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Magnetism of Rh and Ru atoms, clusters, and monolayers on Au and Ag surfaces
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The magnetic character of Rh and Ru on the surface of Au and Ag is investigated by means of weak
localization~WL! and the anomalous Hall effect~AHE!. Dephasing of the conduction electrons in WL is the
most sensitive method to detect magnetic surface impurities. The Au/Rh and Au/Ru systems are investigated
in the range between 1/100 of a monolayer of Rh~Ru! and several monolayers of Rh~Ru!. We observe a small
dephasing by Rh clusters and no dephasing by single Rh surface impurities, while single Ru surface impurities
cause already a finite but small dephasing. We suggest that the dephasing is caused by small fluctuating
magnetic moments of the order of 0.1 (0.4)mB . For a coverage of one monolayer of Rh we observe a
maximum in the dephasing. However, we do not observe a ferromagnetic Rh monolayer as predicted in a
number of theoretical papers. Similarly, a Ru monolayer on the surface of Au or Ag does not show ferromag-
netism. The absence of an AHE in the Rh and Ru monolayers excludes ferromagnetism as well. For Rh the
dephasing increases again when the Rh coverage exceeds two monolayers, suggesting that pure bulk Rh shows
spin fluctuations.@S0163-1829~97!02622-2#
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I. INTRODUCTION

Materials at the borderline of magnetism belong to
most interesting electronic systems in solid-state phys
Examples are the heavy fermions and high-Tc superconduct-
ors. Both materials are magnetic either at higher temp
tures or at different electron concentrations. This proxim
to a magnetic state creates physics which is very challeng

In recent years theory and experiment have opened
door to a whole class of new systems with unexpected m
netic properties:~i! monolayers of transition metals on th
surface of noble metals and~ii ! single transition-metal atom
on the same substrate. The first topic started with the pre
tion by the Freeman group1 that monolayers of V on the
surface of Ag and Au should be ferromagnetic. This pred
tion was then later modified by Blu¨gel et al.,2 who predicted
that monolayers of the 3d elements V, Cr, and Mn on th
surface of Ag should be antiferromagnetic~see also the re
view article3!. These theoretical papers used the local sp
density-functional theory. Later a number of papers4–6 pre-
dicted that monolayers of the 4d metals Tc, Ru, and Rh on
the surface of Ag or Au are ferromagnetic.

Experimentally, the existence of a ferromagnetic mon
layer is particularly interesting. Already in the late 1970’s
was shown that monolayers of Fe, Co, and Ni are ferrom
netic on the surface of the noble metals,7,8 while Ni mono-
layers loose their moment on the surface of polyval
metals.9 The recent predictions of ferromagnetism in adla
ers of the conventionally nonmagnetic transition met
started an intensive search. A number of different exp
mental methods have been used to observe such a ferro
netic layer, such as spin-polarized secondary electrons,
surface magneto-optic Kerr effect, photoemission effect,
anomalous Hall effect, and weak localization. For a mo
layer of V on the surface of Ag the observation
ferromagnetism10 could not be confirmed by late
experiments.11–14
550163-1829/97/55~21!/14350~10!/$10.00
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Two particularly interesting systems are monolayers
Rh and Ru on the surface of Ag and Au. In a number
theoretical papers Rh and Ru monolayers on both of th
substrates were predicted to be ferromagnetic with a mom
per atom varying between 0.6mB and 1mB for Rh and
1.7mB for Ru.

4–6,15. While experimental studies by means
the surface magneto-optic Kerr effect16,17 do not show any
ferromagnetism for a Rh monolayer, Liet al.18 found a split-
ting of the 4s level in their photoemission experiment. A
though this splitting can have nonmagnetic origins, they
vored the explanation that the Rh atoms possess a mag
moment. Diffusion presents a serious problem in these inv
tigations and is intensively discussed in several of these
pers. Pfandzelter, Steierl, and Rau,19 recently reported tha
they observed a ferromagnetic monolayer of Ru on the s
face of carbon.

The magnetic properties of single transition-metal imp
rities on the surface of Ag and Cu were investigated by La
et al. in Jülich.20 They concluded that the 4d atoms Nb, Mo,
Tc, and Ru on the surface of Ag possess a magnetic
ment. ~Zr atoms should only have a moment in the adat
position!. All the moments are 1mB or larger. Single Rh
atoms on the surface of Ag~and Au! present an interesting
case as well. In the first calculation by Langet al.20 they
obtained a magnetic moment for Rh which was smaller th
their error margins, and as a consequence they published
value zero for the magnetic moment. In a more rec
paper21 they found a small but finite moment of 0.3mB at the
single Rh impurity on the surface of Ag.

The experimental study of single magnetic transitio
metal atoms on the surface of a noble metal dates back m
than 10 years.22–24One needs an extremely sensitive dete
tion method because the concentration of the ‘‘surface im
rities’’ should be very small~of the order of 1/100 of a
monolayer!, and at finite temperature the atoms align only
fraction of their moment parallel to the magnetic field.
many cases the moment is much further reduced~sometimes
by a factor of 100! due to Kondo screening or other effect
14 350 © 1997 The American Physical Society
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One successful method is the anomalous Hall effect, wh
is sensitive enough to study a coverage of a few percent
monolayer of magnetic impurities. However, the most sen
tive method is weak localization, which can easily detec
coverage of 1024 of a monolayer of magnetic atoms.

Obviously the transition metals Rh and Ru on the surf
of the noble metals Au and Ag represent very interest
magnetic systems. In this paper we investigate the magn
properties of Rh and Ru on the surface of Au~and Ag! as
isolated surface impurities, as clusters, and as monolay
As our experimental tools we use weak localization~WL!
and the anomalous Hall effect~AHE!. The AHE measures
the magnetization of the sample,35 while in WL one studies
the interference of the conduction electrons. Magnetore
tance measurements correspond to time-of-flight exp
ments, which yield~among other information! the dephasing
time of the conduction electrons~see, for example, Ref. 25!.
We first study the pure Au~Ag! film and determine the
~small! dephasing rate of the conduction electrons. It is
sentially caused by inelastic electron-phonon processes
the next step the Au~Ag! film is covered with a fraction of a
monolayer of Rh or Ru. The Rh~Ru! introduces an addi-
tional dephasing of the conduction electrons. This result
an increase of the width of the magnetoresistance cur
The experimental magnetoresistance curves evaluated
the theory by Hikami, Larkin, and Nagaoka26 yield the
dephasing time of the conduction electrons, from which
obtain the dephasing cross sectionsw .

II. EXPERIMENT

A. Film preparation

Our film samples are prepared byin situ condensation
onto a quartz substrate at helium temperature. This red
diffusion of the 4d metal into the Au~Ag! substrate to an
absolute minimum. We prepare our Au/4d metal sample in
the following manner. We evaporate about 25 to 30 atom
layers of Au with a resistance per square of about 120V.
The vacuum is better than 10211 Torr. After the evaporation
the film is annealed to 40 K, because quench-conden
films have many lattice defects, with atoms being in lo
energy minima. Since some of the measurements are
formed at 20 to 25 K these defects would anneal and the
change its local structure irreversibly. This is undesirable
can be avoided by the annealing to 40 K, so that the struc
does not change during the experiment. The magnetore
tance of the Au film is then measured in the temperat
range between 4.5 and 20 K.

In the next evaporation step about 1/100 of a monola
of the 4d metal is condensed on top of the Au~Ag! film.
After the 4d metal evaporation the film is annealed to 35
and the measurements are repeated. Up to 11 different th
nesses between 0.002 and 5 atomic layers of the 4d metals
were investigated during a single experiment.

It is quite obvious that an extremely clean evaporat
source is required to prepare single 4d impurities or 4d
monolayers on the host metal. Any pollution by other e
ments or rest gases would be rather disastrous. The clea
and most desirable evaporation source of the impurity
thin, high purity wire of the transition metal. For the 3d
metals we generally use a wire with a diameter of 1 m
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Since the 4d metals have a considerably higher evaporat
temperature we use for the Rh evaporation a thin Rh w
with a diameter of 0.25 mm, i.e., its cross section is by m
than an order of magnitude reduced. This makes the cali
tion of the evaporation rate and the evaporation of thic
films much harder than for the 3d elements.

One great difficulty in the investigation of Ru atoms o
the surface of Au and Ag lies in the evaporation of R
Unfortunately the 4d metal Ru is not available as a thin wir
but only as a sponge or powder. We used Ru sponge wi
grain size between 10 and 100mm and a purity of 99.95%.
Another difficulty is that Ru easily alloys with the typica
boat materials like W, Ta, or Mo. Already in the 3d series
we encountered two materials, Cr and Mn, which were
available in the form of wires. Here we applied special p
cedures, such as distillation from one evaporation sou
with indirect heating to one with direct heating.27 However,
these procedures cannot be applied in the case of Ru.
4d metal its evaporation temperature is by several hund
degrees higher than those of Mn and Cr. We develope
small electron gun specifically for the 4d and 5d metals,
which fitted into the limited space of our cryostat. Howev
despite carefully cooling with liquid N2 the electron gun was
not clean enough to produce the high purity films which a
required in our experiments. Most likely the collisions b
tween accelerated ions and the walls cause a pollution of
films which is intolerable.

Finally we resorted to the following method. We prepar
a carefully cleaned W boat made from a 40mm thick W foil,
2 mm wide. The boat was carefully sprinkled with a th
layer of the Ru sponge. Then the boat with the Ru pow
was directly heated in UHV to a sufficient high temperatu
so that the Ru grains sintered and became attached to th
This process was performed three times so that a reason
number of Ru grains were attached to the W boat. More t
three sintering processes resulted in a destruction of the
boat due to alloying between the W and the Ru. The pre
ration of the evaporation source~and the performance of th
experiment! represents a walk on a narrow ridge.

An evaporation source prepared in this way, contains re
tively little of the material to be evaporated, i.e., Ru. The
fore it was not possible to measure the evaporation rate
the Ru before each Ru evaporation. Therefore we hav
trust that the rate does not change between two evaporat
When the evaporated Ru coverage is larger than 0.1 ato
layer, the Ru thickness can be directly determined from
change in frequency of the oscillator. For smaller thicknes
we have another control: We observed experimentally t
the evaporation of a transition metal onto a noble metal
creases the resistance of the film and, for small thicknes
this increase is proportional to the coverage. Therefore
can detect any anomaly in the evaporation rate.

With this procedure we prepared a series of Ru covera
ranging from 2/1000 of a monolayer to about one monolay
We performed three series of experiments with a Au s
strate and one series with a Ag host. We estimate the up
limit of the error in the Ru thickness to be about 30%
though the relative accuracy might be considerably bette

B. The Rh system

Figure 1 shows several magnetoresistance curves m
sured at 4.5 K. The top one is for pure Au. The followin
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14 352 55H. BECKMANN AND G. BERGMANN
curves are a selection of magnetoresistance curves with
creasing Rh coverage. The numbers on the curves give
Rh coverage in units of monolayers. The accuracy of
coverage lies between 15 and 20 %. The experimental cu
show a positive magnetoresistance. This demonstrates
our samples are in the ‘‘strong spin-orbit scattering limit
In this limit the broadening of the magnetoresistance curv
only due to the dephasing by inelastic and magnetic sca
ing processes. This allows us to extract the strength of
magnetic dephasing with high accuracy.

The width of the magnetoresistance curve is described
the dephasing fieldHi* . This field is proportional to the tota
dephasing rate 1/t i11/tw of the conduction electrons. Her
1/t i is inelastic rate in the pure Au film and 1/tw is the
dephasing rate due to the Rh atoms.~The proportionality
constant is\erN0/450.33 ps T for this film,r5resistivity
of the film,N05density of states!. We evaluate the magne
toresistance curves with the theory of weak localization
Hikami, Larkin, and Nagaoka.26 This theory yields the
dephasing fieldHi* of the conduction electrons. From th
broadening of the magnetoresistance curves, i.e., from
increaseDHi of the dephasing field one obtains the deph
ing time tw caused by the Rh atoms. The dephasing cr
sectionsw of the Rh is obtained with the relationndl wsw

51 where nd is the concentration of the Rh atoms,l w
5vFtw , vF5Fermi velocity. It is convenient to measure th
cross section in units of 4p/kF

2, which yields a dimension-
less number. Whenever we give values for the cross sec
they are in units of 4p/kF

2 and therefore dimensionless.
In Fig. 2 we have plotted the additional dephasing r

FIG. 1. The magnetoresistance curves of several Au/Rh fi
measured at 4.5 K. The top one is for pure Au. The followi
curves are a selection of magnetoresistance curves with increa
Rh coverage. The numbers on the curves give the Rh coverag
units of monolayers. The points are the experimental values.
curves are fitted with the theory of weak localization.
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1/tw of the conduction electrons due to the Rh atoms on
of the Au film. The error bars are about 1/10 of the diame
of the full circles. The curve has a number of interesti
features:~a! it is quadratic at low concentrations,~b! it has a
maximum at one atomic layer of Rh, and~c! after a short
decline it rises almost linearly for more than two monolaye
of Rh. Below we will discuss these features in detail.

In Fig. 3 we have plotted the resulting dephasing cro
sectionsw in units of 4p/kF

2. One recognizes thatsw in-
creases linearly at low Rh coverage. This means that sin
Rh atoms do not contribute to the dephasing~sincesw is the
dephasing contribution per Rh atom!. The dephasing cros
section at the maximum is 1.431023. This value is smaller
by more than a factor of 100 than the value we found
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FIG. 2. The additional dephasing rate 1/tw due to the Rh cov-
erage as a function of the Rh coverage. The data are taken at 4

FIG. 3. The dephasing cross section per Rh atom on top of
Au film as a function of the Rh coverage. The data are taken
4.5 K.
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55 14 353MAGNETISM OF Rh AND Ru ATOMS, CLUSTERS, AND . . .
single fully magnetic Mo atoms on Au~which is 360
31023!. Therefore we have to check very carefully wheth
the origin of the dephasing is magnetic.

The evaluation of our magnetoresistance curves yields
dephasing rate and therefore the dephasing cross section
function of the temperature. This temperature dependenc
plotted in Figs. 4~a! and 4~b! for the different Rh coverages
The numbers on the right side of the curves give the
coverage in units of monolayers. The coverage with the la
est dephasing is on the top in both figures. The depha
cross section increases strongly with temperature. In add
to the linear plot in Fig. 4 we also made a log-log plot. W
the exception of the Rh coverages below 0.4 monolayers
do not find a simple power lawswaTp.

In addition to the magnetoresistance we have also m
sured the Hall effect to check whether it contains a noti

FIG. 4. The temperature dependence of the Rh dephasing c
sectionsw ~in units of 4p/kF

2!: ~a! for Rh coverages between 0.0
and 0.4 monolayers of Rh;~b! for Rh coverages between 0.4 and
monolayers of Rh.
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able magnetic contribution, i.e., an anomalous Hall effe
We find that the Hall curves are linear within the accuracy
the measurement~which is about 231024!. This excludes
the presence of a ferromagnetic Rh layer as predicted
many theoretical papers. Furthermore the Hall resista
shows only a minor temperature dependence, which can
explained by the Coulomb anomaly.28 In Fig. 5 we plot the
Hall conductanceLxy at a field of 7 T as afunction of the Rh
thickness. For Rh thicknessesdRh above 2 monolayersLxy
increases essentially linearly with the Rh thickness. T
slope approaches the value of21.131027 V21. Within the
free-electron model this corresponds to 1 conduction elec
per Rh atom. The decrease ofuLxyu for dRh,0.5 monolayers
is caused by a similar decrease of the longitudinal cond
tanceLxx as shown in Fig. 6. This is a behavior which so f

ss

FIG. 5. The Hall conductanceuLxyu at a field of 7 T as afunction
of the Rh thickness.

FIG. 6. The~longitudinal! conductanceLxx as a function of the
Rh thickness.
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14 354 55H. BECKMANN AND G. BERGMANN
we have observed for all transition-metal coverages. We
ways find an increase of the resistance with the first cover
by a 3d or 4d metal. We interpret this increase of the res
tance as follows. Although our films are quench condens
their surfaces still reflect a finite fraction of the conducti
electrons specularly. Covering a surface with transitio
metal atoms increases the diffuse scattering at that sur
and therefore the resistance.

C. The Ru system

Figure 7 shows several magnetoresistance curves of
Au/Ru system, measured at 4.5 K. The top curve is for p
Au. The curves below are a selection of magnetoresista
curves with increasing Ru coverage. The numbers on
curves give the Ru coverage in units of monolayers. T
experimental curves show a positive magnetoresistance.

In Fig. 8 we have plotted the additional dephasing r
1/tw of the conduction electrons due to the Ru atoms on
of the Au film. The curve has a number of interesting fe
tures:~a! it increases~almost! linearly at low coverages,~b!
it has a maximum at about 0.2 atomic layers of Ru a
decreases for larger Ru coverages. This means, of co
that the dephasing efficiency per Ru atom decreases m
stronger. This efficiency is measured by the dephasing c
section of a Ru atom.

In Fig. 9 we have plotted the resulting dephasing cr
sectionsw in units of 4p/kF

2 at 4.5 K. The circles are for the
system Au/Ru and the crosses for Ag/Ru. One recogn
that sw is finite at ~very! small Ru coverages, increase
slightly, and has a maximum at about 0.05 atomic laye

FIG. 7. The magnetoresistance curves of several Au/Ru fi
measured at 4.5 K. The top one is for pure Au. The followi
curves are a selection of magnetoresistance curves with increa
Ru coverage. The numbers at the curves give the Ru coverag
units of monolayers. The points are the experimental values.
curves are fitted with the theory of weak localization.
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The maximum dephasing cross section is 3831023. For a
monolayer of Ru on Au the dephasing cross section
strongly reduced to about 231023.

The evaluation of our magnetoresistance curves yields
dephasing rate and therefore the dephasing cross section
function of the temperature. This temperature dependenc
plotted in Fig. 10 for the different Ru coverages. The nu
bers on the right side of the curves give the Ru coverag
units of monolayers. We find a strong temperature dep
dence of the dephasing cross section.

As for the Au/Rh system we have also measured the H
effect. Again we find that the Hall curves are linear with
the accuracy of the measurement which excludes the p
ence of a ferromagnetic Ru layer.

The experimental results for Ru on a substrate of Ag
quite similar to those of Au/Ru. The dephasing cross sec

s

ing
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e

FIG. 8. The additional dephasing rate 1/tw due to the Ru cov-
erage as a function of the Ru coverage. The data are taken at 4

FIG. 9. The dephasing cross section per Ru atom on top of a
surface~open circles! and a Ag surface~crosses! as a function of the
Ru coverage. The data are taken at 4.5 K.
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for 1/100 of a monolayer of Ru on Ag is 3031023 which is
almost the same as the value on Au~see Fig. 9!. For the
dephasing cross section of a monolayer of Ru on Ag we
the value 1.431023 which is somewhat smaller than for
Au substrate. The temperature dependence is also simil
the Au/Ru system.

III. DISCUSSION

A. The dephasing mechanism

The method of weak localization measures essentially
~additional! dephasing due to the 4d atoms on the Au sur-
face. This additional dephasing is not due to weak locali
tion but is a property of the 4d atom on the surface of Au
The first and most important question is: what is the origin
this dephasing, is it of magnetic character? We discuss
question by using the experimental results for the Au/
system. The conclusions apply also to the Au/Ru and Ag
systems.

Since the dephasing cross section of Rh on Au increa
linearly with coverage at small Rh coverages, it follows th
single Rh atoms essentially do not contribute to the deph
ing. We compare the dephasing cross section of Rh with
corresponding values of the 4d metal Mo and the 3d metal
Co, one being in the same row and the other in the sa
column as Rh. We have investigated both as surface imp
ties on a Au substrate and consider that both of them
magnetic.27,29

The interaction between conduction electrons and m
netic impurities with a full moment is generally described
the exchange HamiltonianHex5JsSwheres is the spin of
the conduction electron andS is the spin of the impurity.
With this Hamiltonian one obtains a magnetic scatter
cross sectionss . Such a magnetic impurity has a stron
dephasing effect on weak localization and its dephas
cross sectionsw is equal to 2ss . In this paper we prefer to
describe the 4d impurities by their dephasing cross secti
sw . Therefore we have to multiply the formerss values by
a factor of 2 if we want to compare them with the expe
mentalsw of this paper. The reason for usingsw here is, as

FIG. 10. The temperature dependence of the Ru dephasing
sectionsw ~in units of 4p/kF

2! for Ru coverages between 0.002 an
0.9 monolayers of Ru.
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we will see below, that the moment of the Rh~Ru! impurities
is of the order of 0.1 (0.4)mB and therefore much too sma
to be described by a spin quantum numberS. We rather
describe it by a small polarization of thed resonance. We
recently derived the dephasing of weak localization with
this Friedel-Anderson resonance model.27 For Mo we found
a dephasing cross section ofsw52ss536031023, while
Co on Au yielded the value of 17531023 for sw . We rec-
ognize that the dephasing caused by Rh atoms is smaller
for typical magnetic impurities by more than two orders
magnitude. We have no doubt, that the Rh atoms on
surface of Au are not fully magnetic. The dephasing is j
much too small.

The normal contributions to the dephasing of the cond
tion electrons are thermal atomic vibrations~the electron-
phonon interaction! and the electron-electron interaction. W
ask ourselves how the Rh surface atoms could contribut
either of them. Furthermore, we have to account for the f
that single Rh atoms do not noticeably contribute to
dephasing, only pairs and larger clusters do.

For a comparison we calculate the dephasing by the in
vidual Au atoms in the Au film~mainly due to the therma
vibration of atoms!. At 4.5 K the inelastic field isHi
513 mT, which yields a dephasing time oft i525 ps. Using
the atomic volume of Au,V517310230 m3, we find sw

Au

'5.631026 ~in units of 4p/kF
2!. Therefore we see that th

dephasing per Rh atom is still stronger than that of a
atom by a factor of 250.

Thermal Vibrations: It is difficult to see that the therma
oscillation of the Rh should cause 250 times the dephasin
a Au atom. In addition it is difficult to understand that th
vibrational dephasing does not occur for single Rh atoms
the Au surface but only for pairs and larger clusters. O
would rather expect that the vibrations of single Rh ato
are less restricted, and therefore larger in amplitude
stronger in their dephasing.

Conduction electron-electron interaction: The electron-
electron interaction between the conduction electrons c
tributes to the dephasing of weak localization.30,31 Since the
Rh atoms are transition-metal atoms with a high~resonance!
density of states one might speculate that the condensatio
the Rh atoms increases the electron-electron interactio
the Au film. However, the electron-electron interaction~be-
tween the conduction electrons! in a metal is screened. As
consequence its effective strength is inversely proportiona
the density of states. This means that the electron-elec
interaction is reduced by the Rh atoms.~The final contri-
bution to the inelastic rate should be essentially unchan
because the integration over all states cancels the densi
states!. Furthermore it is again hard to see that this mec
nism should only contribute for pairs and larger clusters.

We believe that the main mechanism that could cause
dephasing is the Coulomb interaction within the Rh atom
Here we have to distinguish two different processes. In
first process we consider two conduction electrons which
d scattered by one Rh atom. In the intermediate state the
electrons occupy twod states within the Rh atom with dif
ferent l z . If we ignore the dynamics of the Coulomb inte
action within the Rh atom then the two electrons scatter b
into the conduction band and the whole process can be
scribed by Friedel resonance scattering for each elect

ss
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since each electron independently obeys energy conse
tion. However, within the Rh atom there is a finite probab
ity that the Coulomb interaction causes the two electron
their d states to perform a transition into a new set ofd
states,um1m2& to um18m28&, and then to leave the atom. No
we suppose each of the two electrons can change its en
only the total energy of both electrons has to be conserv
We expect that this process yields a dephasing rate for
conduction electrons which is proportional toT2, although
we have not performed a calculation. However, we do
that this process causes the additional dephasing by the
atoms. The strongest argument against this process is the
that single Rh atoms do not contribute to the dephasing.

Then we are left with the other consequence of the C
lomb interaction in ad atom: The fact that the exchang
interaction repels spin-up and spin-downd electrons. This is,
however, just the mechanism which creates a magnetic
ment in a transition-metal atom provided the interaction
strong enough.

We will assume for the following that the dephasing
caused by a polarization of thed resonance resulting in
magnetic momentm. From the dephasing cross section w
cannot directly determine the size of this moment. Howev
recently with the Friedel-Anderson resonance model o
magnetic impurity we derived the size of the dephasing cr
section. We obtained

swkF
2

4p
5
5

2
sin2S pm

5 D . ~1!

This formula reproduces qualitatively the dephasing cr
section of 3d impurities on the surface of Au. However,
overestimates its value by a factor of the order of five. W
will use this formula to estimate the size of the magne
moment of the 4d atoms by comparing it with the dephasin
cross section of the corresponding 3d atom on the surface o
Au. Our estimates yield for Rh atoms aboutm2

5(0.12mB)
2 and for Ru atomsm25(0.4mB)

2.
These moments are considerably smaller than the

ments predicted by Wildbergeret al.21 for small Rh clusters
on Ag ~which is of the order of 0.6 to 1mB! and Ru singles
on Ag ~about 2mB!. It should be emphasized that our the
retical formula yields only the~averaged! square of the mag
netic moment. It is quite likely, that the moment fluctuates
time and, in an average, vanishes.

We have essentially the following reasons for this sugg
tion:

~i! With exception of Mo we find for all investigated 4d
surface impurities, Nb, Rh, and Ru a dephasing cross sec
which corresponds to very small moments. Within the me
field approximation of the Anderson model32 one obtains a
moment at the impurity when the product of the exchan
interactionU and the resonance densityg2 is larger than one.
The larger the product, the larger the moment. A small m
ment requires a product ofUg2 very close to one. It is very
unlikely that this condition is equally fulfilled for the differ
ent 4d impurities since the resonance density at the Fe
energy depends strongly on the number ofd electrons. In
addition, the numerical calculation by Dederichs’ group a
excludes this possibility. It appears more likely that thed
va-
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impurity forms a moment which is then screened or hidd
by other effects, such as the Kondo effect or local spin fl
tuations.

~ii ! The strong temperature dependence of the depha
cross section indicates that the 4d atoms develop a magneti
moment at high temperature which is suppressed at low t
peratures.~For small coverages it extrapolates roughly
zero dephasing.! This is a behavior which is well known fo
Kondo impurities and local spin fluctuations which are no
magnetic atT50 and fully magnetic at a temperature suf
ciently above the corresponding critical temperature. T
dephasing rate of magnetic impurities is particularly w
suited to detect the disappearance of the magnetic mom
by a strong temperature dependence of the dephasing in
trast to magnetic measurements such as the suscepti
which shows only a saturation at low temperatures.

B. No ferromagnetic monolayers

We find neither for a monolayer of Rh on Au nor for R
on Au or Ag any trace of ferromagnetism. In the contrary w
can definitely exclude ferromagnetism and even the form
tion of a moment. In particular for Ru we find that larg
~two-dimensional! clusters reduce dramatically the tenden
towards magnetic moments.

The absence of a ferromagnetic Rh~Ru! monolayer pre-
sents a theoretical challenge. From the theoretical side
well as from experimentalists who work with epitaxial su
faces, we often hear the argument that the disordered sur
of the Au substrate is the reason that we do not obse
ferromagnetic or antiferromagnetic order. Although we ca
not completely rule out such a possibility, we consider it
rather unlikely. First, we have observed ferromagnetic mo
layers for Fe and Co on disordered noble metals.22,33 Sec-
ondly, we believe that the main effect of a perfect crys
surface@as a Ag ~001! plane# is that it imposes its lattice
parameter on the monolayer of the 4d metal. If the lattice
parameters do not fit, the monolayer will be compressed
dilated. Then, of course, it is not surprising if the magne
properties of the cover layer are dramatically altered. Fe,
example, can be forced into a fcc structure. In a disorde
substrate, as our Au film, one has only short-range order.
influence of the substrate on the 4d structure is incoheren
over larger distances. We expect that this reduces the ov
effect of the substrate on the~average! lattice parameter of
the 4d monolayer. Of course, the structure within the 4d
monolayer is far from perfect. But as we mentioned abo
the ferromagnetism of Fe or Co layers proves that this
viation from a perfect structure is not essential for the f
mation of a magnetic monolayer.

This absence of a ferromagnetic monolayer increases
puzzle about magnetic monolayers. During the last dec
there have been numerous predictions of ferromagnetic
antiferromagnetic monolayers2–6,15 of ~normally! nonmag-
netic metals such as V, Ru, and Rh on the surface of Ag
Au. During the meantime we have studied a number
transition-metal monolayers on Au. This includes vanadiu
whose magnetic structure was predicted to be antiferrom
netic, molybdenum~predicted to be nonmagnetic! and now
rhodium and ruthenium~both predicted to be ferromagnetic!.
In all cases we neither observed strong dephasing for
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monolayer, nor the absence of dephasing. Rather, all mo
layers behaved similarly with a dephasing cross section
tween 131023 and 6.531023 and have therefore strongl
reduced moments. On the other hand, the properties of t
transition metals differ strongly when we evaporate them
small concentrations~1/100 of a monolayer! on the substrate
So far, there has been only a single unconfirmed experim
which claims the observation of a magnetic V monolaye10

No ferromagnetic monolayer could be detected otherw
Since WL is much more sensitive than other experimen
methods, we could prove the absence of magnetic mono
ers for these predicted systems. And this applies for fe
magnetic as well as for antiferromagnetic layers. It should
emphasized that we easily observe magnetic monolayer
the 3d metals, Cr, Mn, Fe, Co, and Ni on top of the nob
metals~see, for example, Ref. 22!.

Why does the theory obtain large magnetic moments
these monolayers, of the order of 1mB or larger, while they
are not observed experimentally? Let us assume for a
ment that the theory, which is a mean-field theory, is corre
Could there be fluctuation effects, which reduce the mome
in the monolayer? Although, as a two-dimensional syste
the monolayer should be subject to large fluctuations, th
fluctuations should be much smaller than in a ze
dimensional single impurity. Since we observe a much lar
dephasing cross section for single surface impurities than
the corresponding monolayers this cannot be the explana
for the strong suppression of a moment. Therefore this
crepancy between theory and experiment represents a
gap in our understanding of moment formation and creat
great theoretical challenge. We now discuss the Au/Rh
the Au/Ru, Ag/Ru systems in some detail.

C. The Au/Rh system

Our experiments yield a number of remarkable results:~a!
Single Rh atoms on the surface of Au do not contribute
detectable dephasing, sinceDHi increases quadratically with
the coverage andsw extrapolates linearly towards zero.~b!
The dephasing has a maximum at one atomic layer of Rh~c!
The maximum dephasing cross section of Rh~for a coverage
of about 0.45 monolayers of Rh! has the value ofsw51.4
31023. This value is two orders of magnitude smaller th
for a typical magnetic atom.~d! For Rh coverages above on
monolayer the dephasing rate first decreases, but beyond
monolayers it increases almost linearly. This suggests
even bulk Rh causes an additional dephasing.~e! The
dephasing cross section is strongly temperature depen
for all coverages. Between 20 and 4.5 K it reduces roug
by a factor of 4, but it does not extrapolate to zero dephas
at zero temperature except for the smallest coverages.

With the help of Eq.~1! we estimate the size of the mag
netic moment of the Rh by comparing it with the dephas
cross section of Co on the surface of Au. The ratio of
cross sections is proportional to the ratio of sin2(pm/5). The
maximum dephasing cross section of Rh at a coverag
0.45 atomic layers is 1.431023, while the corresponding
value for Co is 17531023. The ratio of the cross sections
1/125. Taking the magnetic moment of Co on Cu as 1.7mB
from the paper of Langet al.20 we estimate the moment o
Rh on Au to be 0.12mB .
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It is remarkable that the total dephasing by the Rh ha
maximum for one monolayer of Rh. As we discuss abo
there have been several predictions that a monolayer of
should be magnetic with a moment of the order of 1mB .

6

Recently Tureket al.34 considered a monolayer of Rh on A
~001! which was covered with an additional submonolayer
Rh. According to their numerical calculation the Rh atom
lose their moments in both layers, the original monolay
and the additional submonolayer. Our observed maximum
the total dephasing appears to point out that the monolay
an optimal structure for magnetism. However, the magn
moment is again very small. There is absolutely no fer
magnetic monolayer with a moment of the order of 1mB .
This is confirmed by our Hall-effect measurement. We
not find any indication of an anomalous Hall effect. The H
resistance as a function of the magnetic field is, within
accuracy of the measurement, perfectly linear. The Hall
sistance of the substrate Au film is about 0.1V at the maxi-
mum field of 7 T. Since we cannot detect an AHE resistan
its value must be smaller than 231025 V. For a comparison
we refer to the earlier measurement of 0.8 and 1.6 ato
layers of Co on the surface of Ag of similar thickness.22 In
that measurement we observed an AHE resistance of the
der 131022 V. This is larger by a factor 500 than the upp
experimental limit for the Rh monolayer.

We were rather surprised when the~total! dephasing
started to increase again for Rh coverages above 2 ato
layers. In this respect the Rh behaves differently from
other nonmagneticd metals~such as V, Mo, Nb! which we
have investigated so far. Our measurements suggest that
bulk Rh causes an anomalous dephasing which is not ca
by phonons but may have some magnetic component. N
local spin fluctuations in the Rh metal are the most like
mechanism responsible for this dephasing. It appears wo
while to study theoretically the effect of spin fluctuation
Rh and its effect on the dephasing of weak localizatio
Among the 4d metals Pd is generally considered as a ma
rial with strong spin fluctuations. We plan to investigate t
effect of Pd on the dephasing of a Au substrate. It sho
give us a comparison with the effect of Rh.

D. The Au/Ru, Ag/Ru system

Our main experimental results for the Au/Ru system
the following: ~a! Single Ru atoms on the surface of A
contribute to a dephasing of WL. Their dephasing cross s
tion issw53231023. ~b! The dephasing cross section has
maximum at 0.05 atomic layer of Ru.~c! The dephasing
cross section per Ru atom in a monolayer of Ru on Au,sw

5231023, is much smaller than for a single Ru atom.~d!
The dephasing cross section is strongly temperature de
dent for all coverages. We discuss these results one by

~a! Single Ru atoms on the surface of Au and Ag bo
have a dephasing cross section of aboutsw53231023. This
value is more than ten times smaller than for Mo and Fe
Au,29,27but also by a factor of 10 larger than for atoms of R
clusters on the surface of Au. We conclude from this expe
mental result that single Ru surface impurities show a w
magnetic character. They do not have a moment of the o
of 1mB .

Again we use Eq.~1! to estimate the magnetic mome
for Ru on Au or Ag. From the comparison with Fe we obta
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for the Ru momentmRu50.39, usingsw,Fe548031023 and
mFe53.0. In complete analogy we also obtain from the co
parison with Mo in the 4d row the momentmRu50.38, using
sw,Mo536031023 and mMo53.5. Therefore we estimat
the moment of Ru on the surface of Au to be 0.4mB .

~b! We observed a maximum in the dephasing cross s
tion of Ru at a coverage of about 0.05 atomic layer. F
larger Ru coveragessw reduces and for a monolayer of Ru
is more than an order of magnitude smaller. We conclu
that two Ru atoms in a pair support each other in formin
magnetic moment. For larger clusters the tendency towa
magnetism, in particular towards ferromagnetism is reduc
This makes the formation of a ferromagnetic monolayer v
unlikely.

~c! Indeed, we do not observe a ferromagnetic monola
but only a very weak dephasing at a coverage of 1 ato
layer of Ru.

~d! The strong temperature dependence of the depha
cross section~see Fig. 4! supports the interpretation tha
single Ru atoms possess a hidden magnetic moment bec
it demonstrates that energies ofkBT, i.e., energies of the
order of 1 meV, alter the magnetic properties strongly. T
energy scale is not included in the local spin-dens
functional theory calculations. It has to be treated separa

The experimental results for Ag/Ru are qualitatively qu
similar to those of Au/Ru. Although we have not studied t
properties of most other 3d and 4d impurities on Ag our
experimental results suggest that single Ru atoms on the
face of Ag have a similar moment of about 0.4mB which
fluctuates in time. Again a monolayer of Ru on Ag is n
ferromagnetic.

IV. CONCLUSION

We use the method of weak localization and the anom
lous Hall effect to study the magnetic properties of Rh a
Ru atoms and monolayers on the surface of Au and Ag.
detect the magnetic moments by their dephasing effec
l
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weak localization. We do not find a fully stable moment f
Rh or Ru atoms on the surface of Au or Ag. In particul
single Rh atoms cause no noticeable dephasing at all.
observe, however, an increased dephasing by Rh clus
We give a rough estimate of the corresponding moment
the Rh atoms and find about 0.1mB per Rh atom. The sam
estimate yields about 0.4mB for Ru atoms on Au and Ag. We
do not believe that this moment is stable but rather that
a locally fluctuating moment. This is supported by the stro
temperature dependence of the dephasing cross section
dephasing rate due to the Rh coverage reaches a maxi
for a single monolayer of Rh on the surface of Au. Th
coincides with theoretical predictions that a monolayer of
on the surface of Au and Ag is ferromagnetic, while t
magnetism decreases for smaller and larger coverages. H
ever, our Rh monolayer is not ferromagnetic. Neither i
monolayer of Ru on Au or Ag ferromagnetic. This is a p
tern which we observed in several systems. V is ano
example. The large magnetic moment for single V atoms
the surface of Au was confirmed by our measurements. H
ever, a monolayer of V also behaved very differently th
the theory predicted. We believe that in all cases we
small fluctuating moments in the monolayers. We also
lieve that the absence of a ferromagnetic monolayer is
caused by our polycrystalline Au~Ag! substrate. Rather th
closeness of our systems to the borderline of magne
yields physics which is not yet included in the local sp
density-functional theory. Finally we observe that for R
coverages larger than two monolayers the dephasing
creases again. This suggests that bulk Rh shows~nonlocal!
spin fluctuations of thed electrons similar to those in Pd. W
intend to investigate the Au/Pd system in the future fo
comparison.
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