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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 effe(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(Rin) and several monolayers of RRu). 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 (Q#4). 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[S0163-182€07)02622-7

I. INTRODUCTION Two particularly interesting systems are monolayers of
Rh and Ru on the surface of Ag and Au. In a number of

Materials at the borderline of magnetism belong to thetheoretical papers Rh and Ru monolayers on both of these
most interesting electronic systems in solid-state physicssubstrates were predicted to be ferromagnetic with a moment
Examples are the heavy fermions and highsuperconduct- per atom varying between Qug and lug for Rh and
ors. Both materials are magnetic either at higher temperal.7ug for Ru*~** While experimental studies by means of
tures or at different electron concentrations. This proximitythe surface magneto-optic Kerr efféet’ do not show any
to a magnetic state creates physics which is very challengingerromagnetism for a Rh monolayer, &f al*® found a split-

In recent years theory and experiment have opened théng of the 4 level in their photoemission experiment. Al-
door to a whole class of new systems with unexpected maghough this splitting can have nonmagnetic origins, they fa-
netic properties(i) monolayers of transition metals on the vored the explanation that the Rh atoms possess a magnetic
surface of noble metals ari) single transition-metal atoms Moment. Diffusion presents a serious problem in these inves-
on the same substrate. The first topic started with the predidi9ations and is intensively discussed in several of these pa-

tion by the Freeman grodithat monolayers of V on the pers. Pfandzelter, Steierl, and R&uecently reported that

surface of Ag and Au should be ferromagnetic. This predic-they observed a ferromagnetic monolayer of Ru on the sur-

tion was then later modified by Biel et al,? who predicted face of carbon.

The magnetic properties of single transition-metal impu-
that monolayers of the @ elements V, Cr, and Mn on the rities on the surface of Ag and Cu were investigated by Lang

s_urface _of Ag should be an?iferromagne(kee also the ré- et al.in Jilich.2° They concluded that theddatoms Nb, Mo,
view .art|clé)._ These theoretical papers used the _Iocal SPINTc and Ru on the surface of Ag possess a magnetic mo-
d_en5|ty-funct|onal theory. Later a number of pafetpre- | ent. (Zr atoms should only have a moment in the adatom
dicted that monolayers of theddmetals Tc, Ru, and Rh on position. All the moments are &g or larger. Single Rh
the surface of Ag or Au are ferromagnetic. atoms on the surface of A@nd Au present an interesting
Experimentally, the existence of a ferromagnetic monocase as well. In the first calculation by Laegal?® they
layer is particularly interesting. Already in the late 1970's, it obtained a magnetic moment for Rh which was smaller than
was shown that monolayers of Fe, Co, and Ni are ferromagtheir error margins, and as a consequence they published the
netic on the surface of the noble met&fswhile Ni mono-  value zero for the magnetic moment. In a more recent
layers loose their moment on the surface of polyvalenpapef! they found a small but finite moment of .3 at the
metals® The recent predictions of ferromagnetism in adlay-single Rh impurity on the surface of Ag.
ers of the conventionally nonmagnetic transition metals The experimental study of single magnetic transition-
started an intensive search. A number of different experimetal atoms on the surface of a noble metal dates back more
mental methods have been used to observe such a ferromaban 10 year$>~2* One needs an extremely sensitive detec-
netic layer, such as spin-polarized secondary electrons, tH®n method because the concentration of the “surface impu-
surface magneto-optic Kerr effect, photoemission effect, theities” should be very smallof the order of 1/100 of a
anomalous Hall effect, and weak localization. For a mono-monolaye}, and at finite temperature the atoms align only a
layer of V on the surface of Ag the observation of fraction of their moment parallel to the magnetic field. In
ferromagnetist? could not be confirmed by later many cases the moment is much further redusednetimes
experimentg!-14 by a factor of 100 due to Kondo screening or other effects.
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One successful method is the anomalous Hall effect, whiclsince the 4 metals have a considerably higher evaporation
is sensitive enough to study a coverage of a few percent of emperature we use for the Rh evaporation a thin Rh wire
monolayer of magnetic impurities. However, the most sensiwith a diameter of 0.25 mm, i.e., its cross section is by more
tive method is weak localization, which can easily detect &han an order of magnitude reduced. This makes the calibra-
coverage of 10* of a monolayer of magnetic atoms. tion of the evaporation rate and the evaporation of thicker
Obviously the transition metals Rh and Ru on the surfacdilms much harder than for thed3elements.
of the noble metals Au and Ag represent very interesting ©One great difficulty in the investigation of Ru atoms on
magnetic systems. In this paper we investigate the magnetfi® surface of Au and Ag lies in the evaporation of Ru.
properties of Rh and Ru on the surface of fand Ag as Unfortunately the 4 metal Ru is not available as a thin wire
isolated surface impurities, as clusters, and as monolayerQUt Only as a sponge or powder. We used Ru sponge smth a
As our experimental tools we use weak localizatioi) ~ 9rain size between 10 and 1@0n and a purity of 99.95%.

and the anomalous Hall effe¢aHE). The AHE measures Another difficulty is that Ru easily alloys with the typical

the magnetization of the samﬁ%while in WL one studies boat materials like W, Ta, or Mo. Already in thed 3eries

the interference of the conduction electrons. Magnetoresise.. encountered two materials, Cr and Mn, which were not
) 9 -available in the form of wires. Here we applied special pro-

tance measurements correspond to time-of-flight experizgqres such as distillation from one evaporation source
ments, which yieldamong other informatiorthe dephasing it indirect heating to one with direct heatifgHowever,
time of the conduction electrorisee, for example, Ref. 25 hese procedures cannot be applied in the case of Ru. As a
We first study the pure AUAgQ) film and determine the 44 metal its evaporation temperature is by several hundred
(smal) dephasing rate of the conduction electrons. It is eStegrees higher than those of Mn and Cr. We developed a
sentially caused by inelastic electron-phonon processes. mall electron gun specifically for thed4and 5 metals,

the next step the ACAg) film is covered with a fraction of a  which fitted into the limited space of our cryostat. However,
monolayer of Rh or Ru. The RfRu) introduces an addi- despite carefully cooling with liquid Nthe electron gun was
tional dephasing of the conduction electrons. This results imot clean enough to produce the high purity films which are
an increase of the width of the magnetoresistance curvegequired in our experiments. Most likely the collisions be-
The experimental magnetoresistance curves evaluated witiveen accelerated ions and the walls cause a pollution of the
the theory by Hikami, Larkin, and NagadRayield the  films which is intolerable.

dephasing time of the conduction electrons, from which we  Finally we resorted to the following method. We prepared

obtain the dephasing cross sectiop. a carefully cleaned W boat made from a 46 thick W foil,
2 mm wide. The boat was carefully sprinkled with a thin
Il. EXPERIMENT layer of the Ru sponge. Then the boat with the Ru powder
_ ] was directly heated in UHV to a sufficient high temperature
A. Film preparation so that the Ru grains sintered and became attached to the W.

Our film samples are prepared liy situ condensation This process was performed three times so that a reasonable
onto a quartz substrate at helium temperature. This reducégimber of Ru grains were attached to the W boat. More than
diffusion of the 4 metal into the Au(Ag) substrate to an three sintering processes resulted in a destruction of the W
absolute minimum. We prepare our Ad/4netal sample in boat due to alloying between the W and the Ru. The prepa-
the following manner. We evaporate about 25 to 30 atomidation of the evaporation sour¢and the performance of the
layers of Au with a resistance per square of about £20 experimenk represents a walk on a narrow ridge.

The vacuum is better than 18" Torr. After the evaporation An evaporation source prepared in this way, contains rela-
the film is annealed to 40 K, because quench-condenséévely little of the material to be evaporated, i.e., Ru. There-
films have many lattice defects, with atoms being in localfore it was not possible to measure the evaporation rate of
energy minima. Since some of the measurements are pet,he Ru before each Ru evaporation. Therefore we have to
formed at 20 to 25 K these defects would anneal and the filnfrust that the rate does not change between two evaporations.
change its local structure irreversibly. This is undesirable andVhen the evaporated Ru coverage is larger than 0.1 atomic
can be avoided by the annealing to 40 K, so that the structur@yer, the Ru thickness can be directly determined from the
does not change during the experiment. The magnetoresi§hange in frequency of the oscillator. For smaller thicknesses
tance of the Au film is then measured in the temperaturéve have another control: We observed experimentally that
range between 4.5 and 20 K. the evaporation of a transition metal onto a noble metal in-

In the next evaporation step about 1/100 of a monolayefreases the resistance of the film and, for small thicknesses,
of the 4d metal is condensed on top of the AAg) film. this increase is proportiqnal to the coverage. Therefore we
After the 4d metal evaporation the film is annealed to 35 K, €an detect any anomaly in the evaporation rate.
and the measurements are repeated. Up to 11 different thick- With this procedure we prepared a series of Ru coverages
nesses between 0.002 and 5 atomic layers of thendtals ranging from 2/1000 of a monolayer to about one monolayer.

were investigated during a single experiment. We performed three series of experiments with a Au sub-
It is quite obvious that an extremely clean evaporationstrate and one series with a Ag host. We estimate the upper
source is required to prepare singlel dmpurities or 4 limit of the error in the Ru thickness to be about 30% al-

monolayers on the host metal. Any pollution by other ele-though the relative accuracy might be considerably better.
ments or rest gases would be rather disastrous. The cleanest
and most desirable evaporation source of the impurity is a
thin, high purity wire of the transition metal. For thed 3 Figure 1 shows several magnetoresistance curves mea-
metals we generally use a wire with a diameter of 1 mmsured at 4.5 K. The top one is for pure Au. The following

B. The Rh system
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FIG. 2. The additional dephasing raterl/due to the Rh cov-
erage as a function of the Rh coverage. The data are taken at 4.5 K.

4 =2 0 2 4 B
1/7, of the conduction electrons due to the Rh atoms on top

FIG. 1. Th t ist. f I Au/Rh fil . A
© magneforesistance CUNVes of severa AU Im&)f the Au film. The error bars are about 1/10 of the diameter

measured at 4.5 K. The top one is for pure Au. The following . ) ;
curves are a selection of magnetoresistance curves with increasiﬁg the full qlrples. The _curve has a numper of _lnterestlng
Rh coverage. The numbers on the curves give the Rh coverage Ifaturesi(a) it is quadratic at low concentrationd) it has a
units of monolayers. The points are the experimental values. ThEYaximum at one atomic layer of Rh, artd) after a short
curves are fitted with the theory of weak localization. decline it rises almost linearly for more than two monolayers
of Rh. Below we will discuss these features in detail.
, : .. In Fig. 3 we have plotted the resulting dephasing cross
curves are a selection of magnetoresistance curves Wlth o ction o, in units of 47r/k,2:. One recognizes that, i
creasing Rh coverage. The numbers on the curves give thtffeases linearly at low Rh coverage. This means that single
h atoms do not contribute to the dephasisigceo, is the

Rh coverage in units of monolayers. The accuracy of th
coverage lies between 15 and 20 %. The experimental curvi phasing contribution per Rh atanThe dephasing cross
show a positive magnetoresistance. This demonstrates th@éction at the maximum is 1410~ 3. This value is smaller
our samples are in the “strong spin-orbit scattering limit.” by more than a factor of 100 than the value we found for

In this limit the broadening of the magnetoresistance curve is
only due to the dephasing by inelastic and magnetic scatter- )
ing processes. This allows us to extract the strength of the 45210

magnetic dephasing with high accuracy.
The width of the magnetoresistance curve is described by Sy ki

the dephasing fielti;* . This field is proportional to the total

dephasing rate 1/+ 1/7, of the conduction electrons. Here ‘

1/7; is inelastic rate in the pure Au film and 7/ is the ;

dephasing rate due to the Rh atom$The proportionality ¢

constant ishepNy/4=0.33 ps T for this film,p=resistivity !

of the film, Ng=density of states We evaluate the magne- !
S
s
»

toresistance curves with the theory of weak localization by
Hikami, Larkin, and Nagaok#® This theory yields the
dephasing fieldH! of the conduction electrons. From the 0.51
broadening of the magnetoresistance curves, i.e., from the
increaseAH; of the dephasing field one obtains the dephas-
ing time 7, caused by the Rh atoms. The dephasing cross
sectiono,, of the Rh is obtained with the relatiomyl o,

=1 whereny is the concentration of the Rh atomk, 0 » ; : : ;
_ _ : . : . 0 2 3 4 5
=vgT,, Ug=Fermivelocity. It is convenient to measure the d (atomic layers)

cross section in units of #/k2, which yields a dimension-
less number. Whenever we give values for the cross section G, 3. The dephasing cross section per Rh atom on top of the
Au film as a function of the Rh coverage. The data are taken at

they are in units of 4/k2 and therefore dimensionless.
In Fig. 2 we have plotted the additional dephasing rate4.5 K.



G‘P k;:
4r

(@)

O'qg kF
4r

MAGNETISM OF Rh AND Ru ATOMS, CLUSTERS, AN . ..

x 10

0.4

0.2

0.1
0.04

0 5 10 15 20 25

x10°

-

(b)

FIG. 4. The temperature dependence of the Rh dephasing cross 11

5 10 15 20 25
T (K)

14 353

1.5

Lyl () ‘ .

1.4 : » S

1.3 5

0 i 2 3 4 5
d (atomic layers)

FIG. 5. The Hall conductandé,,| at a field 6 7 T as afunction
of the Rh thickness.

able magnetic contribution, i.e., an anomalous Hall effect.
We find that the Hall curves are linear within the accuracy of
the measurementwhich is about X 10 %). This excludes
the presence of a ferromagnetic Rh layer as predicted by
many theoretical papers. Furthermore the Hall resistance
shows only a minor temperature dependence, which can be
explained by the Coulomb anoma¥In Fig. 5 we plot the
Hall conductance.,, at a field ¢ 7 T as afunction of the Rh
thickness. For Rh thicknesselg, above 2 monolayerk,,
increases essentially linearly with the Rh thickness. The
slope approaches the value-6fl.1x 10"’ Q1. Within the
free-electron model this corresponds to 1 conduction electron
per Rh atom. The decrease|bf,| for dg;<<0.5 monolayers

is caused by a similar decrease of the longitudinal conduc-
tancelL,, as shown in Fig. 6. This is a behavior which so far

x10°

sectiona,, (in units of 47r/k§): (a) for Rh coverages between 0.04
and 0.4 monolayers of RIib) for Rh coverages between 0.4 and 5
monolayers of Rh.

single fully magnetic Mo atoms on Aywhich is 360
x 10~ 3). Therefore we have to check very carefully whether
the origin of the dephasing is magnetic.

The evaluation of our magnetoresistance curves yields the
dephasing rate and therefore the dephasing cross section as
function of the temperature. This temperature dependence is
plotted in Figs. 4a) and 4b) for the different Rh coverages.
The numbers on the right side of the curves give the Rh
coverage in units of monolayers. The coverage with the larg-
est dephasing is on the top in both figures. The dephasing
cross section increases strongly with temperature. In addition
to the linear plot in Fig. 4 we also made a log-log plot. With
the exception of the Rh coverages below 0.4 monolayers, we
do not find a simple power law ,aTP.

Lo (@)

10.51

9.51

8.5

3 4

d (atomic layers)

5

In addition to the magnetoresistance we have also mea- FIG. 6. The(longitudina) conductance ,, as a function of the
sured the Hall effect to check whether it contains a noticeRh thickness.
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The maximum dephasing cross section isx3® 3. For a
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FIG. 7. The magnetoresistance curves of several Au/Ru filmsnonolayer of Ru on Au the dephasing cross section is
measured at 4.5 K. The top one is for pure Au. The following strongly reduced to about>210™ 2.
curves are a selection of magnetoresistance curves with increasing The evaluation of our magnetoresistance curves yields the
Ru coverage. The numbers at the curves give the Ru coverage {laphasing rate and therefore the dephasing cross section as a
units of monolayers. The points are the experimental values. Thg,nction of the temperature. This temperature dependence is
curves are fitted with the theory of weak localization. plotted in Fig. 10 for the different Ru coverages. The num-

- bers on the right side of the curves give the Ru coverage in
we have observed for all transition-metal coverages. We alypjts of monolayers. We find a strong temperature depen-
ways find an increase of the resistance with the first coveraggence of the dephasing cross section.

As for the Au/Rh system we have also measured the Hall

by a 3 or 4d metal. We interpret this increase of the resis-
tance as follows. Although our films are quench condensedffect. Again we find that the Hall curves are linear within
their surfaces still reflect a finite fraction of the conductionhe accuracy of the measurement which excludes the pres-

electrons specularly. Covering a surface with transitiongnce of a ferromagnetic Ru layer.
metal atoms increases the diffuse scattering at that surface The experimental results for Ru on a substrate of Ag are
quite similar to those of Au/Ru. The dephasing cross section

and therefore the resistance.
0.04

o

A}

C. The Ru system 5
GQ kF

Figure 7 shows several magnetoresistance curves of the T
Au/Ru system, measured at 4.5 K. The top curve is for pure an
Au. The curves below are a selection of magnetoresistance 0.03-?
curves with increasing Ru coverage. The numbers on the 7
curves give the Ru coverage in units of monolayers. The \
experimental curves show a positive magnetoresistance.

In Fig. 8 we have plotted the additional dephasing rate 002 ooy
1/7, of the conduction electrons due to the Ru atoms on top -\

of the Au film. The curve has a number of interesting fea- N

tures:(a) it increaseqgalmosj linearly at low coveragesp) N 3 : ;

it has a maximum at about 0.2 atomic layers of Ru and ﬁ B

decreases for larger Ru coverages. This means, of course,

that the dephasing efficiency per Ru atom decreases much
stronger. This efficiency is measured by the dephasing cross

0 0.2 0.4 0.6 0.8 1

d (atomic layers})

0.014 e $

X Trme - __

1.2

section of a Ru atom.
In Fig. 9 we have plotted the resulting dephasing cross
in units of 4w/k2 at 4.5 K. The circles are for the

sectiono

¢ .
system AU/RU and the crosses for Ag/Ru. One ‘recognizes FiG. 9. The dephasing cross section per Ru atom on top of a Au
that o, is finite at (very) small Ru coverages, increases surface(open circlesand a Ag surfacécrossesas a function of the

slightly, and has a maximum at about 0.05 atomic layersRu coverage. The data are taken at 4.5 K.
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0.14 v we will see below, that the moment of the RRu) impurities
o K 1 0.002 is of the order of 0.1 (0.4)g and therefore much too small
- to be described by a spin quantum numi&rWe rather
4n . . N
0.026 describe it by a small polarization of ttee resonance. We
0.1 recently derived the dephasing of weak localization within
this Friedel-Anderson resonance motfeFor Mo we found
0.081 0.11 a dephasing cross section of,=20,=360% 103, while
Co on Au yielded the value of 1510 2 for o,. We rec-
0.061 ognize that the dephasing caused by Rh atoms is smaller than
0.21 for typical magnetic impurities by more than two orders of
0.041- magnitude. We have no doubt, that the Rh atoms on the
; surface of Au are not fully magnetic. The dephasing is just
0.021 05 much too small.
4’4—// 0.9 The normal contributions to the dephasing of the conduc-
0 e :

- - - tion electrons are thermal atomic vibratiofthe electron-
[ 5 10 15 20 . . . .
TK) phonon interactionand the electron-electron interaction. We
ask ourselves how the Rh surface atoms could contribute to
FIG. 10. The temperature dependence of the Ru dephasing crogither of them. Furthermore, we have to account for the fact
sectiono,, (in units of 47r/kZ) for Ru coverages between 0.002 and that single Rh atoms do not noticeably contribute to the
0.9 monolayers of Ru. dephasing, only pairs and larger clusters do.

For a comparison we calculate the dephasing by the indi-
for 1/100 of a monolayer of Ru on Ag is 3010 3 which is  vidual Au atoms in the Au film(mainly due to the thermal
almost the same as the value on fsee Fig. 9. For the vibration of atoms At 4.5 K the inelastic field isH,
dephasing cross sectlon of a monolayer of Ru on Ag we find=13 mT, which yields a dephasing time Qf 25 ps. Us|ng
the value 1.4 10 2 which is somewhat smaller than for a the atomic volume of AuQ=17xX10"3"ms3, we find 0'

Au substrate. The temperature dependence is also similar t05 6x 1078 (in units of 4m/k? 2). Therefore we see that the

the Au/Ru system. dephasing per Rh atom is still stronger than that of a Au
atom by a factor of 250.
[1l. DISCUSSION Thermal Vibrations|lt is difficult to see that the thermal

oscillation of the Rh should cause 250 times the dephasing of
a Au atom. In addition it is difficult to understand that the
The method of weak localization measures essentially thgibrational dephasing does not occur for single Rh atoms on
(additiona) dephasing due to theddatoms on the Au sur- the Au surface but only for pairs and larger clusters. One
face. This additional dephasing is not due to weak localizawould rather expect that the vibrations of single Rh atoms
tion but is a property of the dlatom on the surface of Au. are less restricted, and therefore larger in amplitude and
The first and most important question is: what is the origin ofstronger in their dephasing.
this dephasing, is it of magnetic character? We discuss this Conduction electron-electron interactiohe electron-
question by using the experimental results for the Au/Rfelectron interaction between the conduction electrons con-
system. The conclusions apply also to the Au/Ru and Ag/Ruributes to the dephasing of weak localizati3ri! Since the
systems. Rh atoms are transition-metal atoms with a higdsonancke
Since the dephasing cross section of Rh on Au increasegensity of states one might speculate that the condensation of
linearly with coverage at small Rh coverages, it follows thatthe Rh atoms increases the electron-electron interaction in
single Rh atoms essentially do not contribute to the dephaghe Au film. However, the electron-electron interactite-
ing. We compare the dephasing cross section of Rh with thaveen the conduction electrons a metal is screened. As a
corresponding values of theddmetal Mo and the 8 metal  consequence its effective strength is inversely proportional to
Co, one being in the same row and the other in the samthe density of states. This means that the electron-electron
column as Rh. We have investigated both as surface impurinteraction is reduced by the Rh atomgThe final contri-
ties on a Au substrate and consider that both of them arbution to the inelastic rate should be essentially unchanged
magnetic?’2° because the integration over all states cancels the density of
The interaction between conduction electrons and magstate$. Furthermore it is again hard to see that this mecha-
netic impurities with a full moment is generally described by nism should only contribute for pairs and larger clusters.
the exchange HamiltoniaH .,=JsS wheres is the spin of We believe that the main mechanism that could cause the
the conduction electron an§ is the spin of the impurity. dephasing is the Coulomb interaction within the Rh atoms.
With this Hamiltonian one obtains a magnetic scatteringHere we have to distinguish two different processes. In the
cross sectionos. Such a magnetic impurity has a strong first process we consider two conduction electrons which are
dephasing effect on weak localization and its dephasingl scattered by one Rh atom. In the intermediate state the two
cross sectionr, is equal to Zr. In this paper we prefer to electrons occupy twal states within the Rh atom with dif-
describe the d impurities by their dephasing cross section ferentl,. If we ignore the dynamics of the Coulomb inter-
o, . Therefore we have to multiply the former; values by  action within the Rh atom then the two electrons scatter back
a factor of 2 if we want to compare them with the experi-into the conduction band and the whole process can be de-
mentalo, of this paper. The reason for usiig, here is, as scribed by Friedel resonance scattering for each electron,

A. The dephasing mechanism
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since each electron independently obeys energy conservampurity forms a moment which is then screened or hidden
tion. However, within the Rh atom there is a finite probabil- by other effects, such as the Kondo effect or local spin fluc-
ity that the Coulomb interaction causes the two electrons iruations.
their d states to perform a transition into a new setdf (i) The strong temperature dependence of the dephasing
states|m;m,) to |[m;m5), and then to leave the atom. Now cross section indicates that thd 4toms develop a magnetic
we suppose each of the two electrons can change its energytoment at high temperature which is suppressed at low tem-
only the total energy of both electrons has to be conservederatures.(For small coverages it extrapolates roughly to
We expect that this process yields a dephasing rate for theero dephasing.This is a behavior which is well known for
conduction electrons which is proportional T8, although ~ Kondo impurities and local spin fluctuations which are non-
we have not performed a calculation. However, we doubtnagnetic aff=0 and fully magnetic at a temperature suffi-
that this process causes the additional dephasing by the Riiently above the corresponding critical temperature. The
atoms. The strongest argument against this process is the fatgphasing rate of magnetic impurities is particularly well
that single Rh atoms do not contribute to the dephasing. suited to detect the disappearance of the magnetic moment
Then we are left with the other consequence of the Couby a strong temperature dependence of the dephasing in con-
lomb interaction in ad atom: The fact that the exchange trast to magnetic measurements such as the susceptibility
interaction repels spin-up and spin-dodlectrons. This is, Which shows only a saturation at low temperatures.
however, just the mechanism which creates a magnetic mo-

ment in a transition-metal atom provided the interaction is
strong enough. B. No ferromagnetic monolayers

We will assume for the following that the dephasing is  we find neither for a monolayer of Rh on Au nor for Ru
caused by a polarization of the resonance resulting in a on Au or Ag any trace of ferromagnetism. In the contrary we
magnetic momeng. From the dephasing cross section wecan definitely exclude ferromagnetism and even the forma-
cannot direCtIy determine the size of this moment. Howevertion of a moment. In particu|ar for Ru we find that |arger

recently with the Friedel-Anderson resonance model of gtwo-dimensional clusters reduce dramatically the tendency
magnetic impurity we derived the size of the dephasing crosgowards magnetic moments.

section. We obtained The absence of a ferromagnetic RRu) monolayer pre-
sents a theoretical challenge. From the theoretical side as
%ké 5 7w well as from experimentalists who work with epitaxial sur-
P smz(?) . (1)  faces, we often hear the argument that the disordered surface

of the Au substrate is the reason that we do not observe
ferromagnetic or antiferromagnetic order. Although we can-
This formula reproduces qualitatively the dephasing crossiot completely rule out such a possibility, we consider it as
section of 3l impurities on the surface of Au. However, it rather unlikely. First, we have observed ferromagnetic mono-
overestimates its value by a factor of the order of five. Welayers for Fe and Co on disordered noble metafS.Sec-
will use this formula to estimate the size of the magneticondly, we believe that the main effect of a perfect crystal
moment of the 4 atoms by comparing it with the dephasing surface[as a Ag(001) pland is that it imposes its lattice
cross section of the corresponding 8tom on the surface of parameter on the monolayer of thel 4netal. If the lattice
Au. Our estimates yield for Rh atoms aboyt®  parameters do not fit, the monolayer will be compressed or
=(0.12ug)? and for Ru atomgu?=(0.4ug)>. dilated. Then, of course, it is not surprising if the magnetic
These moments are considerably smaller than the maroperties of the cover layer are dramatically altered. Fe, for
ments predicted by Wildberget al?* for small Rh clusters example, can be forced into a fcc structure. In a disordered
on Ag (which is of the order of 0.6 to/g) and Ru singles substrate, as our Au film, one has only short-range order. The
on Ag (about Zug). It should be emphasized that our theo- influence of the substrate on thel 4tructure is incoherent
retical formula yields only théaverageglsquare of the mag- over larger distances. We expect that this reduces the overall
netic moment. It is quite likely, that the moment fluctuates ineffect of the substrate on tHaveragg lattice parameter of

time and, in an average, vanishes. the 4d monolayer. Of course, the structure within thd 4
We have essentially the following reasons for this suggesmonolayer is far from perfect. But as we mentioned above
tion: the ferromagnetism of Fe or Co layers proves that this de-

(i) With exception of Mo we find for all investigatedd4 viation from a perfect structure is not essential for the for-
surface impurities, Nb, Rh, and Ru a dephasing cross sectiamation of a magnetic monolayer.
which corresponds to very small moments. Within the mean- This absence of a ferromagnetic monolayer increases the
field approximation of the Anderson moéfebne obtains a puzzle about magnetic monolayers. During the last decade
moment at the impurity when the product of the exchangehere have been numerous predictions of ferromagnetic or
interactionU and the resonance densgy is larger than one. antiferromagnetic monolayé$+® of (normally) nonmag-
The larger the product, the larger the moment. A small monetic metals such as V, Ru, and Rh on the surface of Ag or
ment requires a product &fg, very close to one. It is very Au. During the meantime we have studied a number of
unlikely that this condition is equally fulfilled for the differ- transition-metal monolayers on Au. This includes vanadium,
ent 4d impurities since the resonance density at the Fermiwhose magnetic structure was predicted to be antiferromag-
energy depends strongly on the numberdoglectrons. In  netic, molybdenunpredicted to be nonmagnetiand now
addition, the numerical calculation by Dederichs’ group alsorhodium and rutheniurtboth predicted to be ferromagnetic
excludes this possibility. It appears more likely that ttk 4 In all cases we neither observed strong dephasing for the
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monolayer, nor the absence of dephasing. Rather, all mono- It is remarkable that the total dephasing by the Rh has a
layers behaved similarly with a dephasing cross section banaximum for one monolayer of Rh. As we discuss above
tween 1x 10 2 and 6.5<10"® and have therefore strongly there have been several predictions that a monolayer of Rh
reduced moments. On the other hand, the properties of thes@ould be magnetic with a moment of the order qfgl®
transition metals differ strongly when we evaporate them inRecently Turelet al3* considered a monolayer of Rh on Ag
small concentration€l/100 of a monolaygmon the substrate. (001) which was covered with an additional submonolayer of
So far, there has been only a single unconfirmed experimeriRh. According to their numerical calculation the Rh atoms
which claims the observation of a magnetic V monolayer. lose their moments in both layers, the original monolayer,
No ferromagnetic monolayer could be detected otherwiseand the additional submonolayer. Our observed maximum of
Since WL is much more sensitive than other experimentathe total dephasing appears to point out that the monolayer is
methods, we could prove the absence of magnetic monolayn optimal structure for magnetism. However, the magnetic
ers for these predicted systems. And this applies for ferromoment is again very small. There is absolutely no ferro-
magnetic as well as for antiferromagnetic layers. It should benagnetic monolayer with a moment of the order qigl
emphasized that we easily observe magnetic monolayers dhis is confirmed by our Hall-effect measurement. We do
the 3d metals, Cr, Mn, Fe, Co, and Ni on top of the noble not find any indication of an anomalous Hall effect. The Hall
metals(see, for example, Ref. 22 resistance as a function of the magnetic field is, within the
Why does the theory obtain large magnetic moments iraccuracy of the measurement, perfectly linear. The Hall re-
these monolayers, of the order ofid or larger, while they sistance of the substrate Au film is about O)at the maxi-
are not observed experimentally? Let us assume for a manum field of 7 T. Since we cannot detect an AHE resistance
ment that the theory, which is a mean-field theory, is correctits value must be smaller than2l0~° (). For a comparison
Could there be fluctuation effects, which reduce the momentwe refer to the earlier measurement of 0.8 and 1.6 atomic
in the monolayer? Although, as a two-dimensional systemlayers of Co on the surface of Ag of similar thicknéésn
the monolayer should be subject to large fluctuations, thesthat measurement we observed an AHE resistance of the or-
fluctuations should be much smaller than in a zero-der 1x10 2 Q. This is larger by a factor 500 than the upper
dimensional single impurity. Since we observe a much largeexperimental limit for the Rh monolayer.
dephasing cross section for single surface impurities than for We were rather surprised when thotal) dephasing
the corresponding monolayers this cannot be the explanatiostarted to increase again for Rh coverages above 2 atomic
for the strong suppression of a moment. Therefore this dislayers. In this respect the Rh behaves differently from the
crepancy between theory and experiment represents a largéher nonmagnetid metals(such as V, Mo, Npwhich we
gap in our understanding of moment formation and creates have investigated so far. Our measurements suggest that pure
great theoretical challenge. We now discuss the Au/Rh antulk Rh causes an anomalous dephasing which is not caused
the Au/Ru, Ag/Ru systems in some detail. by phonons but may have some magnetic component. Non-
local spin fluctuations in the Rh metal are the most likely
mechanism responsible for this dephasing. It appears worth-
C. The Au/Rh system while to study theoretically the effect of spin fluctuation in
Our experiments yield a number of remarkable res@is: Rh and its effect on the dephasing of weak localization.
Single Rh atoms on the surface of Au do not contribute gAmong the 4 metals Pd is generally considered as a mate-
detectable dephasing, sinaéd; increases quadratically with rial with strong spin fluctuati_ons. We plan to investigate the
the coverage and-(p extrapo|ates |inear|y towards Zer@]) effeCt of Pd on the dep.haSIng of a Au substrate. It should
The dephasing has a maximum at one atomic layer of @h. 9ive us a comparison with the effect of Rh.
The maximum dephasing cross section of(Rit a coverage
of about 0.45 monolayers of Rihas the value ofr,=1.4 D. The Au/Ru, Ag/Ru system
x 1073, This value is two orders of magnitude smaller than Our main experimental results for the Au/Ru system are
for a typical magnetic atonid) For Rh coverages above one the following: (a) Single Ru atoms on the surface of Au
monolayer the dephasing rate first decreases, but beyond tvemntribute to a dephasing of WL. Their dephasing cross sec-
monolayers it increases almost linearly. This suggests thdion is o, = 32X 10 3. (b) The dephasing cross section has a
even bulk Rh causes an additional dephasif®. The maximum at 0.05 atomic layer of Ric) The dephasing
dephasing cross section is strongly temperature dependenttoss section per Ru atom in a monolayer of Ru on &y,
for all coverages. Between 20 and 4.5 K it reduces roughly=2x10"3, is much smaller than for a single Ru atofd)
by a factor of 4, but it does not extrapolate to zero dephasin@he dephasing cross section is strongly temperature depen-
at zero temperature except for the smallest coverages. dent for all coverages. We discuss these results one by one.
With the help of Eq(1) we estimate the size of the mag-  (a) Single Ru atoms on the surface of Au and Ag both
netic moment of the Rh by comparing it with the dephasinghave a dephasing cross section of abeyt 32x 1073, This
cross section of Co on the surface of Au. The ratio of thevalue is more than ten times smaller than for Mo and Fe on
cross sections is proportional to the ratio ofgiru/5). The  Au,?>?”but also by a factor of 10 larger than for atoms of Rh
maximum dephasing cross section of Rh at a coverage dflusters on the surface of Au. We conclude from this experi-
0.45 atomic layers is 1x410 3, while the corresponding mental result that single Ru surface impurities show a weak
value for Co is 17% 10 3. The ratio of the cross sections is magnetic character. They do not have a moment of the order
1/125. Taking the magnetic moment of Co on Cu asu}.7 of 1ug.
from the paper of Langt al?® we estimate the moment of Again we use Eq(1) to estimate the magnetic moment
Rh on Au to be 0.125. for Ru on Au or Ag. From the comparison with Fe we obtain
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for the Ru momenfug,=0.39, usingo, o= 480X 1073 and weak localization. We do not find a fully stable moment for
wee=3.0. In complete analogy we also obtain from the com-Rh or Ru atoms on the surface of Au or Ag. In particular,
parison with Mo in the 4 row the momenj,=0.38, using  single Rh atoms cause no noticeable dephasing at all. We
0 o o= 360X 1072 and uy,=3.5. Therefore we estimate Observe, however, an increased dephasing by Rh clusters.
the moment of Ru on the surface of Au to be @ We give a rough estimate of the corresponding moments of
(b) We observed a maximum in the dephasing cross sedhe Rh atoms and find about .3 per Rh atom. The same
tion of Ru at a coverage of about 0.05 atomic layer. Forestimate yields about Qw4 for Ru atoms on Au and Ag. We
larger Ru coverages,, reduces and for a monolayer of Ru it do not believe that this moment is stable but rather that it is
is more than an order of magnitude smaller. We concludé locally fluctuating moment. This is supported by the strong
that two Ru atoms in a pair support each other in forming demperature dependence of the dephasing cross section. The
magnetic moment. For larger clusters the tendency towarddephasing rate due to the Rh coverage reaches a maximum
magnetism, in particular towards ferromagnetism is reducedor a single monolayer of Rh on the surface of Au. This
This makes the formation of a ferromagnetic monolayer vengoincides with theoretical predictions that a monolayer of Rh
unlikely. on the surface of Au and Ag is ferromagnetic, while the
(c) Indeed, we do not observe a ferromagnetic mono|ayermagnetism decreases for smaller and larger coverages. How-
but only a very weak dephasing at a coverage of 1 atomi€ver, our Rh monolayer is not ferromagnetic. Neither is a
layer of Ru. monolayer of Ru on Au or Ag ferromagnetic. This is a pat-
(d) The strong temperature dependence of the dephasiri§rn which we observed in several systems. V is another
cross section(see Fig. 4 supports the interpretation that €xample. The large magnetic moment for single V atoms on
single Ru atoms possess a hidden magnetic moment becauéé surface of Au was confirmed by our measurements. How-
it demonstrates that energies k§T, i.e., energies of the €ver, a monolayer of V also behaved very differently than
order of 1 meV, alter the magnetic properties strongly. Thighe theory predicted. We believe that in all cases we see
energy scale is not included in the local Spin_density_sma” fluctuating moments in the monolayers. We also be-
functional theory calculations. It has to be treated separatelyieve that the absence of a ferromagnetic monolayer is not
The experimental results for Ag/Ru are qualitatively quitecaused by our polycrystalline AlAg) substrate. Rather the
similar to those of Au/Ru. Although we have not studied thecloseness of our systems to the borderline of magnetism
properties of most otherdand 4d impurities on Ag our  Yields physics which is not yet included in the local spin-
experimental results suggest that single Ru atoms on the sufeénsity-functional theory. Finally we observe that for Rh
face of Ag have a similar moment of about 04 which ~ coverages larger than two monolayers the dephasing in-
fluctuates in time. Again a monolayer of Ru on Ag is notcreases again. This suggests that bulk Rh showsloca)

ferromagnetic. spin fluctuations of the electrons similar to those in Pd. We
intend to investigate the Au/Pd system in the future for a
IV. CONCLUSION comparison.
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