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Atomic and local electronic structure of Gd thin films studied by STM and STS
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We report on combined scanning tunneling microscopy and spectroscopy studies of the atomic and local
electronic structure of Gd thin films on #/10) in the submonolayer coverage regime. The tunneling spectra of
a recent(8x2), and the previously know(7x2), (6x2), (5x2) andc(5X 3) superstructures show significant
differences in the local electronic structure, which were found to be due to the varying interatomic distances
within the Gd film. Spatially resolved maps of the tunneling barrier height reveal a nonmonotonic behavior of
the local work function from the open(8X2) structure to the close-packed first monolayer.
[S0163-18297)05731-7

Thin-film and surface studies of Gd as a prototypical fer-electronic structure of Gd on W10 in the submonolayer
romagnetic 4 rare-earth metal have recently attracted con-coverage regime. The STM data revéa0x?2), (7x2), (6
siderable interest because of its interesting surface magnetic2), (5x2), andc(5X% 3) superstructures, being in excellent
properties. For instance, an enhancement of the Curie tenagreement with earlier structure models based on low-energy
perature of the surface compared to the billkg=293 K) electron diffractionLEED) data®® In addition, an(8X2) su-
was observed based on spin-polarized low-energy electroperstructure has been discovered by STM and LEED, for
diffraction.! magneto-optical Kerr effe¢MOKE),2 and spin-  which a structure model is proposed. Simultaneously re-
polarized secondary-electron emission spectroscopy sttidiesorded tunneling spectra reveal significant differences in the
The electronic structure of Gd films was investigated bylocal electronic structure for these five superstructures. A
angle-resolved photoemission and inverse photoemissiosystematic change in the spectra is observed by decreasing
experiment$, as well as by spin-resolved photoelectronthe distance between Gd chains of {8x2) to the (5X2)
spectroscopy.A strong change in the & state and, along superstructure. In addition, spatially resolved measurements
with it, of the core levels with decreasing film thickness of the tunneling barrier height have been performed which
down to approximately 1.5 ML was reveal®ds was the reveal a nonmonotonic behavior of the local work function
existence of a surface state at about 0.3 eV above the Ferrhy going from the oper(8x2) to the close-packed mono-
level E. Furthermore, a nonvanishing exchange-splittinglayer of Gd. It is found that thé5X2) and(6x2) superstruc-
even at room temperature of the unoccupietistate could tures exhibit the lowest local work function on the nanometer
be confirmed in agreement with the observation of an en-scale in agreement with earlier measurements performed on a
hanced surface magnetic order. The annealing conditions @hacroscopic scal®.

Gd films, deposited at room temperature, were found to have The STM /STS experiments were performed in a multi-
a strong influence on the magnetic properties, as shown bghamber ultra-high vacuum system with a base pressure in
MOKE (Refs. 8 and Pand ac magnetic susceptibility mea- the low 10 ** Torr range. The WL10) crystal was cleaned
surements on films of 5-11 ML thickne$his indicates by heating in oxygen and flashing up to 2600 K. Gd thin
the importance of the relationship between topographical antilms were prepared by evaporation from a tungsten crucible
magnetic structure of the films. It was suggested, that for Gdieated by electron-beam bombardmérithe Gd films were
deposited on V110 at 300 K the growth mode is a nonideal found to be free of carbon and oxygen within the detection
layer-by-layer growth, while annealing at temperaturedimit of Auger electron spectroscopy and LEED. During
around 500 K leads to a well-ordered film. Raising the an-evaporation, the pressure did not rise abovel® *° Torr.
nealing temperature to around 720 K leads to formation ofost annealing of the films, evaporated at room temperature,
three-dimensional3D) islands on top of 1 ML Gd. A recent was performed in the temperature range between 520 and
scanning tunneling microscopySTM) study of Gd on 720 K. Topographic STM images were obtained in the con-
W(110 in the coverage regime of 1-20 ML addressed thestant current mode of operation. Tunneling spectra were
issue of the correlation between surface morphology andheasured in constant height mode with lock-in technique by
magnetic properties and could explain the magnetic susceppplying a small modulation voltage &f,,;=20 mV at a
tibility data based on the two possible growth modes of Gdrequencyv=1.4 kHz to the sample bias voltage. Spatially
on W(110) for different annealing condition$:** Although  resolved maps of the tunneling barrier height were obtained
Gd(000)) films on W(110) have been intensively studied in by modulating the vertical position of the STM tip withz

the past for the coverage regime of one up to several ML=0.3 A atv,,,,= 1.8 kHz and using lock-in technique as for
very little is known about the submonolayer coverage rethe spectroscopic measurements.

gime. Figure 1 shows a topographic STM image of a$060

In this report, we present a combined STM and scanningin? area of a nominally 0.5 ML Gd film on (210 an-
tunneling spectroscop§STS study of the atomic and local nealed at 710 K for 10 min. Five different surface structures

0163-1829/97/5@)/36364)/$10.00 56 3636 © 1997 The American Physical Society



56 BRIEF REPORTS 3637

0.2 (5"2) %2
0.0 ANANANAAN
054 (6x2) ]
o (7x2)
o] AN~
109 (8%2)

0

0 10 20 30 40
lateral disp Iacment}A]
: i

FIG. 1. Constant current STM topograjécan range: 6060
nn?) of 0.5 ML Gd on W110 annealed at 710 K. Different super-
structures are observed at different locatiors, @x2), (b) (7X2),
(c) (6X2), (d) (5%2), and €) c(5%3). The circle marks a dislo-
cation. Tunneling current=1 nA, sample bias voltaged=—0.8
V. The upper right inset displays section lines through the different
superstructures along the01] direction which were obtained with
the same tunneling parameters, except for th@x2) structure
(U=-0.7 V,I=1 nA).

FIG. 2. Atomic structure models of the superstructures formed
by Gd/W(110 adopted from Ref. 10, except for tti@x2) super-
structure discovered in the present STM study and the close-packed
first ML of Gd (Ref. 11). For better clarity of the registry between
(labeleda—e) are visible corresponding taaj (8X2), (b)  the two lattices the Gd atoms have been represented as smaller dots.
(7X2), (c) (6x2), (d) (5x2), and €) c(5%3) superstruc- Gd atoms residing in relatively higher positions than their neighbors
tures of the thin Gd film. Then(X2) superstructures are are shown in black. InseA shows an atomically resolved STM
characterized by atomic chains of Gd orientated along th@mage of the first monolayer. The tunneling parameterstare4
[110] direction of the W110) substrate. The upper right inset mV, =50 nA. InsetB shows the(8x2) superstructure atomically
displays section lines through the different superstructures tegesolved withU=10 mV, =3 nA. InsetsC and D display the
show the varying interchain distances. The measured periogame structure imaged atl.2 and 1.2 V) =1 nA, to illustrate the
icities along the[001] direction and the structure-model- corrugation inversion. The insets are scaled according to the atomic
based periodicitiegin brackets are (10x2), 15.4+0.5 A model. The errors with respect to the STM calibration were smaller
(15.80 A); (8x2), 12.6+0.1 A (12.64 A; (7x2), 10.7+0.5  than 10% forA and 3% forB, C, andD.

A (11.06 A); (6x2), 9.2+0.3 A (9.48 A); and (5x2), 7.8

+0.3 A (7.90 A). The vertical corrugation of the chainlike is in excellent agreement with our structure model. The rea-
superstructures, as seen by STM, does not represent teen why in the submonolayer coverage regime of Gd on
atomic corrugation but is rather an electronic effect, as willW(110 linear chainlike structures are energetically more fa-
be shown later. The formation of chainlike superstructuresorable than compact 2D islands is most likely a repulsive
for submonolayer Gd on Y110 is in strong contrast to the interaction between Gd atoms as proposed earlier in Ref. 10.
formation of compact 2D islands as usually observed at th&he adsorption of the electropositive rare-earth metal Gd on
early stages of metal on metal growth, as e.g., for Fe oW(110), a surface with a relatively high work function, re-
W(110.1*1* Based on LEED investigations of sults in a dipole moment of the Gd atoms perpendicular to
Kolaczkiewicz and Bauét structure models for thél0x2),  the substrate surface. Repulsive dipole-dipole interactions
(7X2), (6%2), (6x2), andc(5X 3) superstructures were pro- can become dominant if it is assumed that the energetic dif-
posed earlier as displayed in Fig. 2 together with a structuréerences between different adsorption sites of Gd da M)
model for the first monolayer of Gd on W10) as proposed are small enough so that dipole-dipole repulsive forces can
by Toberet al!! Our STM—and LEED—data are fully con- move the Gd atoms away from the adsorption potential
sistent with the structure models concerning the chainlikeminima. The bonding between the Gd atoms in [i@&0]
superstructures and the pseudohexaga({&®x3) super- direction of the W110 substrate seems to be much stronger
structure. Additionally, we have added a correspondinghan in the[001] direction. This is supported by the fact that
structure model for the new8Xx2) superstructure as ob- dislocations within the rowsmarked in Fig. 1 by a circle
served in region §) of Fig. 1. An atomic resolution STM only seldomly occur. However, at higher local coverage the
image of this superstructure is shown as iBéh Fig. 2. It ~ Gd atoms have to move closer which results in the quasihex-
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FIG. 4. Spatially resolved mafB0 xX60 nnt) of the tunneling

barrier height reflecting spatial variations in the local surface work

. FIG. 3. Normalized tunneling spectra as measured for Fhe ﬂvefunction obtained at—0.7 V, 1 nA. The letters mark the same
different superstructures observed in the STM imaga-eé in Fig. A . . .
uperstructures as in Figs. 1 and 2. The lowest barrier height is

r th rr ndin rf r X 3 .
1 and averaged over the corresponding surface areas e cept r%easured above th&x2) and(6x2) superstructures, in agreement
spectraa and b, where the black curve corresponds to tunneling

: . : with work function measurementRef. 10. The inset displays sec-
sites above the maxima of the corrugation and the gray curve t . .
. : - 1on lines through thell/dz map for the different superstructures.
tunneling sites above the minima, as seen-at8 V.

regime, strong differences are observed, particularly for the
agonal c(5x3) superstructure and finally in the close- empty states for which peak positions as well as peak inten-
packed first ML for which an atomic resolution STM image sities show a strong dependence on surface structure. A sys-
is displayed as insék in Fig. 2. InsetsC andD display the tematic trend in peak positions and intensities seems to be
(8%2) superstructure at a tunneling bias-efl.2 and 1.2 VV, present by going from thé8X2) superstructure with a rela-
respectively. Obviously, the corrugation as measured in thévely large interchain distance to ti&X2) structure with
constant current mode becomes inverted. The observation tifie smallest interchain distance. In spectruah e observe
a significant bias dependence of the topographic STM data strong pealA at U~1 eV. The strong peak in spectrum
which was observed for all one-dimensional superstructureb, labeledA, may be interpreted as the peAkof spectrum
and thec(5X 3) superstructurédata not showngave us a a shifted towardsEgr due to the decreased interchain dis-
clear indication that the STM contrast is mainly determinedtance. This interpretation is supported by the observation that
by the local electronic structure for the different superstructhis trend continues for peak as well as for a new peak
tures of Gd on W110). Therefore, we have performed STS B by going to the next closest structure, i@xX2) in spec-
measurements by simultaneously recording topographic dateum c. PeakB also shifts toward€ by going from the
and the normalized differential tunneling conductance(6x2) to the(5X2). The spectrune of the pseudohexagonal
(d1/dU)/(1/U) as a function of the applied sample bias volt- ¢(5x 3) structure does not follow this trend, indicating that
age U. In Fig. 3 we have plotted the tunneling spectrait exhibits different local electronic properties. While the
(a)—(e) corresponding to the superstructures)€(e) of  electronic structure changes with the interchain distance, dif-
Figs. 1 and 2. These spectra have been averaged over tfeent adsorption sites of Gd atoms with respect to the
whole surface area on which the corresponding superstru@tomic structure of the substratgray and black curves in
tures have been observed. Since the normalization proceduRég. 2) exhibit only small differences in the electronic struc-
leads to problems around zero bias the region froh2 to  ture. For occupied sample states, we observe little changes in
0.2 V has been omitted. For tli@x2) and(7X2) superstruc- tunneling spectra—e. This result may be caused by the fact
tures we made a distinction of tunneling sites above the Gthat tunneling spectroscopy is less sensitive to occupied than
chains representing on-tofpridge positions, respectively, to unoccupied sample statés.
and chains representing hollow positions. This was possible Additional information about the local electronic structure
due to the relatively large interchain distance for these strucef the Gd films on W110) in the submonolayer regime was
tures. For the more dense structures we found no significamfained from spatially resolved measurements of the local
difference between these two sites. By comparing the tunnetunneling barrier height which reflect spatial inhomogene-
ing spectra §)—(e) obtained for the submonolayer coverageities in the local surface work function. Figure 4 shows a
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barrier height map of 0.5 ML Gd on W10) that exhibits the In summary, we have presented an STM study of the
same superstructures-e already known from the STM im-  different surface structures of Gd on (¥10) in the sub-
age of Fig. 1. Additionally, a small surface artavith the  monolayer coverage regime. This system offers the chance to
structure of a close-packed first ML is observed. At the botstudy the dependence of the electronic structure on inter-
tom of Fig. 4 six section lines of the different superstructureshain distance which constitutes the one-dimensional ana-
in the dl/dz map are displayed. Obviously, the tunneling jogue to the two-dimensional multilayer structures. Tunnel-
barrier height and, therefore, the local work function de—ing spectroscopy measurements revealed significant and
creases with decreasing interchain distameed by going  systematic changes in the local electronic structure by going
from the (8X2) to the (5X2) superstructure. However, the fom the quasi-one-dimensioné8x2) structure with rela-
next dense structure, tle5x 3), shows a distinctly higher tively large Gd interchain distance to the quasi-one-

work function compared to thé&6x2) s'tru_cture. This STM- dimensional5x2) structure exhibiting the smallest Gd chain
based result on the nanometer scale is in excellent agreem paration. To our knowledge, no theoretical electronic
with work-function measurements reported earlier bystructure calculations for chains of atoms resembling Gd or

E?\rci(i:grlflaﬂil:ﬁﬁ]u??o %Zu:lo:soz?aet)é d ?/?i?r?r;/he: n:g;mvggkée_other rare-earth metals are available yet, but are hopefully
motivated by the present experimental study.

velopment of the(5X2) and (6X2) LEED pattern of a
W(110 sample onto which Gd was continuously evaporated. We would like to thank D. Weller for providing the con-
While spatial averaging of different superstructures is inherstruction plans for the Gd evaporation source. Financial sup-
ent by using this method, the STM offers the possibility toport by the Deutsche Forschungsgemeinscttafant No. Wi
directly observe the change of the local work function for1277/3-1 and the Graduiertenkolleg *“Nanostrukturierte
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