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We have studied the magnetism ol 3ransition-metal monolayer@iL’s) adsorbed on the Qu11) and
Ag(11)) substrates by means ab initio electronic structure calculations in several collinear magnetic orders.
In comparison with the ML’s on Q400 and Ag100, we find many similarities but also interesting differ-
ences. The Ni ML's on Ci§111) and Ag111) are nonmagnetic in contrast to the Ni ML’s on (@Q0 and
Ag(100), which are ferromagnetic. The Co and Fe ML's on(CLl) and Ag111) are ferromagnetic. The
middle-of-the-series elements V, Cr, and Mn, usually present antiferromagnetic nearest-neighbor coupling,
which is completely frustrated in a fod11) ML (triangular lattice. Among the collinear spin structures
considered here, we find the following ground states: VIQ@) nonmagnetic, V/A¢L11) ferrimagnetic with
two up and one down spin in the3 x \'3R30° magnetic unit cell, Cr/Gd11), Cr/Ag(111), and Mn/Cy111)
row-by-row antiferromagnetic, and Mn/AfjL]) two-rows-by-two-rows antiferromagnetic. We interpret the
results in terms of localized spin models and discuss the possibility of more complex, in particular noncollinear
magnetic orders. Comparison with inverse photoemission spectroscopy experiments for V. and Mn ML’s on
Ag(11)) yields reasonable agreement.

[. INTRODUCTION triangular ML’s due to their maximal coordination of 6. In
this respect, let us mention the work by Shetral,®> who
In the last decade, magnetic properties of ultrathinsucceeded in growing isotropic fcc Fe films on(C14) up to
transition-metal(TM) films have been a subject of intense a thickness of 6 ML’s. Fcc Fe films on C100), on the
research activity. The issues are both fundamental and teclkentrary, are tetragonally distorted in this thickness range.
nological: the effects of reduced dimensionality on itinerant By means ofab initio calculations, the magnetism ofi3
magnetism on the one hand and possible applications iM ML'’s on Cu(100) and Ag100 has been studied by Blu
magnetic recording devices on the other hand. For the studyel and Dederich$® They showed that on GO0 the Fe,
of spontaneous(in contrast to substrate-indugedwo-  Co, and Ni ML’s are ferromagnetic with moments compa-
dimensional itinerant magnetism, the prototype system is @able to the bulk metals, while the Cr and Mn ML'’s are
3d-TM monolayer (ML) absorbed on a nonmagnetic sub- c(2X2) antiferromagnetic with strongly enhanced moments
strate. Low-index noble metal surfaces, such as1Q0), compared to the bulk. For the ML’s on A0, the same
Ag(100, and AU100), have often been used as substratespin orderings were obtained but the moments are larger than
because they present a high degree of structural perfectiaon Cu100. The V ML was found antiferromagnetic on
and the growth conditions of the TM film can be well con- Ag(100 and nonmagnetic on CL00).
trolled. In the monolayer range, various artificial structures Triangular TM ML's have been studied withiab initio
could be stabilized on these surfaces: absorbed and embechlculations for several systefi€ However, to our knowl-
ded monolayers[e.g.,, Mn/Ag100) and Ag/Mn/Ag100  edge, only in the work of Ref. 9 ond3TM ML’s on
(Ref. )] as well as ordered surface alloys.g.. MnCu/  C(0001), nonferromagnetic spin orders were considered,
Cu(100 (Ref. 2]. which is crucial for the middle-of-the-row TM elements V,
Since the magnetic properties ofl- IM’'s depend sensi- Cr, and Mn. These elements tend towards antiferromagnetic
tively on the details of atomic structure, it is worthwhile to nearest-neighbor coupling, which is completely frustrated on
study TM ML'’s of different crystallographic orientation in the triangular lattice. Therefore noncollinear spin orders may
order to reveal the effects from the change of symmetry andrise and longer ranged spin couplings become important.
coordination number. Square lattice ML's on noble-metal fccThe determination of the ground-state spin order may then be
(100 substrates have been studied extensively. Relativelg nontrivial problem even in localized spin modélsing'®
few works, however, have considered triangular ML’s on theor Heisenbert} models.
fcc (111 surfaces, especially as far ab initio calculations In this paper, we reporab initio band-structure calcula-
are concerned. This is somewhat surprising since one mayons for 3d TM ML’s on Cu(111) and Ag111) in several
expect the growth conditions to be equally good for bothcollinear spin structures. In Sec. Il we outline the computa-
surface orientations and the stability to be even higher for théonal method and comment on the choice of the spin struc-
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tures. In Sec. lll we present the results, make comparison
with 3d TM ML'’s on Cu(100) and Ag100),*° and interpret

the results as far as possible within localized spin models. In
Sec. IV we present calculated inverse photoemission spectra
for V and Mn monolayers on Ag11) and compare them
with available experimental data by Drube and Himpg$éh

the last section, we draw some conclusions of this work.

IIl. COMPUTATION

The spin-polarized electronic structure is calculated by
means of the tight-binding linear-muffin-tin orbital method
in the atomic sphere approximatidASA).' For the evalu-
ation of the interatomic contribution of the electrostatic po-
tential only the monopole terms are retair(ed., the Made-
lung potential. It has been pointed ousee, e.g., Ref. 14

that the dipole terms must be included in order to obtain

P. KRUGER, M. TAGUCHI, AND S. MEZA-AGUILAR

®ddP
®

Antiferro-magn. (AF)

ORONONO
O@@ocb

@O@GD

Mixed magn. (MIX)

ONONORO
® &

Ferri-magn. (F1)

b &b P
CEOHAON
O d b
GROHCHONO
b b b

C

accurate values for such quantities as the surface energy or
potential barrier at the surface. However, for magnetic mo- FIG. 1. Scheme of the considered spin structu@ber than
ments and energies, which are the only quantities we arferromagnetit. Circles represent transition-metal atoms and arrows
interested in here, we believe that the dipole corrections aridicate the signs of their magnetic moments. Dotted lines delimit
not very important. Indeed, we generally find good agreethe magnetic unit cells.
ment with full potential methods. As far as the total-energy is
concerned, we only calculate its difference between differengtable solutions differ by less than 5%.
magnetic states in a fixed atomic structure. Thgin inte- The k-space integrations were done with the tetrahedron
grated charge distribution is little sensitive to the magnetic method™® We increased the number &f points until the
order. Therefore the electrostatic enefgyd any errors tojit ~ moments were converged t00.02ug and the magnetic en-
should mainly cancel out when the total-energy difference igrgies tox1 meV. Since the different magnetic states have
taken. We have used the generalized gradient approximatig#ifferent unit cells and symmetry, it would be misleading to
(GGA) to density-functional theory with the compare the numbers &ipoints of the irreducible wedges of
Langreth-Mehl-H&® exchange-correlatiofiXC) potential. the different magnetic Brillouin zong$or which the calcu-
The overlayer-surface system is modeled using the relations were actually performedinstead, we refer to the
peated slab geometry. We take a seven-laye(fad) slab, number ofk points in the entire first Brillouin zone of the
consisting of five Cu or Ag layers and one TM ML on eachtwo-dimensional, nonmagnetic, i.gp(1x1) unit cell. We
side. The slabs are separated by five layers of empty spherassed about 580 sudhpoints for all spin structures.
This is sufficient to prevent interaction between different In order to check the convergence of our results as a func-
slabs, which is controlled through vanishing band dispersiotiion of slab thickness we repeated the calculations for the
in the direction perpendicular to the slab and vanishing=e/Cu system in the ferromagnetic and antiferromagnetic
charge in the central layer of empty spheres. We have detestate(see Fig. 1, using an 8-ML-thick C@11) film. Com-
mined the equilibrium lattice constant of fcc C2159 A) and  pared to the 5-ML C(111) film, the magnetic energies were
fcc Ag (4.04 A), in good agreement<{1%) with experi- smaller by 3 meV for both ferromagnetic and antiferromag-
ment. We used these calculated values for the Cu and Agetic states, while the magnetic moments differed by less
slabs. We did not, however, calculate the equilibrium interthan 0.0g. Thus we estimate our overall numerical error
layer distancel at the TM-Cu(or TM-Ag) interface, because to less than 0.0bg for the moments and less than 5 meV for
the ASA is known to yield bad results for energy changeshe magnetic energies.
that are related to anisotropic deformatidfdnstead, we Choice of spin structuresNe are considering the same
estimated the quantity on the assumption of approximately spin structures as in Ref. 9. Apart from the ferromagnetic
constant atomic volumésee the Appendix for detajlswe  state(FO), these are the antiferromagnetiéF), ferrimag-
thus took d(TM-Cu)=dy(Cu) and d(TM-Ag) =dy(Ag) netic (FI) and mixed-magneti¢MIX) structures depicted in
—15%), whered, denotes the distance between td 1) Fig. 1. The choice of these three is motivated by the fact that
layers in the substrate. Magnetic moments and energies dfiey represent all possible ground states of the extended
transition metals in the ML range can be quite sensitive tdsing model with antiferromagnetic nearest-neighiphiN)
interfacial relaxation for certain systerfis.g., a Co ML on and arbitrary next-nearest-neighbor interact(tNNN) and
W(110 (Ref. 17]. This does not seem to be the case here, awhich includes a repulsive on-site term\X;S ,A 0,5
we checked by comparing the present results with a prelimi=0,£1). This model was studied by Ballou, Lacr0|x, and
nary study® on V and Cr ML's on Adl11l), where Nunez Regueird® (For A=0 and S+#0, the usual Ising
d(TM-Ag) =dy(Ag) was used. In the latter case, the mag-model is obtained.A positive A describes a situation where
netic moments and energies are somewhat larger than thiee formation of a magnetic moment is energetically unfa-
present values. Yet for both the V and the Cr ML, the ordervorable, and where a magnetic solution is stabilized by in-
of stability of the different spin structures is the same fortersite magnetic couplings only. Such a situation may arise
both values ofd, and the magnetic moments of the mostclose to the magnetic phase transition, and, in case of frus-
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TABLE I. Local magnetic moments and magnetic energies per transition-metal atom in the different spin
structuregsee Fig. L In the FI structure, F+ (FI—) refers to the majorityminority) spins. The moments
are absolute values in units pf . The magnetic energies are definedegaonmagneticy- E(magnetic) and
given in units of meV. The exchange coupling constants have been obtained by fitting the relative energies
on an Ising mode(see text

\% Cr Mn Fe Co \% Cr Mn Fe Co
Monolayers on C(L11) Monolayers on A¢L11)
Magnetic momentsyg, abs. values
FO (0.23 (0.2 3.04 2.64 1.70 141 3.80 3.69 2.78 1.73
AF 2.29 3.10 2.50 1.32 2.48 3.88 3.70 2.79 1.64
Fl+ 2.06 3.22 2.49 1.46 2.37 3.97 3.69 2.68 1.66
Fl— 2.60 3.03 2.33 141 2.42 3.69 3.75 2.95 1.62
MIX 2.28 2.92 2.73 1.60 231 3.60 3.84 2,94 1.75
Magnetic energiegmeV)
FO (-2 (2 282 544 245 56 573 1051 808 288
AF 85 478 391 77 172 890 1071 641 153
FI 57 393 351 98 202 877 1038 615 163
MIX 52 227 290 75 118 481 675 485 114
Exchange coupling constansieV)
N <0 -28 48 37 <0 -79 3 48 31
J, -7 -21 -10 5 7.5 -3 -8 -6.5 25
tration, may lead to mixed magnetic structut&s fitted the magnetic energies of the AF, FI, and MIX states

onto the extended Ising model with NN and NNN interac-
tions (see Sec. Il abovye For both Cr/C(l1l) and
V/Ag(111), however, we obtain a negative, which is not
The magnetic moments and energies of all the obtainedefined for the extended Ising model. This means that the
magnetic solutions are listed in Table | and shown graphisystems are not close enough to the magnetic transition to be
cally in Figs 2 and 3. From Fig. 2 we see that for a givendescribed by this model.
ML, the modulus of the magnetic moments is roughly inde- The FO solutions of the V and Cr ML'’s on CLL1) have
pendent of the spin order. Exceptions to this rule are the F@ery small magnetic moments and are practically degenerate
states of Cr/C(111) and V/Ag111), which have consider- with the nonmagnetic state{2 meV). Their existence is
ably smaller moments than the other magnetic states. Fdhus very questionable. This is further supported by the fact
precisely the same systems, the MIX state is more stable thahat these solutions converged to the nonmagnetic state,
the FO state, while in all other cases, the MIX state is thewhen we used the local-density approximati@®A ) rather
least stable magnetic state. This means that for Gi/Cly  than the GGA(and the corresponding LDA equilibrium lat-
and V/Ag11)) it is energetically favorable to suppress one-tice constant of Cu, 3.54 AWe therefore consider them as
third of the moments such that there are no frustrdied,  spurious, which implies that V/QUi1l) is nonmagnetic.
ferromagnetit NN couplings left, rather than leaving all NN As can be seen in Fig. 3, the Fe and Co ML's have a FO
couplings frustrated. This, as well as the reduced moments iground state on both substrates. All nonferromagnetic states
the FO state, indicates that these two systems are antiferrare much higher in energy. The AF state is lowest in energy
magnets close to the magnetic phase transition. We have

IIl. RESULTS AND DISCUSSION
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FIG. 3. Symbols in solid lines: relative energies per transition-

FIG. 2. Symbols in solid lines: local magnetic moments of the metal atom of the different magnetic statese Fig. 1L Except for
different magnetic statgsee Fig. L This data is identical with that a change of the origin of the energy scales, the data are the same as
in Table I. The results given in Refs. 4 and 5 for the monolayers orthat in Table |. The results given in Refs. 4 and 5 for the monolay-
the corresponding100 substrates are also shown as dotted linesers on the correspondind00 substrates are also shown as dotted
(ferromagnetic stajeand broken linegc(2x2) antiferromagnetic lines(ferromagnetic stajeand broken line§c(2x 2) antiferromag-
statg. netic statg
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FIG. 5. Local density of states of the nonmagnetic state of a Ni
0 L—d . . . . . 04 (111 monolayer. Comparison between a monolayer adsorbed on
Cr Mn Fe Cr Mn Fe Cu(111) and a free one that has the same lattice constant.

FIG. 4. Magnetic moments and energy difference per transition-
metal atom between the ferromagnefi©) and antiferromagnetic ~ state and its moment is only Ju@ . These large differences
(AF) states for Cr, Mn, or Fe monolyers on Cu substrates. Comare a direct consequence of the frustration of the NN antifer-

parison between th@.OO) (from Refs. 4 and )Sand the(lll) ori- romagnetic Coup”ng, as we showed in Ref. 9 for unsup-
ented surfaces. All results in this figure were obtained within theported triangular Cr ML'’s. Let us note that while the numeri-
local-density approximation. cal values of the magnetic energies differ considerably

between LDA and GGA, the order of stability is the same in

for the Mn and Cr ML’s on both substrates. For VIAGD), all cases that we have checked, including CfAtd).
the FI state is lowest in energy. However, for V, Cr, Mn on  Another important difference between the ML’s on the
Ag(111), and Cr on C(11), the FI-AF energy difference is (100 surfaces and those on th&ll) surfaces is that Ni/
very small with —30, 13, 33, and 28 meV per TM atom, Cu(11l) and Ni/Ag111) are nonmagnetic, whereas the Ni/
respectively. Surprisingly, the FO state of MnfAd1) is  Cu(100 and Ni/Ag100) are ferromagnetic with moments of
also only 20 meV per Mn atom above the AF state. While0.3 and 0.6y, respectively. For the Cu substrates, this re-
these energy differences are larger than the numerical errossilt was already found by Tersoff and Faliko\who used a
(<5 meV), they are of the same order as other energy scalggmrametrized tight-binding method. We have also calculated
that are relevant in experiments: the thermal energy at rooransupported N{111) ML’s with the same lattice constant as
temperature and possibly that of structural imperfectiondNi/Cu(111) and Ni/Ag(111). For both values of the lattice
(monatomic steps, atomic diffusion into the substrate). etc constant, we found a FO ground state with a magnetic mo-
Therefore comparison with experiment might be difficult in ment of 0.&g. This means that the vanishing of ferromag-
these systemésee also the discussion in Sec,)IV netism in Ni/C{111) and Ni/Ag(111) is due to a cooperative

For comparison, we also show in Figs. 2 and 3 the resulteffect between the specific electronic structure of gINil)
of Refs. 4 and 5 for 8 TM ML'’s on Cu(100. Except for Ni, ML and the hybridization with the noble-metal substrate. In
the moments of th€100) ML lie almost on the same line as Fig. 5 we have compared the local density of staR9S) of
the (111) ML’'s and the energy difference between the FOa Ni ML on Cu111) with that of an unsupported one. In the
and AF solution follows the same tendencies along tbe 3 adsorbed ML, the hybridization with the Cil1) substrate
series. It must be noted, however, that our results have beenduces a shift of the high-energy peak to slightly lower
obtained within the GGA, while in Refs. 4 and 5 the LDA energy. This, in turn, causes a decrease of the DOS at the
and slightly different lattice constants were ug8cd2 A for ~ Fermi level by more than a factor of 2, such that the Stoner
fcc Cu). If we comparg100) and(111) ML’s using the same  criterion for ferromagnetism is no longer satisfied.
XC potential and the same lattice spacings, we find that the In order to interpret the energy results in terms of ex-
moments and magnetic energies are smaller in the case of tikbange couplings between neighboring atoms, we have fitted
(111) ML’s. This can be seen from Fig. 4, where we com- the relative energies of the FO, AF, and Fl states onto the
pared the results of Refs. 4 and 5 for Cr, Mn, and Fe ML on(norma) Ising model with NN and NNN interactions. The
Cu(100 with the corresponding ML’s on Gai11), this time  energy is given byE=—J,30,0;—J;2,0,0}, whereo;
calculated within the LDA(with the Barth—von Hed#f XC ==+1 is the spin on site, the first(second sum runs over
potentia) and the corresponding equilibrium lattice constantNN (NNN) pairs, andJ,,J, are the corresponding coupling
of 3.54 A. Considering first Mn and Fe, we see that theconstants. We havel,=[E(FI)—E(FO)]/4N and J,
moments of thg111) ML'’s are about 10% smaller and the =[E(AF)—E(FI)]/4N, whereN is the number of sitef.e.,
FO-AF energy difference is only roughly half that of the TM atoms. Using the energies from owb initio calcula-
(100 ML’s. In the case of Cr, a FO solution can neither betions, we obtain fod,; andJ, the values that are listed at the
obtained on C(100) nor on Cyl111), but the AF solutions bottom of Table I. Since the FO states of Cr(Cl1) and
are quite different. While the(2x2) AF state of thg100  V/Ag(111) have much reduced magnetic moments, they
ML is clearly ground state with a magnetic energy of 0.25should not be used for a fit onto the Ising model, in which
eV per atom and a large moment of 255, the AF state of the spins have fixed length. Therefore we cannot obtain
the (11D ML is almost degenerate with the nonmagnetic meaningful values ad, for these two systems. It is obvious,
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however, thatJ; is negative (antiferromagnetic NN cou-

pling), since the FO state is clearly less stable than both AF

and Fl. Note that thd,/J; ratio is very large for the Mn

ML’'s [0.75 for Mn/Cy11l) and —2.7 for Mn/Ag(111)].

This means that the NNN interactions can by no means be :

neglected. Even more surprisingly, in the case of Mn/ 4r

Ag(111), the NN coupling is found to be weakly ferromag- 27 r;ﬁ

netic. 30F @
The zero-temperature phase diagram of the Ising model g ¢ Z

on the triangular lattice with NN and NNN interactions was g 4 13

studied by Tanaka and Uryd The ground state is: FO for ol ] <

J,>0,3,>—3,/2; FI for 3,<0,J,>0: AF for J;<0,J, =4 LS 12

<0; while for the remaining parameter space, i.8,, a | ::\ A 1y

>0,J,<—J4/2, it is a two-rows-by-two-rows antiferromag- Q AN | — B

netic state called C” in Ref. 10 (see Fig. 1 For all systems 4T | Tec | 12

except Mn/Adg111), the Ising model with the parameters in 82 ' I 3

Table | gives the same ground-state spin structure aalihe U i N e | <

I s I

initio calculation. The parameter values of MnfAgl), L :"“"y’ L N

however, lie in theC phase. For this system, we therefore 43210123 01 2 3

performedab initio calculations in the spin structuf@, too. energy - E; (eV) energy - E, (eV)

The magnetic moments aye= * 3.65ug (Ref. 24 and the

magnetic energy is 1082 meV, which is 11 meV higher than FIG. 6. Mn/Ag(111). Local density of state€DOS) on Mn (left)

that of the AF state. Thus, for a Mn ML on Abll), theC and the Mn contribution to the inverse photoemission spectra

state is ground state among the considered magnetic strudPES for k=0 (right). Comparison between the experimental

tures as it is expected from the Ising model. IPES (Expt) from Ref._12 and calculated IPES in different mag-
We shall now briefly discuss the possibility of noncol- netic str'ucture.s(see Fig. 1 For the calculated IP_ES_Gaussw.m

linear magnetic order within the classical Heisenbéog Proadening with 0.47 eV FWHM was used. Solid lines: spin-

XY) model, which is the most simple extension of the ISinglntegrated data. Dotted lines: locally spin-projected DOS.

model that allows for noncollinear spin states. The classical

Heisenberg XY) model is obtained from the Ising model by V ML’s on Ag(111) for different magnetic states as well as,

letting the spinso; take on any orientation in three- for the unoccupied states, the contribution frém=0. The

dimensional(two-dimensional space. Fod;<0,J,=0, the latter can directly be compared with experimental IPES data

ground state is a noncollinear state where any two NN spinwhere the Ag contribution has been subtracted. Such data is

form an angle of 2/3.1* We shall denote it by “120°.” It  also shown in Figs. 6 and (faken from Ref. 12

has the same magnetic unit cell as the Fl state, and the FI Let us first look at the local DOS and iscal spin polar-

state goes over to the 120° state if one majority spin in thézation. In the Mn ML, the unoccupied states are almost

magnetic unit cell is turned by /3 (counterclockwispand  entirely of minority spin type. In the V ML, the states be-

the other one by— #/3 (clockwise. Considering NN and

NNN interactions as before, the 120° state has an energy per
site of 31,/2— 3J,. This is lower than all Ising model ground
states(i.e., FO, AF, FIl, andC) if and only if J;<0J,
>J,/8. This region covers completely the FI phase and a
small part of the AF phase. From the Heisenberg model with
the parameters in Table | we therefore expect the 120° state C
to be ground state for V/AG1l, Cr/Ag(11l), and, if J; g i 5
<—56 meV, also for Cr/C111). For simplicity we have s2t o
restricted our discussion to Ising and Heisenberg models g1 [ %
with NN and NNN interactions only. If longer ranged ex- 20r : 2
change couplings are sufficiently strong, it is clear, however, @f - ! ] %:
that various other collinear or noncollinear spin structures = & ' 18
may become ground state. a | ! ] i
s | | 13
IV. COMPARISON WITH INVERSE PHOTOEMISSION gf X i ] f
EXPERIMENTS =0 ] ! =
o s NA ' -
Inverse photoemission spectroscogfPES measure- ; M /u}/.l\
ments of V and Mn films on A@.11) in the ML and sub-ML 10123 1012023
range were reported some time ago by Drube and Hinpsel. energy - E. (eV) energy - E, (eV)
The experiments were done with normally incident electrons, F F
i.e., the unoccupied electronic states wikj=0 were FIG. 7. Same as Fig. 6 for V/A§11). For the FI state, a

probed. In Figs. 6 and 7 we show the local DOS of Mn andweighted average of the two inequivalent sites is shown.
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tween the Fermi levelHg) andE-+1 eV are only weakly Trily, the spectrum of the FI state comes closest to it. As we
spin polarized, but the states abdge+1 eV are mostly of ~found the Fl state to be lowest in energy, this is in agreement
minority-spin type. This is valid for all obtained magnetic With our calculations.

solutions and confirms the interpretation given in in the ex-

perimental papel?® namely that the IPES states are of V. CONCLUSIONS

minority-spin type, which, however, must be understood as

. S In summary, we have studied the magnetic structuredof 3
local spin polarization.

) . TM ML’s on Cu(11l) and Adg111) by means ofab initio
The experimental IPES line shape of the Mn ML ShOWScalculations in various collinear spin structures. The choice

two peaks at 0.9 and .1'8 eV abow . In Ref. 12, the ?f the spin structures was motivated by known results on
two-peak structure was interpreted as being due to a crystaI—

field splitting. This could not clearly be proven, however ocalized spin models, which were also used for a simple
PULING. y P ' .~ interpretation of the results and their limitatiofespecially

Egga?nsib 'n;r']% r?:ﬁg?ngegiﬁgg avc‘?r'(ljaek;f dfol\rAnMnh/IITFs)ug-r] with respect to noncollinear spin orgeiVe systematically
9 9 y compared our results with those for ML's on @00 or

Ag(100). In our calculated IPES spectrum for the FO state : o .
e ndeed observe a cear crysta-fd Spiing. The Hgh AL oy ", 196" [0 [2esl e speeffc popertes of 3
energy peak mainly comes frofminority-spin d,, andd,

orbitals, which correspond to the irreducible representatio
E, in the Dg, point group of the triangular ME® The low-
energy peak mainly comes frofminority-spin dy2_,2 and
dyy orbitals (E,). [The states ofl;,2_,2 character A;) lead

to broad features belo® .] For all other magnetic orders,
the crystal-field splitting is considerably “smeared out” be-
cause of the lower symmetry of the magnetic superstructur
Note that the peak positions in the FO spectrum, 0.7 and 1.
eV, agree remarkably well with the experimental spectrum

the most interesting results are the followin@. The Ni
"ML's are nonmagnetic both on Cld1) and on Ag111). (ii)
In the Mn ML'’s the NNN exchange coupling is as large or
even larger than the NN couplingi) For Mn/Ag(111) the
NN coupling is weakly ferromagnetic which leads to a com-
plex two-rows-by-two-rows antiferromagnetic structuig)
For the ML’s on Cul111), the AF-FO energy difference is
onsiderably decreased as compared to ML's 0r§100),
hich is due to the frustration of the NN antiferromagnetic
If a finite background is subtracted from the latter, the inten—té?fg&q%1())nwtr?i§htréi?ﬁgéarclf§elcz :’hhee ne;]:]er::];gsnéatlirgetrs;nf;r_
sity of the two peaks becomes approximately edsaé Ref. tion.

1.2)’ which is also in agreement with the FO Iing shape. Thg For V/Ag(111) and Mn/Ag111) we calculated the IPES
line shape of the AF state agrees much less with the experfs . kj=0 and compared them with available experimental
melntzi:] s%ecttrutm. hich has | ¢ th results. The calculated spectra for the magnetic state of low-
_In the & state, which nas lowest energy among the Con'gst energy agree reasonably well with the experimental ones.
sidered states, line shape and splitting are In quite good \ye have discussed the problem of noncollinear magnetic
agreement with experiment, but the pea!( positions are by O'érder in the framework of the Heisenberg model, from which
e\_/ too low. We shall suggest two possible explana’glons TORNG expect V/Ag111), Cr/Ag(111) and probably Cr/C{d12)
this discrepancy. In !ow-dmensmnal TM systems, intrasite,, |5, q ground states with 120° magnetic order. However,
d-d electron correlation is increased compared to the bu”ihe Heisenberg model provides only a very crude description

Trl:/l’s. For a Mn'::lljl sgjrf;ced at”ol%glr\]/ €100, ttht'slwats of the magnetism of TM’s. A very interesting extension of
Shown experimentally by radet al. € Expect 1 alS0 10 45 \york would be to check these conjecturesdtyinitio

be true_ fpr a Mn ML on Agl.ll)' Such correla_tlons INCIeASe .5\culations for noncollinear magnetistaee, for example,
the splitting between occupied and unoccupied parts oflthe Ref. 28

band. The fact that electronic structure methods using the
LDA (or the GGA cannot reproduce these correlation ef- ACKNOWLEDGMENTS
fects correctly, might explain why the peaks of the calculated

IPES are too low in energy. Another possible explanation are The authors thank C. Demangeat, C. Lacroix, and J.-C.

structural imperfections of the samples. In particular, interparlebas for stimulating discussions and careful reading of
diffusion could have occurred at the Mn-Ag interface. Thisthe manuscript.

would lead to a decrease of the Mn-Mn coordination, a re-
ducedd-band dispersion and thus to a more atomiclike line
shape. Furthermore, this might change the order of stability
between the different magnetic states, since the energy dif-
ferences are very small in Mn/Agll), and the magnetic For the TM-Cu interface, we took the same interlayer
coupling strengthsJ;, are very sensitive to structural spacing as that between two @a1) layers since the bulk
changegas can be seen from a comparison with M) atomic volumes of the & TM’'s from V to Ni are all ap-
where the NN Mn-Mn distance is 12% smaller proximately the same as that of Qhe Wigner-Seitz radii
The experimental IPES line shape of the V ML has verydiffer from that of Cu by between-3% and +5%. As
little structure. It mainly consists of one big asymmetric mentioned in the Introduction, in the case of thin Fe films on
hump between 0.5 and 3 eV abokie . A crystal-field split- Cu(111), the absence of relaxation was also observed
ting is clearly visible in the calculated spectra for the para-experimentally’ The atomic volume of fcc Ag, however, is
magnetic staté“Para”) and the FO staténot shown, but  considerably larger than that of thed 3elements.(The
was not observed experimentally. While none of the calcuWigner-Seitz radius is larger by 7—16 @ herefore for the
lated line shapes reproduces the experimental one satisfactbM-Ag interfacial distance we took into account an inward

APPENDIX: ESTIMATION OF THE INTERLAYER
DISTANCE AT THE INTERFACE
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relaxation of 15%, i.e. d(TM-Ag)=dy(Ag)—15%. This then naturally chosen as the mean value betwehghiAg)
value was determined as follows: for the Wigner-Seitz radiiand the(111) interlayer distance of éhypothetical pseudo-
of the TM atoms we took the same value as in the TM/morphically grown fcc Cu film that is vertically distorted
Cu(11]) calculations(i.e., that of fcc Cu d/(TM-Ag) is such that the Cu atomic volume is kept constant.

1p. Schieffer, C. Krembel, M. C. Hanf, and G. Gewinner, Surf. 1’B. Weimert, J. Noffke, and L. Fritsche, Surf. S@89, 397

Sci. 400, 95 (1998. (1993.
M. Wuttig, Y. Gauthier, and S. Blyel, Phys. Rev. Let23, 3619 18\, Taguchi, C. Demangeat, J. C. Parlebas, and Pg&ruCom-
, (1993. putat. Mater. Sci(to be publisheyl
J. Sheret al, Phys. Rev. Lett80, 1980(1998. 19p_E. Biachl, O. Jepsen, and O. K. Andersen, Phys. Re¢9B16
4s. Blugel and P. H. Dederichs, Europhys. Leit.597 (1989. 223(1994.
5 - . .
GS- Blugel, Appl. Phys. A: Mater. Sci. Proces83, 595(1996. 20R. Ballou, C. Lacroix, and M. D. Nunez Regueiro, Phys. Rev.
7 . 66, )
L. Zhong, R. Wu, A. J. Freeman, and G. B. Olson, J. Appl. PhyS21¢ pinettes and C. Lacroix, Solid State Comma,. 565 (1993.
81, 4479(1997. 22y. von Barth and L. Hedin, J. Phys. & 1629(1972.

8 _ .
J. Redinger, S. Blgel, and R. Podloucky, Phys. Rev. 8, 13 235 1org0t and L. M. Falikov, Phys. Rev. B, 6186(1982.

852 (1995. 24 . S
op. Kruger, A. Rakotomahevitra, J. C. Parlebas, and C. De- In the spln structureﬁ) of the free (111 ML tW.O Slt?s n .the
magnetic unit cell that have the same spin orientation are

mangeat, Phys. Rev. B7, 5276(1998. val d a . Si .
10y, Tanaka and N. UryuJ. Phys. Soc. Jpi89, 825 (1975. equivalent due to g, point symmetry. Since thés, point sym-
metry of the fcc(111) surface is incompatible witld,, the C,

1D, H. Lee, J. D. Joannopoulos, J. W. Nagele, and D. P. Landau, : _
Phys. Rev. Lett52, 433 (1984. symmetry is broken in the adsorbed ML. Consequently, the

2. Drube and F. J. Himpsel, Phys. Rev.38, 4131(1987. magnetic moments differ slightly between the two(op down
130. K. Andersen and O. Jepsen, Phys. Rev. 15812571(1984); spins; we actually obtained the values3.66 and=3.64ug.
0. K. Andersen, Z. Pawlowska, and O. Jepsen, Phys. R&4, B However, these variations are smaller than the numerical error
5253 (1986. The standard TB-LMTO-ASA codéversion 47 and therefore not significant.
developed by O. K. Anderseet al. at M.P.I. Stuttgart, Ger-  2°M. Kaburagi and J. Kanamori, J. Phys. Soc. J#.718(1978.
many, was used. 28|n fact, Dy is the point group of théree monolayer; upon adsorp-
YH. L. Skriver and N. M. Rosengaard, Phys. Rev.4B 9538 tion on a fcc(111) surface the point symmetry is lowered to
(1991). Cs, . However, this perturbation seems to be too weak to affect
15p. €. Langreth and M. J. Mehl, Phys. Rev. Lett, 446 (1981); the crystal field significantly.
C. D. Hu and D. C. Langreth, Phys. S&2, 391(1985. 270. Raderet al, Europhys. Lett39, 429 (1997.

18M. Methfessel, C. O. Rodriguez, and O. K. Andersen, Phys. Rev?8J. Sticht, K.-H. Hak, and J. Kbler, J. Phys.: Condens. Matter
B 40, 2009(1989. 8155(1989.



