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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. Garca, V. Gonzéez-Robles, and R. Baquero
Departamento de Bica, CINVESTAV, Apartado Postal 14-740, 0700ide, Distrito Federal, Mexico
(Received 15 May 1998; revised manuscript received 3 August)1998

We have studied the magnetic activity of transition metal monolayers ofdH&& Ru, Rh, Pdand & (Ir,
PY series on a C®01) 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 AG01) and AU001) 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(8@l). 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 (@§1) and AU001) substrates[S0163-18289)06509-]

[. INTRODUCTION change integrall might, in general, not be lower in 2D as
compared to 30.For these reasons, itinerant magnetism is
For most of the elements, magnetism is found in isolatechot restricted to the elements that exhibit it in 3D?
atoms as shown by Hund’s rulédn solids, magnetism is Indeed, in the past few years, several groups preseted
found within elements of thefdand 5 series. But the elec- initio calculations on the ferromagnetism adl 4nd X tran-
trons responsible for their magnetic ordered phases do naition metal monolayers on AQ01) and Au001) substrates.
participate at the Fermi surface and give rise to localized=or the 4l transition metals, monolayer magnetism was pre-
spins. ltinerant magnetism in three dimensig¢BB) is ob-  dicted for Tc, Ru, and RA>1213within the 5d series Os and
served in the @ transition metal series, in particular, in Fe, Ir (Refs. 2,3 were found magnetic. These calculations lead
Co, and Ni. On the other hand, Sc, Ti, and V are notto the consens@shat magnetism of Tc and Os monolayers is
magnetic>® a subtle problem. But for Ru, Rh, and Ir monolayers a rather
In the 4d transition metal series, itinerant magnetism inlarge magnetic moment was predicted. In units of Bohr mag-
3D was studied by Gunnarssband Janakusing the quali- netons, the predicted magnetic moments areRwj,%*41.0
tative Stoner criterium for ferromagnetisnN(sg)J=1, (Rh),2®and 0.9(Ir).2 The maximum magnetic moment
where N(eg) is the density of state€DOS) at the Fermi found for a monolayer on A§01) and AU001) is Mn (3d),
energyeg andJ is the exchange integral. They uség Ru (4d) and Ir (5d). Notice that it is shifted by one element
~0.65 eV for all the 4l transition metals. The single spin to the right in the Periodic Table as one moves from dne
local density of states varies from 0.32 e\for Mo to 1.15  series to the next.
eV ™1 for Pd and therefore the Stoner criterium is never sat- In spite of the state-of-the-art calculated predictions, ex-
isfied for any metal of the @ series> periments of Rh adlayers on A@01) (Refs. 15,16 and on
The 5d transition metal series has never been consideredu (001) (Refs. 15-1Y failed to detect magnetism. For
for itinerant magnetism. The general trend is that the conducsmall clusters, nevertheless, the prediction was confirmed by
tion bandd-wave functions are less localized when moving Cox et al*® who found that small Rh clusters consisting of
from the 3 to the 4 and & series. This means that the some tens of atoms show magnetic ordering of thatbms.
band width increases and a reduction of the density of stateSubsequent experiments have been done for Rh ¢o04y
at the Fermi level follows. The exchange integialoes not as well as Rh and Pd on A0, but failed to find any
vary very much from the d to the 5 series(see Tables Il evidence for the existence of spontaneous, long-range ferro-
and 1l below and, consequently, itinerant magnetism be-magnetic ordéf*” or were inconclusivé® Disagreement be-
comes less and less probable. tween theory 1119-23and experimeRt=2° prevails with re-
Electronic structure calculations using state-of-the-artspect to the magnetic activity of the (400 surface as
methods reveal the exciting perspective that more elementgell 3%3!
might be forced to conserve their atomic magnetism, if prop- Various reasons are discussed by d&fi as being the
erly synthesized at the nanometer scale.2D, the coordi-  possible source of discrepancy between theory and experi-
nation number is reduced and this factor diminishes thenent. Among them he mentions the neglect of interlayer
d-band width and increases the local density of stateselaxation in the theory, many-body effects beyond the stan-
(LDOS) at the Fermi leveN(eg).%” Furthermore, the ex- dard local spin density.SD) approximation, or more com-
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TABLE |. The lattice constants and the relative deformationfor a simple but accurate enough method of calculation that
involved in the systems that we are studying are presented in thigstablishes the trends and give quantitative estimates that
table. Except for Pd and Pt, the deformation does not exceed 5% byerve as a guide either to more elaboralteinitio calcula-
much. The minus sign in Ed9) emphasizes that the monolayer tions or inspires new experimental situations to search for
suffers a contraction compared to the bulk. The tight-binding panew results. Although obviously less accurate, such methods

rameters can still be scaled meaningfully for deformations up tggp pe implemented in codes of comparatively very low
10%. So even for Pd and Pt the use of a tight-binding description i%omputational cost

meaningful. Tight-binding Hamiltonians have been parametrized to fit
Element Lattice constaifik | . theab .initio bul!< band structure calculation resuffsThese
XX bulk tight-binding parameters are transferable to other
Tc 3.81 0.052 atomic environments only if proper account is taken of the
Ru 3.81 0.052 perturbation caused by a surface, an interface or any other
Rh 3.80 0.050 configuration. Otherwise wild charge transfers take place,
Pd 3.89 0.072 usually from thes-p to the d band®’ and the calculation
Ir 3.84 0.056 becomes meaningless. To avoid this unphysical charge trans-
Pt 392 0.079 fer many authors have traditionally required local orbital

charge neutrality® Alternative ways of using the tight-
binding method, avoiding these wild charge transfers, have
been proposed by Fabriciwet al.*® Riedingeret al,*° and

plicated spin configurations. Wu and Freerfdrmave studied B a1
in detail the influence of interlayer relaxation for Ru and RhPY Dorantes—Dala et al.

adlayers and found that it has little effect on the magnetic !N this paper, we want to present results using the known
moments. BlgeP looked at theC(2x 2) antiferromagnetic Surface Green function matchif§GFM) method to calcu-

order as an example of more complicated spin configuration te the local density of stat¢tDOS) for monolayers. The

but found no evidence for magnetism. Also many-body im- ormalism presented here can be readily adapted for adlay-

provements in the calculation would only rise the disagree€'S: O monolayers with an extra coverage. We use it here in

ment with experiment since LSD usually underestimated® fc_)rm _specifically adapteo! to the use of bulk tight-binding-
magnetism. So, the situation points to the poor quality of thd 1amiltonian parameters as ingft
deposited films as the source of the controversy between 1°© calculate the magnetic moment, we used both the

theory and experiment as stated by Pfandzelter, Steierl, ametoner method and a Hubbard Hamiltonian. Both lead to the
Rau in a recent papérThese authors reported the first ob- S&Me result for ferromagnetism. Antiferromagnetic configu-
servation of 41 two-dimensional ferromagnetism in a Ru rations were studied with the Hubbard Hamiltonian but will

monolayer grown by epitaxy on @(0001) substrate not be discussed in this paper since none of the monolayers
In this paper we want to report the results of our calcula Studied is annferromagne}m. :

tion of the magnetic moment of monolayers of the 4 The rest of the paper is organized as follows. !n Sec. I,

(Tc,Ru,Rh.Pd and 5 (Ir,PY) transition metal series on a W& present the substrate-monolayer Green’s function. In Sec.

Cu(001) substrate. This substrate has been used in recem’ we showlthe paramagneti(; band_ structure calculations

experiments with monolayers of Fe and good agreement Witpesults and discuss them_. Section 1V is devoted to the calcu-

the theory was found? ation of the ferromagnetic moment of a _monolayer from th_e
For magnitudes of the relative lattice mismatch less tharﬁg'ménu”;.t?f thev\t/otal er|1'erdg)fthas a f?hncdt'(in ?;éh: rgagjnetlc

0.1 (10% lattice mismatchcoherent epitaxial growth might an ISp' Ing. Aeoalpp Ied A %OTG c:j 0 dn

be possible under suitable conditions. The usual situation jgronolayers on @01 and Ay )_an compare oulr%ée-

that the monolayer adopts the substrate lattice paramet I.ts .W'th the ones calculated previously by other authors.

valué®¥ and, as a consequence, it is, in general, unde his is to check the accuracy of the method. The agreement

stress. The lattice constants of A409 A) and of Au(4.08 is very good. nge we also present the new results and dis-

A) are bigger than the one of any of the monolayers consid®YSS them. Section V, contains our conclusions.

ered here. The atoms are, therefore, split off as compared to

the bulk. For Cu we have the opposite situatitine atoms Il. THE GREEN'S FUNCTION

are brought togethgrsince its lattice constan3.61 A) is

I bl b . I the latii We will make use of the known surface Green’s function
smaller. Table I(above contains all the lattice parameters \,aching methoff to calculate the Green's function for the
used in this work. In all the calculations that we have per-,

¢ h he latti . his | h ) ,Isemi—infinite system(surface configuration. This formula-
ormed here, the lattice mismatch is less than 6%. We Wilkjo, can be readily adapted to the substrate-monolayer prob-
come back to this point.

- . o . lem. Since the method has been widely discuss in the litera-
Ab initio calculations such as full potential linearized aug-,,re \we omit here the details.

mented plane wavesFLAPW) and full potential linear The SGFM surface Green's functigh is given by>~%°
muffin-tin orbitals (FP-LMTO) based on local spin density
functional theory were developed to calculate the electronic G 1=l —Hgo—HygT, 1)

magnetic structure of transition metdfsThe computational

cost involved in the study of surfaces, interfaces, quantumvhereHq, and Hgy, are the in-layer(surface and interlayer
wells, or superlattices withb initio methods is high. In cer- interaction Hamiltonians, respectively, in the customary de-
tain more subtle situations, where a big number of configuscription in terms of principal layef$* The T matrix is
rations are to be analyzed, the degree of complexity demandiefined ass,,=TGyy. G4 is the propagator from the prin-
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cipal layer 0 to the first oneGy =G, is the propagator

within the surface principal layet.is the unit matrix and}

is the energy. A quickly converging algoritdf®tfor the T
matrix allows a very effective use of this and other SGFM
formulas.

We will use Eq.(1) for the calculation of the local density
of states(LDOS) for a Cu001) free surface. We will com-
pare later on the first under-surface layer LDOS of &000)
surface with the corresponding offast atomic layer of the
substratg for the different monolayers considered in our
work. Their differences show the influence of the monolayer
on the substrate LDOS.

The substrate-monolayer Green’s functiothe SGFM
surface Green'’s function, Eql), has been used to describe

Surface Cu (001)

prANA
$-1 Cu(001)

AL A A A
S-2 Cu(001)

e A

L D O S [ States/spin/eV/atom ]

substrate-monolayer systerfs>®Several adlayers have also ] Bulk Cu (001)
been consideretf:>®
Here we use the following formula for the Green’s func-
tion of the substrate-monolayer system: "
0 L | T T
Gl (2,K)=Gga) (Q,K) +[Q—Hogg)(K)] 8 o 2 4 & 8

T \HXTg— TgH T, 2 oleV]
. . . . FIG. 1. The C@0021) surface. We present the LDOS projected at
In this supersupermatrix form, the expression is Veryye gyrface atomic layeitop), at the next atomic layer under the
transparent. The supersupermatrix is labeled with the indice§, face 6-1), at thenext one 6-2), and at 4001) oriented bulk
describing the two media andB. The upper diagonal part atomic layer. The three LDOS curves on each part of the figure
describes a semi-infinite mediumwith a surface[see Eq.  correspond to the band(dashed ling thes-p band(dotted curvé,
(D]; the lower part a free-standing monolayer Bfatoms.  and the total contributioffull line curves. Most of the total con-
Both interact through the supermatrix HamiltonipH*Zy, , tribution comes from the band in all cases. The Fermi leugt is
(M,N=A,B). These matricesHyq@ and IwH*Zy are  atthe origin in all the curves.
readily written in the tight-binding Slater-Koster language. o
A very important quantity for our application here is the curves. Most of the total contribution comes from the
local density of state¢LDOS) projected onto the different Pand in all cases. The Fermi levet is at the origin in all
atomic planes of physical interest. This is obtained from théhe curves.

density of states for the entire monolayer-substrate system,
given by A. The Cu(001) surface

1 The formalism described before was used to calculate the
N(e)=— _f IM[TrGyy (Q,k)]dk. 3) LDOS of the C001) surface. We have assumed an ideal,
™ nonreconstructed surface. The surface layer LDOS is on the

inahS top of Fig. 1. Thed-band width is about 4 eV. The bulk one
We use the method by Cunninghdnto perform the nu- j5'v5ghly 5 eV. The LDOS is more intense at the surface

merical integration in the 2D FBZ. This method of integra- than in the bulk, as a consequence. The atomic layer under
tion together with the S(EFM method has been used succesgie o rface $1) LDOS looks much more similar to the
fully in previous work® We now proceed to show the p i than the surface LDOS. Thitband width broadens and

results of our paramagnetic calculations which constitute thg,o | DOS is less intense as compared to the surface one. The

basis for our estimates of the monolayer magnetic moment§32) layer LDOS is almost similar to the bulk. It shows
how the LDOS tends rapidly to the bulk one for atomic

1. THE SUBSTRATE-MONOLAYER LOCAL DENSITY layers below the surface. From the fourth atomic layer on
OF STATES (not shown the LDOS is essentially the bulk one. Notice

how the top of thal band evolves towards the Fermi level in

e the LDOS curve from the surface to the bulk. At the surface
semi-infinite free surface @001 system and compare them ; ;
@001 sy P layer, the top of thed band is about 2 eV below the Fermi

with the bulk ones. Next, we will show the LDOS for the e I .

monolayer(ML)-Cu(001) system for the differentd and & energy while in the bulk it is only about 0.5 eV..AIso notice

transition metals that we have considered. These results apéat when a monolayer is grown on ©01), there is a s_trong
nfluence of the monolayer on the LDOS curve projected at

presented in Figs. 1, 2, and 4. In all these figures we sho . L
first, the LDOS for the surface or the monolayer, respec:[he topmost Cu-atomic lay¢éCompareS-1 in Figs. 1, 2, and

tively, for the atomic layer under it1), for the next
atomic layer 6-2), and for thebulk-projected in thg0021)
direction (bottom). The three LDOS curves on each part of
the figures correspond to tlieband(dashed curvgsthes-p Now we show the density of states for the ML{0Q1)
band (dotted curves and the total contributior{full line  system. The bulk crystal structure of all the elements that

In this section, we will present, first, our results for the

B. The monolayer-Cu001) system
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constitute the monolayers studied here is fcc. Their lattice .
constants appear in Table I. The lattice constant for bulk 5 L Monolayer Ru
metallic fcc Cu is 3.61 A. The epitaxial growth will impose

this lattice constand, to the monolayer atomay, . This ,,_JU\/\_
situation will prevail until a critical thickness is reached and 0

the tension that the difference in the lattice constant imposes __ S-1 Cu(001)

to the adlayer atoms, will be sufficient to generate disloca- & 21

tions that free out this built-up energy. From this distance on, ®

the material grows with its own crystal lattice constant. ] | A
We use the bulk tight-binding parameters of the transition % 0 T

metals as input to set our Hamiltonians to calculate the ML- @ S-2 Cu(oon)

Cu(001) system Green'’s function. Since the monolayer at- g

oms are under tension, we have to modify the parameters —

correspondingly. First, let us check how big the deformation 8 NN G

ey defined by the equation a ] Bulk Cu (001)

amL = acy= ax(1— €y (4)

is. Hereay is the lattice constant of the correspondirg) dr
5d bulk transition metaK with no tension. Table | shows the
values fore,, that we obtained.

For the interatomic-plane distance ML-Ca, , we take oleV]
one half of the average of the two lattice constahts

o

FIG. 2. The Ru-C(001) monolayer. The top part of the curve
2a, =(1/2)(ac,+ay). (5)  shows the LDOS projected on the Ru-atomic layer. For the rest of
the curves see caption of Fig. 1.
To scale the tight-binding Slater-Koster paramet{&isP’s),

m 8
Hap(r), we use of the monolayer. Its width is about 7 eV. The highest peak

Hgﬁ(r):Hmﬁ(ro)(rolr)—naﬂ’ (6) of d-band states occurs just above the Fermi energy. There
are much more electrons at the Fermi energy on this mono-
wherery and r are the zero-tension and tensioned inter-layer than on the next Q001) atomic plane as we can see
atomic distances, respectively. Foj; we use the known from the second curve in the same figure. This LDOS shows
Harrison rule®® The indexm stands for the transition metal a d-band width of only about 5 eV, which is mainly located
element SKP. For the interfage) SKP we use the simple well below the Fermi energy. A mina-p band contribution
average of the corresponding ones from Cu and the MLextends over all Ru conduction band which is about 20 eV

following Shore and Papaconstantopuldse., wide.
i cu ML The third curve §-2) is the second Cu-atomic layer. Its
H,p(0)=[H5(0)+H,5(0)]/2, (7)  LDOS resembles a bit more the bulk-projected one which is

. . . the curve at the bottom. The band on the second atomic
. Flnally, o and 8 run over the basis of atomic states con- plane S-2) LDOS is far away from the Fermi level as well.
sidered in the calculation. The width of thed band is slightly smallefabout 4 eV and
the structure that develops is more bulklike than the one of
the previous atomic layer. From the fourth Cu atomic layer
We will show the spin-dependent LDOS in the next sec-on (not shown we get the bulk projected LDOS. It is very
tion for some of the monolayers studied. We will considerinteresting to compare the behavior of a Ru monolayer on a
here, as an example, Ru, which is theét @honolayer with the  Cu(001) substrate with its behavior on a APl or
highest predicted magnetic mom&ntwhen grown on  Au(001). In Fig. 3, we present thd-band LDOS projected
Ag(00)) as well as on A(00Y). In contrast we get for Ruon onto the Ru monolayer when on a @§1) substratedotted
Cu(001) a zero magnetic moment, a very interesting result tdine) and on a C(001) one (full line). We recall that the
look at in some detail. We will comment on it below. Ag(001) substrate expands the Ru interatomic distance as
In Fig. 2, we present our results for the paramagneticompared to the bulk, while @@01) contracts it. The expan-
LDOS projected, successively, on the Ru monolayer, the firssion of the lattice shrinks thd band substantially and as a
and second G001 atomic layers and, in the figure at the consequence thé-band LDOS intensity increasésee dot-
bottom, the Cu bulk LDOS projected onto tk@01) direc- ted line in Fig. 3 otherwise the opposite effect takes place
tion. The three LDOS curves on each part of the figure aréfull line in Fig. 3). The d-band LDOS at the Fermi level
the d band, thes-p band, and the total contribution, respec- Ny(sf) is 3.12 eV ! on Ag while it is only 1.45 eV?! on
tively, as we wrote above. Most of the total contribution Cu, i.e., half the value. It is expected, therefore, that the
comes from thel band in each case. The Fermi leeglisat  magnetic moment of the Ru monolayer will be quite smaller
the origin in all the curves. on CUY001) than on Ag001) or Au(001). This fact is general
In the monolayer projected LDOSirst curvg, we can for all the monolayers studied here because they all have
observe that thd band dominates strongly around the Fermilattice constants that lie in between the @u61 A) and the
energy. This band is responsible for the magnetic propertiedg (4.09 A) or Au (4.08 A) one. But the degree of sensitivity

1. The4d monolayers
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o [eV] FIG. 4. The Ir-C@001) monolayer. See caption of Fig. 2.

FIG. 3. The substrate has a very strong influence on the resulsults. The bulk LDOS projected onto tti@01) direction is
ing monolayer density of states. In this figure we showdHsand  obtained independently in each calculation. It coincides ex-
LDOS projected on a Ru-atomic layer which lies on a(@@f) actly in all these. This constitutes a way of self-consistent
substratgdashed lingand on a C(00) (full line). The difference  checking.
in the width of thed band and its density of states at the Fermi level
is very important. The main factor determining this difference is the
distance between the Ru atoms imposed by the substrate. See text.

For the ferromagnetic case, a Hubbard tight-binding
of the magnetic moment to tension varies from one monoHamiltonian and the Stoner model gave us, essentially, the
layer to another as we shall see in the rest of the paper. same results. We have studied antiferromagnetic configura-

tions with a Hubbard Hamiltonian. None of the monolayers
2. The5d monolayers discussed here turned out to be antiferromagnetic. We de-
scribe in the following our calculation with the Stoner

modef° which has been widely used, for example, in finding

example of our calculation for thedsseries. Although with e ferromaanetic phases of fcc irbhin the Stoner model
noticeable differences, the LDOS curves have the same gro%% gnetic p . S '
e magnetization, in units of a Bohr magneiog is given

characteristics and trends as for thd 4eries. Again the by?2
main weight of thed-band LDOS for the monolayer atomic
layer is around the Fermi level. A high peak is here at the ot AR
Fermi energy rather than above it as for Ru. This could be an ,( A)_f [ng(e)— nd(s)]dg_f [ng(e)]de,
important difference for the magnetic properties of the ep—A/2

monolayer. The LDOS varies very quickly aroumsg, a 8
common characteristic with Ru. The first ©01) atomic
layer below the monolayer appears with similar characteris:
tics as for Ru although in this case the LDOS is more in-
tense. The §1) d-band LDOS remains quite below the
Fermi level. The third curve&2) in Fig. 4, represents the or
second Cu-atomic layer. Its LDOS is different from the one nd:f [ng(e)+ng(e)]lde, 9
above and resembles the bulk projected LDOS that appears —
as the bottom curve. The presence of a different monolayer+
on the top influences strongly at least the first two atomic
layers below it. For example, the LDOS projected onto the
first Cu-atomic-substrate layer under a monolayer of Ru dif-
fers all along the energy interval considered from the corre-
sponding Cu-LDOS under a monolayer of Ir atoms. We need 9

to project the LDOS onto at least the fourth atomic lafest E(A)= °F [n*(e)+n (e)]eds+ ‘]L (10)
showr) to get essentially the bulk one, according to our re- —o 4

IV. THE MAGNETIC MOMENT

A monolayer of Ir on C(00)) is presented in Fig. 4 as an

where A is the magnetic band splitting. We check that the
total d-band electronic occupationy is conserved at each
step:

N4 (¢) andny () indicatengy(e +A/2) andng(e —A/2), re-
spectlvely ny(e) is the paramagnetic density of states per
spin in thed band.

The total energ)e of the magnetic system is given by
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FIG. 5. Our results for the ML-Q001) system(ML =Ru, left and ML=Rh, righd. At the top of the figure, we present the spin
discriminated LDOS projected onto the monolayer atomic layer. At the bottom part, the total energy as a function of the magnetic band
splitting E(A) is shown. We get Ru nonmagnetan interesting result to look at in more detail, see)teard Rh magnetic. See text for more
details.

where n*(g)=ng(e)+ny(e)+ng(e), with ng(e) and
ny(&) the contribution to the LDOS from theandp states,

dependent LDOS projected onto the corresponding mono-
layer atomic layer. The bottom series of curves show the
respectively. total energyE(A) as a function of the magnetic band split-
In these equations the only independent variable.igis ~ ting A. For Tc and Pd, we find a single minimum &t=0.
the Stoner parameter. Extensive calculations of this paramlN0S€ monolayers are not ferromagnetic according to our
eter were done by Sigalas and Papaconstantofisswell  calculations. This is an expected result since 000D the
as by JanaR.The magnetic moment assigned in each casegM@gnetic moment should be lower than on (8@ or
corresponds to a minimum of tHE(A) curve. At the mini-  AU(001). Let us now consider the Rh monolayer. The result
mum, the magnetic moment is related to the Stoner pa- is shown in the right half of Fig. 5. In this case we do find a
rameter through the relatiom=A/J. We have checked that m;?éTnl;mnggcAv;;I% eNo?‘tlt(;\ee ttg?;ltf;i err%ry}lAn;uTvrlliscr? erlr?g;r:ge
our method reproduces well the predicted values for th 9 !

hat the energy of the paramagnetic state is higher than the
3
same monolayers on AgOD and AU00D substrates’ us- magnetic one, i.e., the magnetic phase is more stable and is

ing for J the values given in Ref. 63. The agreement is Veryiperefore the ground state. To translate the valua af the
good. minimum of the total energf(A) into a magnetic moment
value, we have used thé values given by Sigalas and
A. The magnetic moments for the 41 monolayers Papaconstantopoul8% These values aIIOV\_/ us to repro_duce
the results of Refs. 2,3 as we already pointed out. Using the
Our results for the d series ML-C@001) systems(ML  Jvalues given in Ref. Swhich are differentthe magnitudes
=Tc, Ru, Rh, and Pdare presented here and shown in Fig.of the magnetic moment change accordingly. For a Rh
5 for Ru and Rh. The top part of the figure shows the spinmonolayer on C(D01) we get at the minimum oE(A), a
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TABLE Il. We summarize our results in this table. The substrate 3 3
for all the monolayers here considered is(@d). The first column
refers to the monolayer. In the second we quote our value for the Monolayer Ru - Cu (001)
paramagnetic LDOS per spin at the Fermi level, projected onto the
monolayer atomic layer. In the third column, the magnetizand
splitting at the minimum appears. Next, we compare the value of
the magnetic moment in three different substrates. They are given
in units of Bohr magnetong:y (Y=Cu, Ag, AU means the mag-
netic moment of the corresponding monolayer orY aubstrate
grown in the(001) direction. The data for Ag and Au are taken
from the Refs. 2,3. We have reproduced them with very good agree-
ment.

J
N

Element N(zg) [eV''] A[eV] pcy wag Mau I

1
Magnetic Moment [ ;]

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 0325 0524 10 11 0.617
Pd 0.54 0.00 0.00 0.0 0.0 0.625

d-Density of States at the Fermi level [ States/Spin/eV/atom |

magnetic band splittingh =0.325 eV. We use a Stoner pa-

rameterJ=0.617 eV(Ref. 63 and get a magnetic moment /<>

uw=0.524ug. For Rh on A001) we get 1.10 and on 0p——T—T— T 0

Ag(001) 1.0 (See Table . 0 2 4 6 8 10
In Table Il, we summarize some data concerning our re- Cu expansion [%]

sults. The first column refers to thel&lement, their atomic

number grows from top to bottom. The second column refers FIG. 6. The magnetic activity of a Ru-Q201) system is con-

to the LDOS ateg projected onto the monolayer atomic sidered as a function of the percentage of expansion of the Cu
layer. Notice that it goes through a maximum. The two ex-lattice constant. The expansion gets up to the corresponding value
treme monolayers in Table (ITc, Pd are nonmagnetic. The for Ag. A magnetic moment different from zero is set from about
LDOS atep for Pd is only about one third of the Rh ofthe ~ 2.5% expansion on. To the Ru lattice constant value there corre-
maximum. The LDOS for Tc is comparatively higfsee  sponds a magnetic moment of 0.19. The RU001) surface is
Table 1l). Nevertheless, we do get a zero magnetic momenﬂ?evertheless, nonmagnetic. Therefore, the distance between the at-
as it is to be expected. The rest of the columns are explaing@ms ©of the monolayer imposed by the substrate, although perhaps
in the Table Il caption. an |mportant_ factor, is not the only parameter to be considered. See

The Ru-Cu(001) systerhet us look now at the very in- €t for details.
teresting Ru-C(001) case. Our result is shown in the left
part of Fig. 5; we get a zero magnetic moment. This result isCu(001) substrate lattice constant from the Cu val8eé1 A)
in principle, surprising since a Ru monolayer gives onto the Ag one(4.09 A) and calculated the change in the
Ag(001) and Au00]) the highest magnetic moment within d-band LDOS at the Fermi level and the corresponding mag-
the whole 41 and & series(See Tables Il and )i ~ netic moment. When we reach the Ag lattice constant value,

The main factors that intervene in this result are the interye get,, = 1.9u5 which is slightly higher than 1.73;, cal-
atomic distance imposed by the substrate, the ML-substraigjated for Ru-A¢001). From a 2.5% expansion of the Cu
interatomic distance that should, in pr!nC|pIe, vary from one|gtiice constant, Ru-G@001) becomes magnetic. Trband
system to the other, the Rliwave functions of the electrons | hog atE, enhances steadily with the Cu lattice expansion.
at the Fermi level, anq the degree of hybrldlz_atlon of the MLStating this the other way around, we can say that as the ML
substrate wave fun_ctlons around the_Ferml energy. Thesgoms approach each other and theDOS atE; shrinks.
factors are actually inter-related. We will try to analyze themasq the d band broadens according to our results. So it
by isolating them artificially. , looks to be an important factor for the Ru-ML to lose on

The LDOS of a particular monolayer can differ by much ¢,9g1) the magnetic moment it has on Ag(001), that the
whe_n on different sul_)stratésee Fig. 3 Let us look first at  Ru atoms are closer together. One may speculate that the
the influence of the interatomic distance in more detail. INgyqnger interaction of the electrons plays a crucial role, but
Fig. 6 we show this result. We have artificially enhanced thepis hoint has to be looked at in more detail before arising to
a sharp conclusion.

Let us try to analyze this point further. Let us ask the
following question: Is the interatomic distance the determin-
ing factor for magnetism to appear in a Ru monolayer? If it
is so, a R(00Y) surface should be magnetic with a magnetic
Ir 2.048 0.099 0173 091 094 0574 moment of 0.5y since the Ru bulk lattice constaf®.81 A)

Pt 1.298 0.0 0.0 00 00 0590 corresponds toa 5.5% expansion in Fig. 6. Nevertheless, we
find an ideal R(001) surface nonmagnetic. So the answer is

TABLE lll. The data for the %l series. The entries are the same
as in Table II.

Element N(eg) [eV''] A[eV] ey  Hag  Mau J
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4] a-10810v] even clear that a general material-independent conclusion is

| -10% possible. Notice that these conclusions are independent of
po=1.93[u,] " 4 . )
2 - N[E]_“W the fact that anab initio calculation could give different

ol - numbers with obviously higher precision. The general pic-

44a=.95[eV] 5% ture and the trends would not essentially vary the relative

importance of the factors leading to a monolayer magnetic

()

T =1.7[u]
2'_ NIE] = 1.79 moment as we have analyzed it here.
0 v )
4 4 N[E] = 1.51 0%

B. The magnetic moment for the 51 monolayers

W Our results for the 8 series ML-C(001) systemgML =
0

; T r : Ir and P} are shown in Fig. 8. The top part of the figure
4'_ NIE] = 1.38 5% shows the spin-dependent LDOS projected onto the corre-

sponding monolayer. The bottom curves show the total en-

ergy E(A) as a function of the magnetic band splitting
44 N[E]= 0.85

s

LDOS [ States/Spin/eV/atom ]

B

T " " For Pt, we find a single minimum & =0. This monolayer
10% should not be ferromagnetic according to our calculations.
2~ For Ir, the situation is different. We do find a minimum
T i N AN below the paramagnetic value and the Ir monolayer should
4] NE]=0.96 ' ' be ferromagnetic. We have used the Stoner paramkter
1 Ru (001) =0.574 eV for Ir and]=0.590 eV for Pt from Ref. 63. We
AN reproduce the results of Refs. 2,3 with these values. In Ref. 5
] ; : . different J values are given. The magnetic moment would
-4 -2 change accordingly.
o[eV] Table lll summarizes the data for thel Sransition metals
FIG. 7. We present here the effect of expansion and Contractior(]:onmdered. The conventions are the same as in Table Il. The
U ; . o data for the magnetic moment on a (@91 and a A002)
of the monolayer-substrate distance on the magnetic activity of the
RU-CL001) system. As a general trend expansiovhich points Substrate are take_n from the Refs. 2,3. Our calculated values
towards the R(D01) surface situation, in this cagéimishes the agree very well with these results.
LDOS and, as a consequence, the magnetic activity. On the con-
trary, contraction turns it on. In this figure we quote, for the mag- V. CONCLUSIONS
netic active cases, the magnetic band splittingin eV) and the
magnetic momeng (in Bohr magnetons For all cases, we quote The goal of this paper was twofold. First, to show that the
the LDOS at the Fermi level. Here 0% means that the interlayesurface Green's function matching meth(8iGFM) can be
distance is given as the algebraic mean of the bulk Ru and Cguccessfully used to calculate the local density of states for a
lattice constants. We show our results t06%, +10%, and the  monolayer on a particular substrate. This method has been
Ru(00)) surface which is not magnetic. Notice that the result seemgjeveloped specifically to calculate the Green’s function of
to indicate that uniaxialnorma) pressure might turn a Ru-@0Y)  gjiscrete media with a surface or interface in different con-
system magnetic. See text. figurations. The input for the method are the bulk Slater-
Koster tight-binding parameters which are accessible for a
no. Then let us look at the influence of the ML-substratewide series of materials. On these bases using either the
interaction by changing this distance. Stoner model or a Hubbard tight-binding Hamiltonian, for
Following this idea, we have considered the effect of upferromagnetism, we can predict whether or not a monolayer
to a 10% expansion and contraction. More explicitly, wewill be ferromagnetic. We have reproduced the known re-
have enhanced the ML-substrate normal distance by up tsults of Bligel for several 4 and 5 monolayers on
10% (expansion and have diminished it also by up to 10% Ag(001) and AU001) substrates and found very good agree-
(contraction. Our results are presented in Fig. 7. As a gen-ment.
eral trend, expansion shrinks the LDOS at the Fermi energy Second, we have studied the ferromagnetic activity af 4
and leads to no magnetic moment. The trend is opposite faand & transition metal monolayers on a @01) substrate
contraction. Magnetism does appear at abeR®o. At —5%  and calculated the expected magnetic moment. The method
(contraction the LDOS at the Fermi energy is enhanced uphas been also implemented for antiferromagnetic situations
to 1.8 eV tatom ! with a resulting magnetic moment of by using a Hubbard tight-binding Hamiltonian. A Hubbard
1.70ug. The trend follows up with further contraction as it Hamiltonian can be used for ferromagnetic situations as well.
is shown in Fig. 7. It is interesting to speculate that this resulit gave us the same results as the Stoner model for the cases
seems to suggest that a Ru monolayer o{0Cl) could considered here.
become magnetic under uniaxighormal to the surfage Summarizing, we have calculated the paramagnetic local
pressure. This effect, if confirmed experimentally, could pos{projected density of statékDOS) for monolayers of Tc, Ru,
sibly have a certairfas a sensgrtechnological interest, as Rh, Pd among the @l series and Ir and Pt among thel 5
well. So, in conclusion it is not possible to say from this series on a G@01) substrate. The magnetic moment is cal-
analysis whether the most important factor for magnetism t@ulated from the minimum of the total ener@g(A) as a
appear is the Ru-Ru interaction or the Ru-Cu one. It is nofunction of the magnetic band splittin. We use the Stoner

;

f

o
N
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1 Pt/ Cu (001)
N 11r/Cu (001) | N |
03] 1))
o, o , My,
Q a) s
- -

2 1 2 1
8§ -6 -4 2 0 2 4 6 8 8 -6 -4 2 0 2 4 6 8
o[oV] w[eV]
0.05 : : : ————————r
0.04- 1 0.06] |
11r/ Cu (001) 1Pt/ Cu (001)
—.0.03- 13
> @0.04- ;
=,0.024 1
5 >
=001 15
c 25.02 |
W .00 | o
0.01+ g 0.004 J
|
-0.02 : . : e —
0.0 0.1 0.2 03 0.4 0.0 041 02 03 04 05 06 0.7 0.8
A[eV] A[eV]

FIG. 8. Our results for thed series monolayers are presented. The conventions are the same as in Fig. 6. We find d@lrsgatem
(left side magnetic. Also Pt-Ci@01) is shown(right). We find it nonmagnetic.

parameterd given in Ref. 63 to calculate the magnetic mo- as if nhormal pressure would render a monolayer of Ru atoms
ment. We find Rh and Ir to be ferromagnetic with magneticon a Cy001) substrate magnetic, an effect that might turn

moments equal to 0.525 and 0.1#3, respectively. The rest out to be of technological interest if it is confirmed experi-
of the monolayers are nonmagnetic according to our calcumentally.

lations. This paper was a study of these monolayers on @1y
_The case of Ru is interesting since it is the monolayefsypstrate and an application of the SGFM method to adlayer
with the highest magnetic moment on ®91) and AUO0Y)  magnetism. Our method is simple, well defined at each step,
among the 4 and & transition metals. We have found that needs no fitting parameters, and is not computationally de-
the small lattice constant of Ci8.61 A) is the most impor- manding. It can be applied to a variety of systefmenolay-
tant factor responsible for the loss of the magnetic activityers, surfaces, quantum wells, interfaces, superlattices, etc.
When this lattice constant is artificially enhanced up to thegnd to different situationgsuch as relaxation, for example
Ag (4.09 A value, we recover a magnetic moment that in-tg study trends and to find meaningful results and predictions

creases with the interatomic distance and reaches that constitute a complementary tool to guide more elabo-
=1.9ugp at the Ag value. The Ru bulk lattice constant lies in ratedab initio calculations, or to limit the experimental con-

between the Cu and the Ag ortsee Table )L If the inter-  ditions under which 2D magnetism can be observed.
atomic distance in the monolayer were the only important

factor, the R(@001) surface would be magnetic with a small
magnetic momentsee Fig. 6. We found it nonmagnetic.
This leads us to conclude that the monolayer-substrate inter-
action can play a non-negligible role in certain systems for We acknowledge very interesting discussions with Carl
magnetism to occur. When the monolayer-substrate distand@au(Rice University on this subject. The critical reading of
is varied, expansion does not lead to a magnetic behavior btiis manuscript and his very useful comments are cheerfully
contraction doesgsee Fig. J. The system appears to behave acknowledged as well.
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