present sur-
the close-packed surfaces of the heavy lanthanide metals ufiice oxide is further corroborated by the characteristicpD-2
der the present conditions takes place at the surface only witdmission shown in Fig. 2. This figure displays PE spectra
no diffusion into the bulk. As in the latter cases, a furtherrecorded from the oxygen-coveré@001) surfaces of Gd to
oxygen-induced componeby is introduced for the fit analy- Lu, giving an overview of the valence-electronic structure.
sis of the 4 spectra. In the case of Lu, this component isThe most intense feature in all spectra is the sharppO-2
well resolved and can be readily interpreted in terms bf 4 emission around 6-eV BE, which is the signature of disso-
emission from the second layer being affected by the adsorgiatively chemisorbed oxygefi;*® and which is distinctly
tion of oxygen in the surface lay&tFor Gd, this component different from the broad multicomponent Qp2mission ob-
is also observed as a shoulder on the butkadmponent, served for LpO,.2%3 In fact, the preparation of the sesqui-
however, it is not as well resolved as for Lu. oxide on the close-packed surface of Gd was found to require

In the PE spectra of Fig. 1, the concomitant changes in theeavy oxygen exposure of 300 L at 500 *Gyhich was not
valence-electronic structure are also readily observed. Upogipplied here. Although a determination of the stoichiometry
oxygen adsorption, the intensity of the, bulk states de- at the surface is not straightforward and has not been ob-
creases. Such behavior of bulk bands during the surface agained here, an interpretation of the data in terms of monox-
sorption of oxygen has been observed for other méfaibe  ides is not unreasonable. While monoxides are not stable as
most striking and important changes in the present contexjulk compounds, they could exist on the surfatsince a
occur in the vicinity ofEg . The surface statBis suppressed, reduced valence at the surface is favored in many lanthanide
while a new features, occurs, which is split into two com-  systems due to the smaller number of nearest neighBors.
ponents at low temperatures. At an oxygen dose=6f6 L,  With the assumption of a reduced valence at the surface, it is
i.e., when the 4 componens is replaced bys,, Sis essen- resonable to draw an analogy between the present surface-
tially replaced byS,. As discussed further below, the oxide phase and the lanthanide monosulphii@hese latter
oxygen-induced stat8, displays the characteristics of a sur- systems are known as stable bulk compounds that exhibit
face state. As in the case of the LEED patterns, higher dosesetallic character and magnetic ord®in this context, it is
of oxygen up to~2.5 L do not further affect the electronic to be noted that the bulkf4BE of YbS is close to that of the

214410-3



C. SCHWBLER-LANGEHEINE et al. PHYSICAL REVIEW B 65 214410

®) Oxygen/ 02} (@) Gd(0001) E L
Gd(0001) T=70K F
T=70K normal emission
normal emission 1F
T 2
>
5
=
M
2
g Er
g
m
© Lr
£ o8| 2r
2
Zosh
oy
2 o4l 0.0 0.2 04 0.6 0.8
= 02} k, along TK (A™)
00 = T T s o s FIG. 4. Intensity plot of angle-resolved PE spectra recorded
Photon Energy (V) from (a) the clean andb) the oxygen-covered G@A00)) surfaces at

) _various emission angles alon@’K. (K corresponds  tok
FIG. 3. Angle-resolved PE spectra of the (G@0J) surface re —1.15 A-1). Data were obtained 48) 26 K and(b) 70 K, i.e.,

corded in normal-emission geometry for various photon energies: ) ] v
(a) clean surface(b) after oxygen adsorption. The spectra are nor-Well below the Curie temperature. Respective PE spectia @
malized to the incident photon flux. Note the different photon en-=0) aré shown on the left.
ergy axes in@) and(b). (c) Corresponding integrated intensities of
the oxygen-induced stat&{, open circlesand the O-p emission  oxygen-induced stat&, as well as the Gd-# and O-2
(open diamondsin comparison to those of the surface sta& (  emissions. Also in these spectra, none of the features changes
solid circles and of theA, band(solid squarelsof clean G40001.  jts BE upon variation of the photon energy. This is expected
in the case of the atomiclikef4states. For the O2 emis-
respective surface-oxide component on close-packe8ion andS,, the lack of dispersion supports the interpretation
Yb(111), supporting an interpretation in terms of a similar in terms of a two-dimensional character of the surface oxide
chemical environmeri4! as may be anticipated from the reaction of oxygen taking
Figure 2 demonstrates that the changes of the surfacelace at the surface only. In this respe$j, resembles the
electronic structure upon oxygen adsorption are very similabehavior ofS
for all the lanthanides of the present study. All spectra exhibit Further information about the character$f can be ob-
the sharp O-p emission characteristic of the surface-oxidetained from the relative PE cross sectionsSgfand O-2,
phase. The figure also shows that the oxygen-induced surfaextracted from the integrated peak intensities in Fi),3n
stateS, is present in all cases. It consists of a single compo<omparison to those of the surface st&tand theA, band
nent for nonmagnetic Lu, while a splitting can be clearlyobtained from Fig. &), as plotted in Fig. &). The cross
seen for Gd and Th. For Dy and Ho, the splitting is too smallsection ofS (solid circleg decreases with increasing photon
to be resolved in this overview spectrum. energy, exhibiting a weak maximum around 45 “\This
Before turning to the discussion of the electronic structureoverall decrease is also observed for the band (solid
in connection with magnetic orde8, is characterized in squares The behavior ofS, (open circleg on the other
more detail in order to show that it closely resembles thehand, is characterized by a pronounced maximum around 45
surface stateS of the clean surfaces, however, it is fully eV, rather following the cross-section behavior of the @-2
occupied. Figure 3 displays sets of angle-resolved PE spectemission(open diamonds This similarity of the PE cross
recorded(i) from the clean G001 surface andii) after  sections indicates a significant mixing of @-2nd Gd-%
oxygen adsorption. They were taken in normal-emission gestates at the surface upon the formatiorSef
ometry at various photon energies and hence probe different In addition to the two-dimensional character $f, the
points in momentum space along thé high-symmetry di- analogy toSis further established by the energy position and
rection of the hcp Brillouin zone. The spectra of the cleandispersion within the close-packed planes as shown in Figs.
surface are dominated by emission from the surface statd, and 5. Angle-resolved PE spectra of the valence-band re-
with decreasing intensity upon increasing photon energy. Agion were recorded from G@002J for various electron emis-
characteristic for an electron state of two-dimensional charsion angles at temperatures well below the Curie tempera-
acter, no variation of the BE is observed ®1The spectra of ture. The resulting PE intensities as a function of the BE and
Fig. 3(b) were recorded over a larger BE range, including thethe in-plane component of the electron wave vedtpr,are

214410-4



OXYGEN-INDUCED MAGNETIC SURFACE STATES ON ... PHYSICAL REVIEW B5 214410

Majorit; Minorit
2 jority y 2

energy gap of the projected bulk band structure, but at higher
BE’s well belowEg, closer to the\, band, which forms the
lower edge of the band gap. It is to be noted that the oxygen-
induced band is in fact even closer to the band than
suggested by the calculation, since the experimentally deter-
mined critical-point energy of’', is substantially closer to
Er, as indicated by the solid batd.ike the surface stat§,

the oxygen-induced staf® (circles shows a rather flat dis-

persion in the vicinity ofl’. Along I'K, it moves towards

Er, thus following the dispersion of tha, band. This is

T x° again the typical behavior of a Tamm surface state, split off
the corresponding bulk barid.

FIG. 5. Dispersions of the occupied part of the surface s$ate Plotting the dispersion of the two componentsSfin
(triangles and of the oxygen-induced surface stag(circles. The Fig. 5 separately in the spin-resolved band structures sug-
dashed lines represen_t the Iayer-resolved_band structure from aSpiQ'ests that they represent majority and minority components
e e s o i1 1€ OXYgen-nduced suface stae. Wil such an nerpre
ofAtheA band P y P 9'3ation is reasonable in view of the behavior of the surface

2 ’ state of clean G@001), at least at low temperaturé%,no
information about the spin character was obtained from the
shown as gray-scale plots in Fig. 4, providing a direct imagepresent experiments. However, the energy splitting is clearly
of the dispersion along thEK high-symmetry direction of of magnetic origin, as discussed in more detail in the follow-
the surface Brillouin zone. On the left, correspondinging section.
normal-emission spectra are shown.

The behavior of the occupied part & can be inferred
from the data of the clean surfagEig. 4(a)]. S exhibits a
weak decrease of the BE towards the border of the surface
Brillouin zone. The dispersion dd determined from the PE The surface oxides on the close-packed surfaces of the
spectra is plotted in Fig. $triangles, superimposed on a |anthanide metals are characterized by an electronic struc-
calculated, layer- and spin-resolved band structure ofure, which is different from that of the nonmetallic trivalent
Gd(000Y) (dashed lines, from Ref. 26The comparison with  sesquioxides. They rather show metallic character with sub-
these calculations shows th&tis split off the d band that  stantial spectral weight & and in this respect resemble the
forms theupperedge of the band gap aroudtdand hence  monosulfides. Since these latter compounds exhibit magnetic
can be identified as a Tamm-like surface state. The dispebrder, it is not unexpected that such a phenomenon occurs
sion of Sis flat in the vicinity ofI"; towardskK, it decreases also in the present surface oxides, particularly since the sur-
in energy, following the behavior of the band. face layer is coupled to a magnetically ordered bulk. And in

The characteristics of the oxygen-induced surface Sate fact, a magnetic splitting of the oxygen-induced surface state
can be inferred from Fig. ). Like S it is located in the S, is observed, exhibiting systematic behavior across the lan-

Binding Energy (eV)

=
X

IIl. MAGNETIC PROPERTIES OF THE OXYGEN-
INDUCED SURFACE STATE
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FIG. 6. Angle-resolved PE
spectra of the oxygen-covered
(000) surfaces of Gd, Th, Dy,
Ho, and Lu at various tempera-
tures together with the results
of consistent least-squares-fit
analyses.
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thanide series, both as a function of temperature and the
4f-spin moment. This is qualitatively evident from the com- 400
pilation of angle-resolved PE spectra in Fig. 6, recorded in
normal-emission geometry from the oxygen-covered close- 200
packed surfaces of Gd to Ho and Lu.

For a detailed quantitative analysis of the spectra in Fig.
6, it is useful to consider first the nonmagnetic reference
system Lu and to determine the pure thermal effects on the
line shape. Lu is well suited, because its valence configura-
tion is the same as that of the magnetic heavy lanthanides.
The 4f shell of Lu is completely filled and hence carries no
magnetic moment. In this particularly simple case, a least-
squares-fit analysis can be readily applied to obtain a de-
scription of the temperature-dependent spe¢said lines
through the data poinkslt turns out thatS, is described by a
single symmetric Lorentzian line at all temperatures. The
spectral shape does not change with temperature except for
thermal broadening, described by a Gaussian convolution, 0 O
and a slight shift of the BE from (79920) meV at 69 K to '
(840+20) meV at 300 K. For a perfect description of the
data, a weak contribution from remainders of the surface
state nealEr was introduced. Furthermore, the background
intensity due to emissions from other parts of the Brillouin L 3 :
zone and inelastic effects were taken into accdulashed 0 100 200 300
lines). While in the case of LuS, is symmetric throughout Temperature (K)
the whole temperature series, this is not the case for the
magnetic systems. For Gd to Ho, the oxygen-induced states FIG. 7. Temperature dependence of the energy splitirigeT)
exhibit an energy splitting at low temperatures, which de-of the oxygen-induced ;urface stateslid circleg as d.etermined .
creases upon heating. The splitting is well resolved in thé_rom the least-squares-fit gnalyses of the spectra in Fig. 5. The _solld
low-temperature spectra of Gd, Th, and Dy, and it is still"nes Fhrou_gh the data points represent the result of a model fit as
discernible as a shoulder in the case of Ho. The splitting!€Scribed in the text.
decreases with increasing temperature up to the highest mag-
netic ordering temperatuf& ; aboveT*, the spectral shape of the systems has any change of the spectral shape, which
does not chang any more, and still remains asymmetric, imight indicate a further decrease of the splitting at higher
contrast to the spectra of nonmagnetic Lu. This shows thaemperatures, been observed ab®ve
the collapse of the splitting is not complete. In order to obtain a reliable extrapolation of the splitting

To be more quantitative, the least-squares-fit analysis useid zero Kelvin, an analysis of the temperature dependence
before for Lu was applied to all spectra, but witho sym-  was performed. According to Noltinet al, the temperature
metric Lorentzians of equal intensity 8. The width of the  dependence of the magnetic splitting in a local-moment sys-
two components was allowed to vary in order to account fottem can be described by the sum of two contributibrihe
possible spin-dependent lifetime effects. The average lifefirst part considers the influence of the long-range magnetic
time of the two components was held constant for all tem-order and is proportional to thefdmagnetization. The sec-
peratures. In this way a consistent description of the fiveond part takes the spin-exchange processes betweamat
series of spectra in Fig. 6 was obtained as given by the solislalence electrons into account and contains a more compli-
lines through the data points. For all systems, the energgated functional of the electron self-energies for both
splitting AE(T) decreases upon heating, reaching a finitevalence-electron-spin directions. The latter is responsible for
residual value in the paramagnetic phase, as summarized fthe constant residual splitting aboW& and hence was as-
Fig. 7. Due to the thermal broadening and the small magnisumed to be essentially temperature independent. The
tude of the splitting, the two components are not well re-temperature-dependent part of the magnetic splittingS,of
solved aroundT* any more. Therefore, their energy posi- was described by a mean-field model, successfully applied
tions cannot be determined with high accuracy and thévefore to the case of a monolayer of Eu on Gdhis model
splitting determined from the fit analysis depends to somaises the coupling within the surface lay&y;, and the cou-
extent on the widths of the lines. These uncertainties, howpling between surface layer and bulk,,, both relative to
ever, have been included in the error bars of Fig. 7, deterthe bulk valueJy,, as adjustable parameters. The magneti-
mined by varying these parameters to the limits, where reazation of each layer is calculated by taking into account the
sonable fits could be obtained. Data were taken at least up iofluence of all nearest-neighbor moments weighted by the
room temperature, which is far above the varidiisof Th,  respective coupling strengths. This leads to a set of coupled
Dy, and Ho. For the case of Gd, the temperature range isquations that can be solved self-consistefly.
limited by the onset of oxygen desorption at 350 K. In none The fits using this model are shown in Fig. 7 as solid lines

AE(T) (meV)

400

200

400

200
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FIG. 8. Temperature-dependent splitting&(T) of the oxygen- FIG. 9. Zero-Kelvin splitting (filled circles and high-

induced state$§, of Gd, Th, Dy, and Ho, normalized to the respec- temperature residual splittin@pen circles of S, plotted versus the
tive zero-temperature splittingE(0). T* denotes the respective 4f-spin momentSy; .
highest magnetic ordering temperature.

cording to AE=2J4115Sss ,*° where ug denotes the Bohr
through the data points. The good agreement between thaagneton.
model calculations and the data for both ferromagnetic and The effective coupling constants are given in Table. |,
antiferromagnetic lanthanides indicates that the temperaturéegether with the numbers for the, bulk state$’ and the
dependent part of the magnetic splitting is essentially detersurface state of the clean surfaces, obtained from STS'%ata.
mined by the magnetic order within the surface layer. Sincelhe strongest coupling is observed for the bilk states in
the coupling parameters depend sensitively on the curvaturdBe vicinity of I', with a magnitude that is not too far from
of the AE(T) curves, they cannot be derived with sufficient that calculated for 8 conduction electrons in the vicinity of
accuracy from the present set of data, even for Gd and TEr -*°In the latter calculation, a slight increaseXf across
with comparably large splittings and higit . Nevertheless, the lanthanide series due to lanthanide contraction is ob-
a consistent picture is obtained in all cases, with weakef2ined, while for the valence states of the present investiga-
coupling within the surface-oxide layer than in the bulk, astion, no indication for such behavior is found. Interestmg_ly,
expected for an oxide system with a reduced density of cont-he numbers are smaller in the case of the more localized
duction states aEy . surface states, both for the clean and oxygen-covered lan-

Even though a precise determination of the coupling pa:thanlde surfaces. From the increased localized character

rameters from the energy splittings of Fig. 7 is not possibleffompare(;I o thalz sta}t_est, onet.mlghytﬁnttrlgp‘glte,ton theAcon-
the analysis allows to extract the zero-Kelvin splittings rary, a stronger local interaction wi ectrons. An
AE(0) of Gd to Ho with reasonably high accuracy. The re_analogous result, however, was found at _the glose—packed
sulting normalized splitings\E(T)/AE(0) are plotted in surface of Ce metal, .namely, a weaker hybr|d|za.t|on between
Fig. 8 as a function of the reduced temperatdiéL* . The the 4f and & states in the presence of the localized surface

figure demonstrates the systematic behavior of the magnetls(’:tate as compared to the bdfkThe smaller splitting of the

" . o xygen-induced surface state is not surprising, taking into
splitting of S, across the lanthanide series, independent of ) - . i .
the type of magnetic order. Such a behavior has been oba_ccount the considerable mixing with the @-&tates, which

served before for theé\, bulk band, indicating that these
states are sensitive to the magnetization of the ferromagneti- TABLE |. Effective exchange-coupling constants;; between
cally ordered close-packed planes rather than the totafarious valence states and thé gtates.

magnetizatiort® This applies even more to the oxygen-

induced states of the present study, which are strongly local- State Jetips (MEV)
ized within the topmost layer and are therefore not influ- A, atT? 134+ 8
enced by the long-range magnetic order alongdlais. Surface statéAE(0)]° 100

The magnitude of the splittings, bottE(0) and the per- Oxygen-induced surface 70+ 6
sisting splitting abovd ™, is plotted versus the f4spin mo- state[ AE(0)]°

ment in Flg.' 9. As in the case of th&, bulk states? the Oxygen-induced surface 28+ 6
proportionality toS,; is clearly observed for both compo-  gate(residual splitting®

nents, Wlth the reS|dyaI s.plltt-lng amountmg to about 40% of 54 states aEd 88 (Gd) to 106 (Ho)
AE(0). This proportionality is expectet, if the exchange
integral does not strongly change across the lanthanide séRreference 19.

ries. In fact, within the error bars of the present experiment®STS data from Ref. 18.
the effective exchange-coupling constdpi; is found to be  °This work.

constant and can be obtained from the slopes in Fig. 9 ac¢iCalculated, from Ref. 45.
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will reduce the overlap with the f4Awave function at the magnetic system: While the splitting decreases substantially
lanthanide site. with increasing temperature, a constant finite value persists
above the highest magnetic ordering temperature. For Gd
IV. SUMMARY and Tb, this finite splitting can be directly seen in the spectra;
. for Dy and Ho it results from a consistent data analysis. The
The temperature-dependent valence-electronic structui@mperature dependence of the splittings can be readily de-
of local-moment magnetic systems is currently the subject O§¢ribed in terms of a mean-field model for a magnetic mono-
extended studies, both theoretically and experimentally. INayer coupled to a magnetic substrate, taking an additional
this context, a surface-oxide phase on the close-packed Sigmperature-independent contribution into account. It was
faces of the heavy lanthanide metals was discussed hergnown here that this behavior is independent of the type of
providing interesting possibilities for a quantitative study of magnetic order, as it is systematic across the heavy lan-
the influence of magnetic ordering on the valence-electronighanide series, with no anomalous behavior for antiferromag-
structure. This system can be readily prepared by oxygefetic systems. While these conclusions are based on the sys-
adsorption and is stable for more than one day undefematic behavior of the energy splitting only, the oxygen-
ultrahigh-vacuum conditions. The oxide layer exhibits metal-inquced surface state provides a tool to study the
lic character and magnetic order in a temperature range deamperature-dependent spin-mixing behavior in local-

termined by the respective ordering temperature of the unmoment magnetic systems quantitatively by spin-resolved
derlying metal. A particularly interesting feature of the pnotoemission.

system is a surface state that is fully occupied and hence can

be readllly studied by angle-resolved photoemission. This ACKNOWLEDGMENTS
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