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Clear evidence of magnetic ordering at the Rh(100) surface has been obtained by measurin
linear magnetic dichroism in the angular distribution of the Rh-3d photoelectrons. The experiment
is performed by reversing the orientation of the magnetic moments using an external magnetic
and observing the difference in the core level line shape. Since the Rh-3d levels exhibit a clearly
resolved surface component, it is possible to associate the changes to magnetic ordering restricted
surface layer. [S0031-9007(99)08954-1]

PACS numbers: 75.30.Pd, 79.60.Bm
lk.
ug

s

od
ct

er
r o

n i
fac
e
In
o

en
,
n

mo
ld

ge
er
ic
no
n
1)
re

se
i

0)
ee
d-
er

ts

ag-

tion
is
00)

ace,
19].
le
ted
ag-
her
at
sity
rly
n,
eti-
ima-

he
ith

ion
ffler
ner-
ent

g-
t
cts,
nce
gest

etic
ers
n-

the
re a
res-
the
f.
It is well known that4d and 5d transition metal ele-
ments do not exhibit ferromagnetic order in the bu
However, several theoretical studies [1–12] have s
gested that magnetism in reduced dimensionality (film
surfaces, or small clusters) is nota priori restricted to
those elements exhibiting magnetism in the bulk. A go
candidate to investigate low dimension magnetic effe
is the paramagnetic4d element Rh. In fact, bulk Rh is
already very close to satisfying the Stoner criterion of f
romagnetism [1,13], and, because of the lower numbe
nearest-neighbor atoms, thed-derived band width in low
dimensional Rh systems is considerably narrower tha
the bulk. The increased density of states at the sur
or in small clusters, therefore, is likely to stabilize th
magnetic state in these low dimensional structures.
deed, experimental results [14] confirm that clusters
Rh formed by 9–36 atoms exhibit a magnetic mom
reaching a maximum value of1.1mB. These clusters
which were at equilibrium and at temperatures arou
100 K, are superparamagnetic: that is, their magnetic
ment orients itself freely along the applied magnetic fie
and completely ignores the atomic (crystalline) arran
ment of the building atoms. These experimental obs
vations have found correspondence in many theoret
approaches [7,12]. Theory also predicts that one mo
layer of Rh would be magnetic if it could be grow
pseudomorphic on either Au(100), Ag(100), or C(000
surfaces [1–6,8–12], but experimental testing of this p
diction did succeed only partially [15–18].

The situation is much more controversial in the ca
of the Rh(100) surface. Surface magnetism has been
voked [19] to explain the small relaxation of the Rh(10
first intralayer spacing obtained experimentally by thr
independent low-energy electron diffraction (LEED) stu
ies [20]. The experimental value for the first-lay
relaxation is between21.6% and11.5%, while theoreti-
cal calculations without the inclusion of magnetic effec
[19,21,22] give a relaxation between25.1% and23.8%.
Theab initio calculation by Morrisonet al. [19] finds that
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the first two layers of the Rh(100) surface are ferrom
netic with a magnetic moment of1.8mB, resulting in a
“magnetic pressure” that reduces the intralayer relaxa
to 21.52%, in good agreement with LEED results. Th
theoretical prediction of surface magnetism in Rh(1
has been questioned by calculations of Weinertet al. [23]
which demonstrate, for the case of the Fe(001) surf
the inaccuracy of the pseudopotentials used in Ref. [
In addition, recent first principle calculations [12], whi
confirming the magnetic properties of Rh clusters isola
or deposited on Ag(100), predict the absence of m
netism at the Rh(100) surface, in agreement with ot
theoretical work [22]. It is worth noting, however, th
all of these calculations are done within the local-den
approximation (LDA), which does not describe prope
the magnetic state. To overcome this LDA limitatio
Cho and Scheffler [13] have performed a new theor
cal study based on the generalized gradient approx
tion. This approach gives a relaxation of21.4% if the
vibrational contribution to the free energy forT fi 0 (not
included in previous works) is taken into account. T
latter result is, therefore, in very good agreement w
LEED measurements [20] even without the inclus
of surface magnetism. Nevertheless, Cho and Sche
show that the ferromagnetic state is practically dege
ate with the nonmagnetic state if the magnetic mom
is lower than0.6mB (while the ground state is nonma
netic for the magnetic moment$0.6mB) suggesting tha
a weak ferromagnetic state, possibly stabilized by defe
can occur at the Rh(100) surface. Spin resolved vale
band photoemission measurements [24] seem to sug
that the Rh(100) surface may be weakly ferromagn
at room temperature. However, as pointed out by oth
[12,13], this experimental evidence is far from being co
clusive. In particular, our experience indicates that
cleaning procedure adopted in Ref. [24] does not ensu
clean and well-ordered surface. In conclusion, the p
ence of magnetic phenomena in Rh thin films or at
(001) surface is still awaiting a clear experimental proo
© 1999 The American Physical Society
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In this Letter we report on linear magnetic dichrois
in the angular distribution (LMDAD) in core level photo
emission experiments on Rh(100) by means of linea
polarized synchrotron light. At a given experimental g
ometry, the photoemission spectra were acquired for
opposite orientations (up and down) of the magnetic fi
applied parallel to the sample surface. In the presenc
sample magnetization, this provides a series of mirror
periments for testing LMDAD [25,26]. We found that
chiral geometry (i.e., the magnetic field perpendicular
the photoemission scattering plane) the surface compo
in both the Rh-3d core levels shows evident dichroism
providing a clear experimental evidence of magnetism
the Rh(100) topmost layer.

The experiments were carried out in an ultrahigh v
uum (UHV) chamber (base pressure5 3 10211 mbar) at
the SuperESCA beam line using linearly polarized p
tons delivered by the 5.6 undulator of the ELETTR
storage ring in Trieste. A clean and well-ordered (10
surface of a Rh single crystal, previously annealed at h
temperature in a hydrogen furnace and then repolis
was prepared by cycles of Ar1 sputtering and annealin
up to 1300 K in UHV, followed by oxidation and reduc
tion in 1027 mbar of oxygen and hydrogen, respective
These treatments were repeated until a sharp LEED
tern was observed and no contaminants were detecte
x-ray photoemission. The sample closed the gap o
horseshoe yoke electromagnet. The magnetic field
applied parallel to the sample surface both perpendic
to the photoemission scattering plane (chiral geome
and parallel to the scattering plane (nonchiral geomet
by means of a current ramp through the electromag
coil. The measurements have been performed when
current was off, with a residual magnetic field of abo
13 G on the sample, which does not extend away from
sample surface. The photoelectrons were collected b
150 mm hemispherical analyzer, with62± of angular ac-
ceptance. The angle between the impinging photons
the analyzer was fixed at 40±. All the photoemission spec
tra were acquired by keeping the sample at 100 K with
overall energy resolution better than 60 meV.

In order to measure surface properties, we must iden
surface related features in the photoemission spectra.
it is well known, the 3d5y2 core level of the Rh(100
surface presents a quite clear surface core level sh
component [27]. Figure 1 shows the Rh-3d5y2 core level
spectra, for two different experimental geometries, ta
with a photon energy of 396 eV and null magnetizatio
These spectra are in excellent agreement with the bes
3d5y2 spectra already published [27]. The peak at a low
binding energy is enhanced in the more surface sens
conditions and, therefore, is the surface component.
surface peak is strongly quenched by any small amoun
contaminants present on the surface (even when they
below the photoemission detection limit). We found th
even in the very clean vacuum of our chamber the sur
y
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FIG. 1. Rh-3d5y2 core level photoemission spectra obtaine
for two different experimental geometries. Surface and bu
core components are indicated. The origin of the bindi
energy scale is set to the Rh(100) Fermi edge.

peak was partially quenched after a few minutes. For t
reason, the cleaning procedure has been repeated afte
acquisition of two spectra only (i.e., after one cycle of th
magnetic field). The very high flux and fast acquisitio
rate of the SuperEsca beam line allow the recording
these core level spectra in less than 3 min. This fa
together with an efficient sample cooling (less than 5 m
to reach 100 K after the cleaning procedure), guarant
the cleanliness of the surface during data acquisition.

By applying the magnetic field and reversing it by 180±,
it is possible to create two mirror experiments that a
low LMDAD effects in core level photoemission spec
tra in the presence of sample magnetization and chira
[25,26]. The dichroism in the core level is determine
by the existence of spin polarization in the core pho
hole induced by spin-orbit coupling and by the multipl
splitting of the photoemission final state due to the e
change and Coulomb interactions of the photohole w
the spin-polarized valence electrons [25,26]. LMDA
can be identified by measuring the spectroscopic asy
metry A created in core level photoemission by flippin
the magnetization fromMup to Mdown. The asymmetryA
is defined asA ­ sIup 2 IdowndysIup 1 Idownd, whereIup
and Idown are the spectral intensities measured when
magnetic field is up or down, respectively. Obviousl
the absence of magnetic effects impliesIup ­ Idown and,
therefore, vanishingA.

Figure 2(a) shows the whole Rh-3d spectra taken at
hn ­ 396 eV for the two mirror geometriesMup (solid
line) and Mdown (points) in normal emission. The two
spectra have been normalized to the same backgro
3157
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FIG. 2. (a) Rh-3d core level photoemission spectra obtain
at normal emission upon reversing the magnetization fr
Mup to Mdown in chiral geometry. (b) Rh-3d5y2 core level
photoemission spectra obtained at 40± of emission upon
reversing the magnetization. The differenceIup 2 Idown is
plotted in the bottom panels. The resulting peak asymme
A, as defined in the text, are also reported.

intensity in the spectral regions above the Rh-3d3y2
and below the Rh-3d5y2 core levels. Figure 2(b) show
the Rh-3d5y2 core level region, taken in more surfa
sensitive conditions. These spectra show clear LMD
effects as evidenced by the differencesIup 2 Idownd
plotted at the bottom. The maximum asymmetry
in correspondence of the surface peak. The evide
of a surface Rh-3d core level asymmetry indicates th
presence of an axial asymmetry induced by surf
magnetization. Even though bulk Rh is paramagne
we observe an asymmetry also in the region of
bulk component of the Rh-3d5y2 photoemission spectrum
suggesting that the complex multiplet structure of
surface 3d5y2 peak spans over the whole core lev
spectrum. This is not surprising since the3d core hole
state of angular momentumJ ­

5
2 is split by the Coulomb

and exchange interaction with the4d valence electrons
into sublevels with a given projectionmJ along the
surface magnetization quantum axis. Splittings rang
3158
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from a few tens of meV up to 1 eV have been calculat
for transition metals [26]. Moreover, from Fig. 1 it is
clear that there is a surface contribution also in t
bulk peak region, being the bulk peak larger and shift
to lower kinetic energy in the more surface sensiti
spectrum.

In Fig. 2(a) we note that the3d3y2 and3d5y2 core levels
do not exhibit opposite LMDAD. Actually, a chang
of the sign is not necessarily expected for the emiss
from d levelssl ­ 2d. In this case, in fact, the LMDAD
asymmetry is proportional to the superposition of tw
fundamental spectra, namely,I1 and I3 (see Ref. [26]),
whose relative weight is angular dependent. A simi
behavior was predicted, for example, on the3d levels of
Tm [26]. Moreover, it has been discussed in Ref. [2
that dichroism in crystalline solids cannot be described
terms of atomic effects only, as magnetic elastic scatter
(photoelectron diffraction) plays a crucial role in suc
systems.

However, since the measurements have been perfor
in the presence of a residual field, particular care w
taken to exclude artifacts possibly related to the prese
of the field. First of all, we have verified that by applyin
the magnetic field in the photoemission scattering pla
(i.e., in a nonchiral geometry), there are not effec
induced on the photoemission spectra by reversing
magnetic field. Figure 3(a) shows the3d3y2 and 3d5y2
core levels taken at normal emission, upon revers
the magnetic field in nonchiral experiments. For the
spectra the asymmetry is zero, confirming the absence
LMDAD in nonchiral geometry.

To further rule out any instrumental artifact, we verifie
the absence of LMDAD in a sharp core level of a nonma
netic system. The latter was obtained by deposition on
Rh(100) surface of a saturated layer of CO molecules.
is known that adsorption of CO on both Ni surface and R
monolayers strongly reduces or completely quenches
atomic magnetic moments [29], and a similar effect h
been predicted in the case of adsorption on Rh monol
ers on graphite substrate [29]. Furthermore, even on
romagnetic surfaces the magnetic interaction between
molecules and the substrate is very weak and no LMDA
of the C-1s core level is expected [30]. Figure 3(b) show
the C-1s photoemission spectra of the CO saturation co
erage on Rh(100) taken upon reversing the magnetic fi
in chiral experiments. To avoid possible effects due to t
analyzer transmission, the photon energy has been cho
so that the C-1s electron kinetic energy is the same as f
the Rh-3d photoelectrons of Fig. 2. Noteworthy, the lin
shape of the two C-1s photoemission spectra of Fig. 3(b) i
the same and no LMDAD effects are observed, as sho
by the null asymmetry plotted under the spectra. In a
dition, the C-1s core level of the saturation coverage o
CO/Rh(100) shows sizable photoelectron diffraction e
fects, which are comparable to those of the Rd-3d5y2 core
level of the clean surface. The results shown in Fig.
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FIG. 3. (a) Rh-3d core level photoemission spectra obtain
upon reversing the magnetization fromMup to Mdown in
nonchiral geometry, taken at normal emission. (b) C-1s core
level photoemission spectra of a saturation coverage of
on Rh(100) obtained upon reversing the magnetization
chiral geometry. The bottom panels show the correspon
asymmetries.

therefore, clearly indicate that the observed LMDAD
the3d core levels of clean Rh(100) is a genuine effect

In conclusion we have shown that evident LMDAD
present in the surface component of the3d core level
photoemission spectra of Rh(100) upon reversing
magnetic field in chiral experiments. This constitutes
first clear experimental evidence of magnetic ordering
the Rh(100) surface.

We thank G. Rossi and M. Altarelli for helpfu
discussions.
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