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Ferromagnetism in 4d „Tc, Ru, Rh, Pd… and 5d „Ir, Pt … transition-metal monolayers
on a Cu„001… substrate

A. E. Garcı´a, V. Gonza´lez-Robles, and R. Baquero
Departamento de Fı´sica, CINVESTAV, Apartado Postal 14-740, 07000 Me´xico, Distrito Federal, Mexico

~Received 15 May 1998; revised manuscript received 3 August 1998!

We have studied the magnetic activity of transition metal monolayers of the 4d ~Tc, Ru, Rh, Pd! and 5d ~Ir,
Pt! series on a Cu~001! substrate. Rh and Ir monolayers present ferromagnetism with magnetic moments 0.52
and 0.17 Bohr magnetons, respectively. We find that the Tc, Ru, Pd, and Pt monolayers are nonmagnetic. A Ru
monolayer is magnetic on Ag~001! and Au~001! substrates with a comparatively high magnetic moment of
1.73 Bohr magnetons in both cases. The loss of its magnetic moment appears to be mainly due to the influence
of inward tension. Cu has a smaller lattice constant than any of the monolayers considered here and therefore
we are looking at the opposite effect as compared to Ag or Au. If we artificially enhance the Cu lattice constant
we recover the high magnetic moment of Ru/Ag~001!. We make use of the surface Green’s function matching
method together with tight-binding Hamiltonians to calculate the paramagnetic local density of states projected
onto the monolayer or the substrate atomic layers and calculate the magnetic moment from the minimum of the
total energy as a function of the magnetic band splitting. We obtain good agreement with the known results for
the same set of monolayers on Ag~001! and Au~001! substrates.@S0163-1829~99!06509-1#
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I. INTRODUCTION

For most of the elements, magnetism is found in isola
atoms as shown by Hund’s rules.1 In solids, magnetism is
found within elements of the 4f and 5f series. But the elec
trons responsible for their magnetic ordered phases do
participate at the Fermi surface and give rise to localiz
spins. Itinerant magnetism in three dimensions~3D! is ob-
served in the 3d transition metal series, in particular, in F
Co, and Ni. On the other hand, Sc, Ti, and V are n
magnetic.2,3

In the 4d transition metal series, itinerant magnetism
3D was studied by Gunnarsson4 and Janak5 using the quali-
tative Stoner criterium for ferromagnetism,N(«F)J>1,
where N(«F) is the density of states~DOS! at the Fermi
energy«F and J is the exchange integral. They usedJ4d

'0.65 eV for all the 4d transition metals. The single spi
local density of states varies from 0.32 eV21 for Mo to 1.15
eV21 for Pd and therefore the Stoner criterium is never s
isfied for any metal of the 4d series.2

The 5d transition metal series has never been conside
for itinerant magnetism. The general trend is that the cond
tion bandd-wave functions are less localized when movi
from the 3d to the 4d and 5d series. This means that th
band width increases and a reduction of the density of st
at the Fermi level follows. The exchange integralJ does not
vary very much from the 4d to the 5d series~see Tables II
and III below! and, consequently, itinerant magnetism b
comes less and less probable.

Electronic structure calculations using state-of-the-
methods reveal the exciting perspective that more elem
might be forced to conserve their atomic magnetism, if pr
erly synthesized at the nanometer scale.1 In 2D, the coordi-
nation number is reduced and this factor diminishes
d-band width and increases the local density of sta
~LDOS! at the Fermi levelN(«F).6,7 Furthermore, the ex-
PRB 590163-1829/99/59~14!/9392~10!/$15.00
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change integralJ might, in general, not be lower in 2D a
compared to 3D.8 For these reasons, itinerant magnetism
not restricted to the elements that exhibit it in 3D.9–11

Indeed, in the past few years, several groups presenteab
initio calculations on the ferromagnetism of 4d and 5d tran-
sition metal monolayers on Ag~001! and Au~001! substrates.
For the 4d transition metals, monolayer magnetism was p
dicted for Tc, Ru, and Rh.2,9,12,13Within the 5d series Os and
Ir ~Refs. 2,3! were found magnetic. These calculations le
to the consensus2 that magnetism of Tc and Os monolayers
a subtle problem. But for Ru, Rh, and Ir monolayers a rat
large magnetic moment was predicted. In units of Bohr m
netons, the predicted magnetic moments are 1.7~Ru!,2,14 1.0
~Rh!,2,13,14 and 0.9~Ir!.2 The maximum magnetic momen
found for a monolayer on Ag~001! and Au~001! is Mn (3d),
Ru (4d) and Ir (5d). Notice that it is shifted by one elemen
to the right in the Periodic Table as one moves from ond
series to the next.

In spite of the state-of-the-art calculated predictions,
periments of Rh adlayers on Ag~001! ~Refs. 15,16! and on
Au ~001! ~Refs. 15–17! failed to detect magnetism. Fo
small clusters, nevertheless, the prediction was confirmed
Cox et al.18 who found that small Rh clusters consisting
some tens of atoms show magnetic ordering of the 4d atoms.
Subsequent experiments have been done for Rh on Ag~001!
as well as Rh and Pd on Au~001!, but failed to find any
evidence for the existence of spontaneous, long-range fe
magnetic order16,17or were inconclusive.15 Disagreement be-
tween theory7–11,19–23and experiment24–29 prevails with re-
spect to the magnetic activity of the V~100! surface as
well.30,31

Various reasons are discussed by Blu¨gel2 as being the
possible source of discrepancy between theory and exp
ment. Among them he mentions the neglect of interla
relaxation in the theory, many-body effects beyond the st
dard local spin density~LSD! approximation, or more com
9392 ©1999 The American Physical Society
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PRB 59 9393FERROMAGNETISM IN 4d ~Tc, Ru, Rh, Pd! AND . . .
plicated spin configurations. Wu and Freeman14 have studied
in detail the influence of interlayer relaxation for Ru and R
adlayers and found that it has little effect on the magne
moments. Blu¨gel2 looked at theC(232) antiferromagnetic
order as an example of more complicated spin configurat
but found no evidence for magnetism. Also many-body i
provements in the calculation would only rise the disagr
ment with experiment since LSD usually underestima
magnetism. So, the situation points to the poor quality of
deposited films as the source of the controversy betw
theory and experiment as stated by Pfandzelter, Steierl,
Rau in a recent paper.1 These authors reported the first o
servation of 4d two-dimensional ferromagnetism in a R
monolayer grown by epitaxy on aC(0001) substrate.

In this paper we want to report the results of our calcu
tion of the magnetic moment of monolayers of the 4d
~Tc,Ru,Rh,Pd! and 5d ~Ir,Pt! transition metal series on
Cu~001! substrate. This substrate has been used in re
experiments with monolayers of Fe and good agreement
the theory was found.32

For magnitudes of the relative lattice mismatch less th
0.1 ~10% lattice mismatch! coherent epitaxial growth migh
be possible under suitable conditions. The usual situatio
that the monolayer adopts the substrate lattice param
value33,34 and, as a consequence, it is, in general, un
stress. The lattice constants of Ag~4.09 Å! and of Au ~4.08
Å! are bigger than the one of any of the monolayers con
ered here. The atoms are, therefore, split off as compare
the bulk. For Cu we have the opposite situation~the atoms
are brought together! since its lattice constant~3.61 Å! is
smaller. Table I~above! contains all the lattice paramete
used in this work. In all the calculations that we have p
formed here, the lattice mismatch is less than 6%. We
come back to this point.

Ab initio calculations such as full potential linearized au
mented plane waves~FLAPW! and full potential linear
muffin-tin orbitals ~FP-LMTO! based on local spin densit
functional theory were developed to calculate the electro
magnetic structure of transition metals.35 The computational
cost involved in the study of surfaces, interfaces, quan
wells, or superlattices withab initio methods is high. In cer-
tain more subtle situations, where a big number of confi
rations are to be analyzed, the degree of complexity dema

TABLE I. The lattice constants and the relative deformati
involved in the systems that we are studying are presented in
table. Except for Pd and Pt, the deformation does not exceed 5%
much. The minus sign in Eq.~9! emphasizes that the monolay
suffers a contraction compared to the bulk. The tight-binding
rameters can still be scaled meaningfully for deformations up
10%. So even for Pd and Pt the use of a tight-binding descriptio
meaningful.

Element Lattice constant@Å # exx

Tc 3.81 0.052
Ru 3.81 0.052
Rh 3.80 0.050
Pd 3.89 0.072
Ir 3.84 0.056
Pt 3.92 0.079
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for a simple but accurate enough method of calculation t
establishes the trends and give quantitative estimates
serve as a guide either to more elaborateab initio calcula-
tions or inspires new experimental situations to search
new results. Although obviously less accurate, such meth
can be implemented in codes of comparatively very l
computational cost.

Tight-binding Hamiltonians have been parametrized to
the ab initio bulk band structure calculation results.36 These
bulk tight-binding parameters are transferable to ot
atomic environments only if proper account is taken of t
perturbation caused by a surface, an interface or any o
configuration. Otherwise wild charge transfers take pla
usually from thes-p to the d band,37 and the calculation
becomes meaningless. To avoid this unphysical charge tr
fer many authors have traditionally required local orbi
charge neutrality.38 Alternative ways of using the tight
binding method, avoiding these wild charge transfers, h
been proposed by Fabriciuset al.,39 Riedingeret al.,40 and
by Dorantes–Da´vila et al.41

In this paper, we want to present results using the kno
surface Green function matching~SGFM! method to calcu-
late the local density of states~LDOS! for monolayers. The
formalism presented here can be readily adapted for ad
ers, or monolayers with an extra coverage. We use it her
the form specifically adapted to the use of bulk tight-bindin
Hamiltonian parameters as input.42

To calculate the magnetic moment, we used both
Stoner method and a Hubbard Hamiltonian. Both lead to
same result for ferromagnetism. Antiferromagnetic config
rations were studied with the Hubbard Hamiltonian but w
not be discussed in this paper since none of the monola
studied is antiferromagnetic.

The rest of the paper is organized as follows. In Sec.
we present the substrate-monolayer Green’s function. In S
III, we show the paramagnetic band structure calculatio
results and discuss them. Section IV is devoted to the ca
lation of the ferromagnetic moment of a monolayer from t
minimum of the total energy as a function of the magne
band splitting. We applied the method to the 4d and 5d
monolayers on Ag~001! and Au~001! and compared our re
sults with the ones calculated previously by other authors2,3

This is to check the accuracy of the method. The agreem
is very good. Here we also present the new results and
cuss them. Section V, contains our conclusions.

II. THE GREEN’S FUNCTION

We will make use of the known surface Green’s functi
matching method42 to calculate the Green’s function for th
semi-infinite system~surface! configuration. This formula-
tion can be readily adapted to the substrate-monolayer p
lem. Since the method has been widely discuss in the lite
ture, we omit here the details.

The SGFM surface Green’s functionGs is given by43–45

G s
215VI 2H002H10T, ~1!

whereH00 and H01 are the in-layer~surface! and interlayer
interaction Hamiltonians, respectively, in the customary
scription in terms of principal layers.46–48 The T matrix is
defined asG105TG00. G10 is the propagator from the prin
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9394 PRB 59A. E. GARCÍA, V. GONZÁLEZ-ROBLES, AND R. BAQUERO
cipal layer 0 to the first one.G00[Gs is the propagator
within the surface principal layer.I is the unit matrix andV
is the energy. A quickly converging algorithm49–51 for the T
matrix allows a very effective use of this and other SGF
formulas.

We will use Eq.~1! for the calculation of the local densit
of states~LDOS! for a Cu~001! free surface. We will com-
pare later on the first under-surface layer LDOS of a Cu~001!
surface with the corresponding one~first atomic layer of the
substrate! for the different monolayers considered in o
work. Their differences show the influence of the monola
on the substrate LDOS.

The substrate-monolayer Green’s function.The SGFM
surface Green’s function, Eq.~1!, has been used to describ
substrate-monolayer systems.52–55Several adlayers have als
been considered.54,56

Here we use the following formula for the Green’s fun
tion of the substrate-monolayer system:

GML
21~V,k!5GS~A!

21 ~V,k!1@V2H00~B!~k!#

2I AHXIB2IBHXIA . ~2!

In this supersupermatrix form, the expression is ve
transparent. The supersupermatrix is labeled with the ind
describing the two mediaA andB. The upper diagonal par
describes a semi-infinite mediumA with a surface@see Eq.
~1!#; the lower part a free-standing monolayer ofB atoms.
Both interact through the supermatrix HamiltonianIMHXIN ,
(M ,N5A,B). These matricesH00(B) and IMHXIN are
readily written in the tight-binding Slater-Koster language

A very important quantity for our application here is th
local density of states~LDOS! projected onto the differen
atomic planes of physical interest. This is obtained from
density of states for the entire monolayer-substrate sys
given by

N~e!52
1

pE Im@TrGML~V,k!]dk. ~3!

We use the method by Cunningham57 to perform the nu-
merical integration in the 2D FBZ. This method of integr
tion together with the SGFM method has been used succ
fully in previous work.42 We now proceed to show th
results of our paramagnetic calculations which constitute
basis for our estimates of the monolayer magnetic mome

III. THE SUBSTRATE-MONOLAYER LOCAL DENSITY
OF STATES

In this section, we will present, first, our results for th
semi-infinite free surface Cu~001! system and compare them
with the bulk ones. Next, we will show the LDOS for th
monolayer~ML !-Cu~001! system for the different 4d and 5d
transition metals that we have considered. These results
presented in Figs. 1, 2, and 4. In all these figures we sh
first, the LDOS for the surface or the monolayer, resp
tively, for the atomic layer under it (S-1), for the next
atomic layer (S-2), and for thebulk-projected in the~001!
direction ~bottom!. The three LDOS curves on each part
the figures correspond to thed band~dashed curves!, thes-p
band ~dotted curves!, and the total contribution~full line
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curves!. Most of the total contribution comes from thed
band in all cases. The Fermi leveleF is at the origin in all
the curves.

A. The Cu„001… surface

The formalism described before was used to calculate
LDOS of the Cu~001! surface. We have assumed an ide
nonreconstructed surface. The surface layer LDOS is on
top of Fig. 1. Thed-band width is about 4 eV. The bulk on
is roughly 5 eV. The LDOS is more intense at the surfa
than in the bulk, as a consequence. The atomic layer un
the surface (S-1) LDOS looks much more similar to th
bulk than the surface LDOS. Thed-band width broadens an
the LDOS is less intense as compared to the surface one.
(S-2) layer LDOS is almost similar to the bulk. It show
how the LDOS tends rapidly to the bulk one for atom
layers below the surface. From the fourth atomic layer
~not shown! the LDOS is essentially the bulk one. Notic
how the top of thed band evolves towards the Fermi level
the LDOS curve from the surface to the bulk. At the surfa
layer, the top of thed band is about 2 eV below the Ferm
energy while in the bulk it is only about 0.5 eV. Also notic
that when a monolayer is grown on Cu~001!, there is a strong
influence of the monolayer on the LDOS curve projected
the topmost Cu-atomic layer~CompareS-1 in Figs. 1, 2, and
4!.

B. The monolayer-Cu„001… system

Now we show the density of states for the ML-Cu~001!
system. The bulk crystal structure of all the elements t

FIG. 1. The Cu~001! surface. We present the LDOS projected
the surface atomic layer~top!, at the next atomic layer under th
surface (S-1), at thenext one (S-2), and at a~001! oriented bulk
atomic layer. The three LDOS curves on each part of the fig
correspond to thed band~dashed line!, thes-p band~dotted curve!,
and the total contribution~full line curves!. Most of the total con-
tribution comes from thed band in all cases. The Fermi level«F is
at the origin in all the curves.
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PRB 59 9395FERROMAGNETISM IN 4d ~Tc, Ru, Rh, Pd! AND . . .
constitute the monolayers studied here is fcc. Their lat
constants appear in Table I. The lattice constant for b
metallic fcc Cu is 3.61 Å. The epitaxial growth will impos
this lattice constantaCu to the monolayer atomsaML . This
situation will prevail until a critical thickness is reached a
the tension that the difference in the lattice constant impo
to the adlayer atoms, will be sufficient to generate dislo
tions that free out this built-up energy. From this distance
the material grows with its own crystal lattice constant.

We use the bulk tight-binding parameters of the transit
metals as input to set our Hamiltonians to calculate the M
Cu~001! system Green’s function. Since the monolayer
oms are under tension, we have to modify the parame
correspondingly. First, let us check how big the deformat
exx defined by the equation

aML5aCu5aX~12exx! ~4!

is. HereaX is the lattice constant of the corresponding 4d or
5d bulk transition metalX with no tension. Table I shows th
values forexx that we obtained.

For the interatomic-plane distance ML-Cu,a' , we take
one half of the average of the two lattice constants2,3

2a'5~1/2!~aCu1aX!. ~5!

To scale the tight-binding Slater-Koster parameters~SKP’s!,
Hab

m (r ), we use58

Hab
m ~r !5Hab

m ~r 0!~r 0 /r !2nab, ~6!

where r 0 and r are the zero-tension and tensioned int
atomic distances, respectively. Fornab we use the known
Harrison rule.59 The indexm stands for the transition meta
element SKP. For the interface~i! SKP we use the simple
average of the corresponding ones from Cu and the M
following Shore and Papaconstantopulos,58 i.e.,

Hab
i ~0!5@Hab

Cu~0!1Hab
ML~0!#/2, ~7!

Finally, a andb run over the basis of atomic states co
sidered in the calculation.

1. The4d monolayers

We will show the spin-dependent LDOS in the next se
tion for some of the monolayers studied. We will consid
here, as an example, Ru, which is the 4d monolayer with the
highest predicted magnetic moment3 when grown on
Ag~001! as well as on Au~001!. In contrast we get for Ru on
Cu~001! a zero magnetic moment, a very interesting resul
look at in some detail. We will comment on it below.

In Fig. 2, we present our results for the paramagne
LDOS projected, successively, on the Ru monolayer, the
and second Cu~001! atomic layers and, in the figure at th
bottom, the Cu bulk LDOS projected onto the~001! direc-
tion. The three LDOS curves on each part of the figure
the d band, thes-p band, and the total contribution, respe
tively, as we wrote above. Most of the total contributio
comes from thed band in each case. The Fermi leveleF is at
the origin in all the curves.

In the monolayer projected LDOS~first curve!, we can
observe that thed band dominates strongly around the Fer
energy. This band is responsible for the magnetic proper
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of the monolayer. Its width is about 7 eV. The highest pe
of d-band states occurs just above the Fermi energy. Th
are much more electrons at the Fermi energy on this mo
layer than on the next Cu~001! atomic plane as we can se
from the second curve in the same figure. This LDOS sho
a d-band width of only about 5 eV, which is mainly locate
well below the Fermi energy. A minors-p band contribution
extends over all Ru conduction band which is about 20
wide.

The third curve (S-2) is the second Cu-atomic layer. It
LDOS resembles a bit more the bulk-projected one which
the curve at the bottom. Thed band on the second atomi
plane (S-2) LDOS is far away from the Fermi level as wel
The width of thed band is slightly smaller~about 4 eV! and
the structure that develops is more bulklike than the one
the previous atomic layer. From the fourth Cu atomic lay
on ~not shown! we get the bulk projected LDOS. It is ver
interesting to compare the behavior of a Ru monolayer o
Cu~001! substrate with its behavior on a Ag~001! or
Au~001!. In Fig. 3, we present thed-band LDOS projected
onto the Ru monolayer when on a Ag~001! substrate~dotted
line! and on a Cu~001! one ~full line!. We recall that the
Ag~001! substrate expands the Ru interatomic distance
compared to the bulk, while Cu~001! contracts it. The expan
sion of the lattice shrinks thed band substantially and as
consequence thed-band LDOS intensity increases~see dot-
ted line in Fig. 3! otherwise the opposite effect takes pla
~full line in Fig. 3!. The d-band LDOS at the Fermi leve
Nd(«F) is 3.12 eV21 on Ag while it is only 1.45 eV21 on
Cu, i.e., half the value. It is expected, therefore, that
magnetic moment of the Ru monolayer will be quite smal
on Cu~001! than on Ag~001! or Au~001!. This fact is general
for all the monolayers studied here because they all h
lattice constants that lie in between the Cu~3.61 Å! and the
Ag ~4.09 Å! or Au ~4.08 Å! one. But the degree of sensitivit

FIG. 2. The Ru-Cu~001! monolayer. The top part of the curv
shows the LDOS projected on the Ru-atomic layer. For the res
the curves see caption of Fig. 1.
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of the magnetic moment to tension varies from one mo
layer to another as we shall see in the rest of the paper.

2. The5d monolayers

A monolayer of Ir on Cu~001! is presented in Fig. 4 as a
example of our calculation for the 5d series. Although with
noticeable differences, the LDOS curves have the same g
characteristics and trends as for the 4d series. Again the
main weight of thed-band LDOS for the monolayer atomi
layer is around the Fermi level. A high peak is here at
Fermi energy rather than above it as for Ru. This could be
important difference for the magnetic properties of t
monolayer. The LDOS varies very quickly around«F , a
common characteristic with Ru. The first Cu~001! atomic
layer below the monolayer appears with similar characte
tics as for Ru although in this case the LDOS is more
tense. The (S-1) d-band LDOS remains quite below th
Fermi level. The third curve (S-2) in Fig. 4, represents th
second Cu-atomic layer. Its LDOS is different from the o
above and resembles the bulk projected LDOS that app
as the bottom curve. The presence of a different monola
on the top influences strongly at least the first two atom
layers below it. For example, the LDOS projected onto
first Cu-atomic-substrate layer under a monolayer of Ru
fers all along the energy interval considered from the co
sponding Cu-LDOS under a monolayer of Ir atoms. We ne
to project the LDOS onto at least the fourth atomic layer~not
shown! to get essentially the bulk one, according to our

FIG. 3. The substrate has a very strong influence on the re
ing monolayer density of states. In this figure we show thed-band
LDOS projected on a Ru-atomic layer which lies on a Ag~001!
substrate~dashed line! and on a Cu~001! ~full line!. The difference
in the width of thed band and its density of states at the Fermi le
is very important. The main factor determining this difference is
distance between the Ru atoms imposed by the substrate. See
-
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sults. The bulk LDOS projected onto the~001! direction is
obtained independently in each calculation. It coincides
actly in all these. This constitutes a way of self-consist
checking.

IV. THE MAGNETIC MOMENT

For the ferromagnetic case, a Hubbard tight-bindi
Hamiltonian and the Stoner model gave us, essentially,
same results. We have studied antiferromagnetic config
tions with a Hubbard Hamiltonian. None of the monolaye
discussed here turned out to be antiferromagnetic. We
scribe in the following our calculation with the Stone
model60 which has been widely used, for example, in findi
the ferromagnetic phases of fcc iron.61 In the Stoner model,
the magnetization, in units of a Bohr magnetonmB is given
by62

m~D!5E
2`

«F
@nd

1~«!2nd
2~«!#d«5E

«F2D/2

«F1D/2

@nd~«!#d«,

~8!

whereD is the magnetic band splitting. We check that t
total d-band electronic occupationnd is conserved at each
step:

nd5E
2`

«F
@nd

1~«!1nd
2~«!#d«, ~9!

nd
1(«) andnd

2(«) indicatend(«1D/2) andnd(«2D/2), re-
spectively.nd(«) is the paramagnetic density of states p
spin in thed band.

The total energyE of the magnetic system is given by

E~D!5E
2`

«F
@n1~«!1n2~«!#«d«1

Jm2

4
, ~10!

lt-

l
e
ext.

FIG. 4. The Ir-Cu~001! monolayer. See caption of Fig. 2.
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FIG. 5. Our results for the ML-Cu~001! system~ML5Ru, left and ML5Rh, right!. At the top of the figure, we present the sp
discriminated LDOS projected onto the monolayer atomic layer. At the bottom part, the total energy as a function of the magne
splitting E(D) is shown. We get Ru nonmagnetic~an interesting result to look at in more detail, see text! and Rh magnetic. See text for mor
details.
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where n6(«)5ns(«)1np(«)1nd
6(«), with ns(«) and

np(«) the contribution to the LDOS from thes andp states,
respectively.

In these equations the only independent variable isD. J is
the Stoner parameter. Extensive calculations of this par
eter were done by Sigalas and Papaconstantopulos63 as well
as by Janak.5 The magnetic moment assigned in each ca
corresponds to a minimum of theE(D) curve. At the mini-
mum, the magnetic momentm is related to the Stoner pa
rameter through the relationm5D/J. We have checked tha
our method reproduces well the predicted values for
same monolayers on Ag~001! and Au~001! substrates2,3 us-
ing for J the values given in Ref. 63. The agreement is v
good.

A. The magnetic moments for the 4d monolayers

Our results for the 4d series ML-Cu~001! systems~ML
5Tc, Ru, Rh, and Pd! are presented here and shown in F
5 for Ru and Rh. The top part of the figure shows the sp
-

e,

e

y

.
-

dependent LDOS projected onto the corresponding mo
layer atomic layer. The bottom series of curves show
total energyE(D) as a function of the magnetic band spl
ting D. For Tc and Pd, we find a single minimum atD50.
Those monolayers are not ferromagnetic according to
calculations. This is an expected result since on Cu~001! the
magnetic moment should be lower than on Ag~001! or
Au~001!. Let us now consider the Rh monolayer. The res
is shown in the right half of Fig. 5. In this case we do find
minimum for DÞ0. Notice that the minimum is below th
paramagnetic value of the total energyE(D), which means
that the energy of the paramagnetic state is higher than
magnetic one, i.e., the magnetic phase is more stable an
therefore the ground state. To translate the value ofD at the
minimum of the total energyE(D) into a magnetic momen
value, we have used theJ values given by Sigalas an
Papaconstantopoulos.63 These values allow us to reproduc
the results of Refs. 2,3 as we already pointed out. Using
J values given in Ref. 5~which are different! the magnitudes
of the magnetic moment change accordingly. For a
monolayer on Cu~001! we get at the minimum ofE(D), a
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magnetic band splittingD50.325 eV. We use a Stoner pa
rameterJ50.617 eV~Ref. 63! and get a magnetic momen
m50.524mB . For Rh on Au~001! we get 1.10 and on
Ag~001! 1.0 ~See Table II!.

In Table II, we summarize some data concerning our
sults. The first column refers to the 4d element, their atomic
number grows from top to bottom. The second column ref
to the LDOS ateF projected onto the monolayer atom
layer. Notice that it goes through a maximum. The two e
treme monolayers in Table II~Tc, Pd! are nonmagnetic. The
LDOS ateF for Pd is only about one third of the Rh one~the
maximum!. The LDOS for Tc is comparatively high~see
Table II!. Nevertheless, we do get a zero magnetic mom
as it is to be expected. The rest of the columns are expla
in the Table II caption.

The Ru-Cu(001) system.Let us look now at the very in-
teresting Ru-Cu~001! case. Our result is shown in the le
part of Fig. 5; we get a zero magnetic moment. This resul
in principle, surprising since a Ru monolayer gives
Ag~001! and Au~001! the highest magnetic moment withi
the whole 4d and 5d series~See Tables II and III!.

The main factors that intervene in this result are the in
atomic distance imposed by the substrate, the ML-subst
interatomic distance that should, in principle, vary from o
system to the other, the Rud-wave functions of the electron
at the Fermi level, and the degree of hybridization of the M
substrate wave functions around the Fermi energy. Th
factors are actually inter-related. We will try to analyze the
by isolating them artificially.

The LDOS of a particular monolayer can differ by mu
when on different substrates~see Fig. 3!. Let us look first at
the influence of the interatomic distance in more detail.
Fig. 6 we show this result. We have artificially enhanced

TABLE II. We summarize our results in this table. The substr
for all the monolayers here considered is Cu~001!. The first column
refers to the monolayer. In the second we quote our value for
paramagnetic LDOS per spin at the Fermi level, projected onto
monolayer atomic layer. In the third column, the magneticd-band
splitting at the minimum appears. Next, we compare the value
the magnetic momentm in three different substrates. They are giv
in units of Bohr magnetons.mY (Y5Cu, Ag, Au! means the mag-
netic moment of the corresponding monolayer on aY substrate
grown in the~001! direction. The data for Ag and Au are take
from the Refs. 2,3. We have reproduced them with very good ag
ment.

Element N(«F) @eV21# D @eV# mCu mAg mAu J

Tc 1.20 0.0 0.0 0.0 0.0 0.552
Ru 1.45 0.0 0.0 1.73 1.73 0.560
Rh 1.78 0.325 0.524 1.0 1.1 0.61
Pd 0.54 0.00 0.00 0.0 0.0 0.625

TABLE III. The data for the 5d series. The entries are the sam
as in Table II.

Element N(«F) @eV21# D @eV# mCu mAg mAu J

Ir 2.048 0.099 0.173 0.91 0.94 0.57
Pt 1.298 0.0 0.0 0.0 0.0 0.590
-
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Cu~001! substrate lattice constant from the Cu value~3.61 Å!
to the Ag one~4.09 Å! and calculated the change in th
d-band LDOS at the Fermi level and the corresponding m
netic moment. When we reach the Ag lattice constant va
we getm51.9mB which is slightly higher than 1.73mB , cal-
culated for Ru-Ag~001!. From a 2.5% expansion of the C
lattice constant, Ru-Cu~001! becomes magnetic. Thed-band
LDOS atEf enhances steadily with the Cu lattice expansio
Stating this the other way around, we can say that as the
atoms approach each other and thed LDOS at Ef shrinks.
Also the d band broadens according to our results. So
looks to be an important factor for the Ru-ML to lose o
Cu(001) the magnetic moment it has on Ag(001), that
Ru atoms are closer together. One may speculate that
stronger interaction of thed electrons plays a crucial role, bu
this point has to be looked at in more detail before arising
a sharp conclusion.

Let us try to analyze this point further. Let us ask t
following question: Is the interatomic distance the determ
ing factor for magnetism to appear in a Ru monolayer? I
is so, a Ru~001! surface should be magnetic with a magne
moment of 0.5mB since the Ru bulk lattice constant~3.81 Å!
corresponds to a 5.5% expansion in Fig. 6. Nevertheless
find an ideal Ru~001! surface nonmagnetic. So the answer

e

e
e

f

e-

FIG. 6. The magnetic activity of a Ru-Cu~001! system is con-
sidered as a function of the percentage of expansion of the
lattice constant. The expansion gets up to the corresponding v
for Ag. A magnetic moment different from zero is set from abo
2.5% expansion on. To the Ru lattice constant value there co
sponds a magnetic moment of 0.179mB . The Ru~001! surface is
nevertheless, nonmagnetic. Therefore, the distance between th
oms of the monolayer imposed by the substrate, although per
an important factor, is not the only parameter to be considered.
text for details.
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no. Then let us look at the influence of the ML-substra
interaction by changing this distance.

Following this idea, we have considered the effect of
to a 10% expansion and contraction. More explicitly, w
have enhanced the ML-substrate normal distance by u
10% ~expansion! and have diminished it also by up to 10
~contraction!. Our results are presented in Fig. 7. As a ge
eral trend, expansion shrinks the LDOS at the Fermi ene
and leads to no magnetic moment. The trend is opposite
contraction. Magnetism does appear at about22%. At 25%
~contraction! the LDOS at the Fermi energy is enhanced
to 1.8 eV21 atom21 with a resulting magnetic moment o
1.70mB . The trend follows up with further contraction as
is shown in Fig. 7. It is interesting to speculate that this res
seems to suggest that a Ru monolayer on Cu~001! could
become magnetic under uniaxial~normal to the surface!
pressure. This effect, if confirmed experimentally, could p
sibly have a certain~as a sensor! technological interest, a
well. So, in conclusion it is not possible to say from th
analysis whether the most important factor for magnetism
appear is the Ru-Ru interaction or the Ru-Cu one. It is

FIG. 7. We present here the effect of expansion and contrac
of the monolayer-substrate distance on the magnetic activity of
Ru-Cu~001! system. As a general trend expansion@which points
towards the Ru~001! surface situation, in this case# dimishes the
LDOS and, as a consequence, the magnetic activity. On the
trary, contraction turns it on. In this figure we quote, for the ma
netic active cases, the magnetic band splittingD ~in eV! and the
magnetic momentm ~in Bohr magnetons!. For all cases, we quote
the LDOS at the Fermi level. Here 0% means that the interla
distance is given as the algebraic mean of the bulk Ru and
lattice constants. We show our results for65%, 610%, and the
Ru~001! surface which is not magnetic. Notice that the result see
to indicate that uniaxial~normal! pressure might turn a Ru-Cu~001!
system magnetic. See text.
e
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or
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even clear that a general material-independent conclusio
possible. Notice that these conclusions are independen
the fact that anab initio calculation could give different
numbers with obviously higher precision. The general p
ture and the trends would not essentially vary the relat
importance of the factors leading to a monolayer magn
moment as we have analyzed it here.

B. The magnetic moment for the 5d monolayers

Our results for the 5d series ML-Cu~001! systems~ML 5
Ir and Pt! are shown in Fig. 8. The top part of the figu
shows the spin-dependent LDOS projected onto the co
sponding monolayer. The bottom curves show the total
ergy E(D) as a function of the magnetic band splittingD.
For Pt, we find a single minimum atD50. This monolayer
should not be ferromagnetic according to our calculatio
For Ir, the situation is different. We do find a minimum
below the paramagnetic value and the Ir monolayer sho
be ferromagnetic. We have used the Stoner parameteJ
50.574 eV for Ir andJ50.590 eV for Pt from Ref. 63. We
reproduce the results of Refs. 2,3 with these values. In Re
different J values are given. The magnetic moment wou
change accordingly.

Table III summarizes the data for the 5d transition metals
considered. The conventions are the same as in Table II.
data for the magnetic moment on a Ag~001! and a Au~001!
substrate are taken from the Refs. 2,3. Our calculated va
agree very well with these results.

V. CONCLUSIONS

The goal of this paper was twofold. First, to show that t
surface Green’s function matching method~SGFM! can be
successfully used to calculate the local density of states f
monolayer on a particular substrate. This method has b
developed specifically to calculate the Green’s function
discrete media with a surface or interface in different co
figurations. The input for the method are the bulk Slat
Koster tight-binding parameters which are accessible fo
wide series of materials. On these bases using either
Stoner model or a Hubbard tight-binding Hamiltonian, f
ferromagnetism, we can predict whether or not a monola
will be ferromagnetic. We have reproduced the known
sults of Blügel for several 4d and 5d monolayers on
Ag~001! and Au~001! substrates and found very good agre
ment.

Second, we have studied the ferromagnetic activity ofd
and 5d transition metal monolayers on a Cu~001! substrate
and calculated the expected magnetic moment. The me
has been also implemented for antiferromagnetic situati
by using a Hubbard tight-binding Hamiltonian. A Hubba
Hamiltonian can be used for ferromagnetic situations as w
It gave us the same results as the Stoner model for the c
considered here.

Summarizing, we have calculated the paramagnetic lo
projected density of states~LDOS! for monolayers of Tc, Ru,
Rh, Pd among the 4d series and Ir and Pt among the 5d
series on a Cu~001! substrate. The magnetic moment is ca
culated from the minimum of the total energyE(D) as a
function of the magnetic band splittingD. We use the Stone
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FIG. 8. Our results for the 5d series monolayers are presented. The conventions are the same as in Fig. 6. We find the Ir-Cu~001! system
~left side! magnetic. Also Pt-Cu~001! is shown~right!. We find it nonmagnetic.
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parameterJ given in Ref. 63 to calculate the magnetic m
ment. We find Rh and Ir to be ferromagnetic with magne
moments equal to 0.525 and 0.173mB , respectively. The res
of the monolayers are nonmagnetic according to our ca
lations.

The case of Ru is interesting since it is the monola
with the highest magnetic moment on Ag~001! and Au~001!
among the 4d and 5d transition metals. We have found th
the small lattice constant of Cu~3.61 Å! is the most impor-
tant factor responsible for the loss of the magnetic activ
When this lattice constant is artificially enhanced up to
Ag ~4.09 Å! value, we recover a magnetic moment that
creases with the interatomic distance and reachesm
51.9mB at the Ag value. The Ru bulk lattice constant lies
between the Cu and the Ag one~see Table I!. If the inter-
atomic distance in the monolayer were the only import
factor, the Ru~001! surface would be magnetic with a sma
magnetic moment~see Fig. 6!. We found it nonmagnetic
This leads us to conclude that the monolayer-substrate in
action can play a non-negligible role in certain systems
magnetism to occur. When the monolayer-substrate dista
is varied, expansion does not lead to a magnetic behavio
contraction does~see Fig. 7!. The system appears to beha
c

u-

r

.
e
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t

r-
r
ce
ut

as if normal pressure would render a monolayer of Ru ato
on a Cu~001! substrate magnetic, an effect that might tu
out to be of technological interest if it is confirmed expe
mentally.

This paper was a study of these monolayers on a Cu~001!
substrate and an application of the SGFM method to adla
magnetism. Our method is simple, well defined at each s
needs no fitting parameters, and is not computationally
manding. It can be applied to a variety of systems~monolay-
ers, surfaces, quantum wells, interfaces, superlattices,!
and to different situations~such as relaxation, for example!
to study trends and to find meaningful results and predicti
that constitute a complementary tool to guide more ela
ratedab initio calculations, or to limit the experimental con
ditions under which 2D magnetism can be observed.
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