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Magnetic nature of (100 surfaces of bcc RuV, RhV, and PdV binary alloys
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Based orab initio calculations we predict that tH&00) surfaces of the RuV, RhV, and PdV binary alloys
in the bcc structure are magnetic over a broad concentration range although they are nonmagnetic in the bulk
and the metals V, Ru, Rh, and Pd are nonmagnetic in the bulk and at the surface. We find that the magnetic
moment is basically located at the V site in the surface plane of the alloys and the V moment can be as large
as about Lg for an alloy with 75% V concentration. The origin of the surface magnetism is traced back to a
surface state of ¥.00), which becomes occupied due to alloying. Additional nonmagnetic alloys with mag-
netic surfaces are suggest¢80163-182¢08)51018-1

It is well known that up to now itinerant magnetism has magnetic moments are already largely supressed, e.g., the
been restricted to metals, compounds and alloys made out sftirface moments of 2 ML Ru, Rh, or PdRef. 11 on
basically five elements of the periodic table. These are C&g(100 (Ref. 12 are 0.03z, 0.33ug, and 0.1%g, re-
and Ni, which are ferromagnetic as plain bulk metals, Cr,spectively.
which is antiferromagnetic, and Mn and Fe, which are ferro- Unfortunately, from the structural point of view Ru and
magnetic or antiferromagnetic depending on the crystaRh films are rather delicate systems. Ru and Rh films on
structure. One of the long-lasting aims in the field of surfacenoble metals are thermodynamically very unstable and any
magnetism and ultrathin films is to find new magnetic mate-lustering? of the film atoms, alloyind’ with the substrate or
rials. This aim was evoked by the fundamental observationyetting™* of the films by the substrate atoms leads to a rapid
that isolated transition-metal atoms have large magnetic majuench of the magnetic moments. On the other hand V
ments governed by Hund’s rule. Thus transition-metal atomsnonolayers form a(2x2) antiferromagnetic ground-state
placed at surfaces or in ultrathin films have less nearegthasé® with zero macroscopic magnetic moment.
transition-metal neighbor atoms, or in other words a smaller In this paper we suggest another class of magnetic mate-
coordination number, than in the bulk and thus should aprials: the surfaces of alloys. We predict that the surface of
proach the atomic limit with enhanced magnetic moments ocertain bulk alloys can become magnetic with rather large
provide even new magnetic systems nonmagnetic in thenagnetic moments although the alloyrisnmagnetidn the
bulk. bulk phase. We demonstrate this effect for (h@0) surfaces

In the past decade, we witnessed an extensive search aftef three substitutionally disordered binary alloys in the bcc
these new magnets by many groups. At first the search fostructure: RuV, RhV, and PdV. All three alloys are nonmag-
cused on the magnetism at surfaces of transition metals. Imetic in the bulk phase. None of the constituent atoms of
deed enhanced magnetic moments at the surfaces of the butkese alloys are magnetic either as pure bulk metals or at
magnets Cr, Fe, Co, and Nfior a review see, e.g., Ref)1 their low index surfaces. We show that Jij_,(100),
have been predicted and experimentally confirmed, but n&hV,_,(100), and Pgv,_,(100) are magnetic over a
magnetism was found at any low-index surface of a nonmagbroad concentration range of 8:k<0.5, 0.05xx<1.0, and
netic bulk metal. In particular, for hot candidates such a€).05<x<1.0, respectively. The local magnetic moment is
V(100),> Rh(100),>~° and Pd100 (Ref. 7 no magnetism essentially confined to the V atoms located in the surface
was found experimentally or theoretically. Then, the interestayer with the largest magnetic moments of Ag0for xg,
moved on to ultrathin films on noble metals being a realiza-=0.25, 1.Jug for xg,=0.25, and 2.1fag for xpq=0.9. The
tion of two-dimensional magnets with a further reduced co-magnetism survives an inward surface relaxation as large as
ordination number of transition-metal atoms. The extensive8% for RhV and PdV.
search of the last years can be summarized as follows: The Our predictions rely on the density functional theory in
magnetic moments of the classical bulk metals are evethe local spin density approximation of Vosko, Wilk, and
larger than at the surface and indeed a few other ferromagNusair® The scalar-relativistic all-electron calculations were
netic systems have been found. These are at one monolayeerformed using the tight-binding linear muffin-tin orbital
(ML) range: V (0.3g) on Pd1002 V (2.1ug) on  method” in the atomic sphere approximation. The substitu-
Ag(100,° Ru and Rh on AQ00 (1.7ug, 1.0ug), and tional randomness was described within the single-site co-
Au(100) (1.7ug, 1.1ug).”'® At 2 ML film thickness the herent potential approximation while the surface of the semi-
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FIG. 2. LDOS per spin for a nonmagnetic V atom located in
bulk V and at the ¥100) surface. The Fermi energy coincides with
the origin of the energy scale.

g
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magnetism occurs increases from the RuV to the RhV and
PdV alloy. We will come back to this point below. Opposite
to the V moments in RuV or RhV alloys, the V moment in
the surface of the PdV alloys increases monotonically until it
reaches a maximum of 2.4% at 10% V concentration and
o0z 02" d% o8 10 remains nearly constant for any V concentration below that
v concentration x M value. In line with this finding are recent results of
_ . Stepanyulket al® who calculated the magnetic moments of

FIG. 1. (a) shows the total magnetic moment of the semi-infinite adatoms on the R#H00) and the RtLOO) surface. For V on
(100 RuV; ., RRV: -, and PGV, alloy as function of thed Pd100 a moment of 2.g5 was found very similar to
transition-metal concentratioxr. (b) shows the local V magnetic . .

. i : . our value of 2.kg determined for the low V concentration
moment in the Wigner-Seitz spheré a V atom located in the limit in the surface of the bce PAY00)
surface layer of thé100 surface of these alloys. ) .

The values of the V moments decrease rapidly from the
infinite solid was treated using a surface Green's-functiorsurface into the bulk. In the subsurface layer they are already
technique'® The results presented below were obtained withsignificantly smaller and amount to a maximum of
equal Wigner-Seitz radii for both alloy components and with—0.15«g, —0.2ug, —0.4ug for RupeVo75100), Rh 5
a complete neglect of lattice relaxations in the bulk and at th&/, (100), and PglgV, 100), respectively. The V moments
surface. This is a reasonable approximation for alloys conin the subsubsurface layer can be safely ignored. Also the
sisting of species with nearly equal atomic volumes like thdocal magnetic moments of the Ru, Rh, or Pd atoms are
present systems, leading to small charge transfer effects mmegligible at the surface and any layer below the surface and
the bulk(smaller than 0.06 electrons in the V-rich region of negligible for any alloy concentration. The largest moments
the studied alloys The atomic volume for a given alloy for 4d metal atoms were found in the surface or subsurface
composition was set according to Vegard's law with respectayer with the maximum moment of 0.43, 0.06ug,
to the experimental atomic volumes of pure constituents0.04ug for RuV(100, RhV(100), and Pd\(100), respec-
Self-consistency of charge and spin densities was pursued tively. We can safely say that the surface magnetism of the
a finite region comprising seven atomic layers and three layalloys is confined to the two top atomic layers at the surface.
ers of empty spheres of an otherwise unperturbed solidAlthough the magnetic moments of V atoms decrease rapidly
vacuum interface. The angular momentum cutdff,,= 2 into the bulk, the direction of the moments show a clear
was used, and the two-dimensional Brillouin zone wasoscillatory behavior from layer to layer along the surface
sampled with 45 points in the irreducible wedge. normal.

The central results of our work are summarized in Fig. 1. In order to understand the origin of the surface magnetism
Fig. 1(a) shows the total magnetic moment of the semi-of these alloys and to understand the concentration depen-
infinite alloys. All three systems exhibit magnetism over adent trends in going from Ru to Rh and Pd observed in Fig.
broad concentration range which is unexpected taking intd we turn to the discussion of the local density of states
account that all those bulk alloys are nonmagnetic and V(LDOS). As said above the M00) surface was one of the
Ru, Rh, and Pd are nonmagnetic in the bulk and at the sucandidates to show surface magnetism of an otherwise non-
face. The largest total moments of g, 0.75ug, 0.8ug magnetic solid, but failed to become magnetic. This failure
were found for Ry, Vpg(100), RhR,Vy4100), and can be understood in terms of the simple Stoner model, in
Pdy -2V 75100). A closer analysis reveals that the primarywhich ferromagnetism should occur if the Stoner criterion,
contribution to the magnetism is due to the large local modn(Eg)>1, is satisfied, wheren(Eg) is the nonmagnetic
ments of V in the surface layer. These are shown in Fig..1 density of states at the Fermi enerGy and | is the ex-

For RuV and RhV we find peak V moments of aboutglat  change integral. From Fig. 2, which shows the LDOS of a V
about 25% Ru or Rh concentration. We observe an interesatom at the surface and in the bulk, we see thaboth have
ing trend, in that the range of concentration for which surfaceoughly the same(Er) and surface magnetism of V is not
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3.0r TABLE I. Values of the magnetic momefinh ug) for a vV atom
5 in the top surface layer as a function of tlieward) relaxationAz
= 2.5F. of the surface layer for alloys with 80% of V.
> 0
» 2.0 Alloy Az=0% Az=—5% Az=—8%
° r
% 1.5F RupVos 0.99 0.57 0.00
8 1-0F Pdh 1.21 0.85 0.53
| 3 .2V 0.8 . . .
0.5F
ot S B e aggerated concentration profiles. Starting from the homoge-
-8 -6 -4 -2 (\)/ 2 4 neous concentration profile we considered an interchange of
Energy (eV) 20% of the atoms for both species, but restricted only be-

FIG. 3. LDOS per spin foa V and Pd atom located in the bulk tween the first two surface Ia_yers,_which leads to the forma-
tion of a pure V monolayer either in the top surface layer or
in the subsurface one. In general, our calculations show that
more likely than magnetism in the bulk afid) a few tenths the segregation of V increases the magnetism and, vice
of an eV aboveéEr we find a strong peak in the LDOS due to versa, the segregation of @ £lement reduces it. A compari-
the d,2 Tamm-like surface state located in the pseudogapon of total energies reveals a tendency of Rh and Pd to
separating bonding from antibonding states typical for bceenrich the top surface layer and to extinguish the ferromag-
metals. The main effect of alloying is now to broaden thisnetic state in our exaggerated model. The segregation ten-
peak due to the scattering of electrons in the random alloy. Idlency decreases from Pd to Rh and Ru in full agreement
Fig. 3 we show the LDOS for Pd and V atoms for the with the trend of surface energies of pure metals?! In the
Pd, .V alloy in the bulk and at the surface. Most significant Ru, ,V g(100) case there is no clear preference of any of the
is the large LDOS aE for the V atom in the surface, which two components to segregate to the surface. Additionally for
is larger than for the pure \£00) surface, satisfies the Stoner both exaggerated concentration profiles the surface magne-
criterion and is clearly the driving force for the surface mag-tism was stable. However, it should be stressed that alloys
netism of the alloy. The sum of Pd and V LDOSHEt is at  can be realized also out of thermodynamical stability and the
a minimum for the bulk alloy which makes ferromagnetism segregation profile may be in opposite to those suggested by
impossible, but is the origin of a dominating antiferromag-total energy arguments.
netic susceptibility along thgl0Q] direction normal to the (iv) The relaxation of the surface atoms affects the surface
surface and the origin of the layered antiferromagnetic oscilmagnetism. We tested the effect of the inward relaxation of
lations of V moments into the bulk. The hybridization be- the top surface layer on the surface magnetism for the three
tween V and the ¢ element decreases in the sequence frondifferent alloys with 80% V. We included relaxations of
Ru to Rh and Pd, which explains the slight increase of the\z=—-5% andAz=—8% of the bulk interlayer distances.
total moments and the concentration dependent trends dighese are realistic values in the light of the experimentally
cussed above. determined contraction of the surface to subsurface interlayer
Until now we have discussed the surface magnetism ovedlistance of 7% with respect to the bulk value for the pure
the entire concentration range of the alloy, irrespective of the/(100) surface?”> The results are summarized in Table I.
existence of the alloys. There are a few points of condgyn: They show that for R§Vqg and Pg,Vyg, the magnetism
From bulk phase diagrarffsit is known that these bulk al- discussed here is strong enough to survive these large surface
loys exist as bcc alloys only in the V-rich regime up to aboutrelaxations.
25% Ru, 18% Rh, or 30% Pd, respectively. On the one hand The setup of the calculations allowed for ferromagnetic
this is not a severe limitation since the maximum total mo-and layered antiferromagnetic spin configurations. More
ments are just in the range where bulk alloys exig}.On  complicated spin arrangements such asdfiex 2) antifer-
the other hand at the surface the concentration range fapmagnetic one had been ignored. This is reasonable since
which an alloy forms is typically not identical to the bulk the nearest-neighbor V atoms are not placed in the surface
alloy. At the surface, the concentration region forbidden forplane as, e.g., for V monolayers on @§0),'° but in nearest-
the formation of the bulk alloy could, for example, becomeneighbor layers along the surface normal.
accessible by the growth of thedldatoms on the d V bulk Summarizing, we have investigated the surface magne-
alloys with subsequent tempering. Or one can approach thigsm at the(100 surfaces of the binary RuV, RhV, and PdV
low-V concentration limit of fcc alloys by the growth of V alloys in the bcc structure over the entire concentration
on the Ru, Rh, or RA00 surface, which may become mag- range. Although none of the bulk alloys are magnetic at any
netic as indicated by the results of Stepanylal 1° concentration, nor are V, Ru, Rh, Pd magnetic in the bulk or
(iii) For a given bulk alloy concentration, the chemical at any low-index surface, these alloys become magnetic at
composition of several atomic layers close to the surfacéhe surface over a rather large concentration range. The mag-
differs from the bulk due to surface segregation. This resultsietism is basically due to the large magnetic moment of V in
in a concentration profile, which depends on temperaturethe surface layer. We found local magnetic moments of
bulk concentration and kinetic energies involved. We haveabout 1ug for alloys with V concentrations around 75%,
investigated the interplay between surface segregation anshich should be possible to prepare according to the bulk
surface magnetism for alloys with 80% of V, choosing ex-phase diagram. The origin of the magnetism was traced back

and at the surface of the nonmagnetig R4, g alloy.
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to an unoccupied surface state of thel®0), which becomes magnetic at th€100) surface. Most of them can be prepared
occupied due to alloying and causes the magnetic instabilityfor the magnetically interesting V concentrations of about
This dominating surface state is strongly connected with th5%. Some of these alloys may also become magnetic in the
(100 orientation, thus other low-index surfaces of the non-fcc structure at the range of low-V concentrations.

magnetic alloys, e.g., th@10) or (111) surface, are expected

to exhibit a significantly smaller tendency towards magne-
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