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Structure and magnetism in thin films and multilayers of hexagonal ruthenium and iron
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The results ofab initio calculations for the electronic structure and the magnetic moments of unsupported
hexagonal thin Ru and Fe films, bulk Ru and Fe metals, an@r&unultilayer are presented with the focus on
the crystallographic phase stability of the Fe layers. The calculated equilibrium lattice parameters of hcp Ru
and Fe solids reproduce accurately the values found experimentally. For Ru/Fe multilayers it is demonstrated
that in an Fe part of a multilayer an unusual hexagonal stacking with a distorted bcc-like local environment is
more stable than the standard hexagonal close-packed stacking. The same result was obtained in thin Fe films
and it is shown to be associated with band structure effects of Fe at the Fermi level. For thin films the ground
state lattice parameters and magnetic states of films up to four monolayers were determined by total energy
minimization. The faults in hexagonal planes stacking and interdiffusion do not lead to nonmagnetic Fe layers
at the interfaces which were observed experimentally.
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I. INTRODUCTION structure will be referred to as the hexagonal packeg
structure in the present paper. The local environment of an

Among 3d metals iron reveals the richest structural andatom in the hp structure resembles a bcc ordering along the
magnetic phase diagram. In addition to the ferromagneti¢110] direction. Such a model can explain the anisotropy of
body centered cubitbco a-phase iron assumes a paramag-the x-ray-absorption spectra obtained with polarization of
netic face centered cubitcc) y phase at temperatures above x-ray beam parallel and normal to thexis. If in addition an
1186 K or a nonmagnetic hexagonal close-packerp) ¢  averaging over all three types of domains related to three
phase under a pressure of more than approximately 130 kbagsossible bridge positions is considered, then also the global
Due to advances in deposition techniques both these metsixfold symmetry seen in the diffraction spectra is recovered.
stable phases could be stabilized also under normal condHowever, more recent extensive investigations of Ru/Fe
tions if thin Fe films were grown on appropriate substratesmultilayers using x-ray diffractiort are at variance with the
v-Fe, which can be grown on @@01) or Co/CU00]) buff-  structural model sketched above and they seem to support
ers, attracted much experimentdland theoreticdr” atten-  the regular hcp stacking with the parametaas.=ag,
tion in the past years because of its interesting magnetie-2.689 A (cf. ar,=2.706 A of the elemental Ru crystal
properties. Fe atoms were shown to adopt an expanded hep.=4.11 A andcr,=4.33 A. At higher thicknesses the
structure on R@00D (Ref. 8 or RU000]) (Ref. 9-12 sub-  hexagonal phase of the Fe layers relaxes to the more stable
strates despite a large lattice mismatch. The remarkable cobcc one at a critical thickness ranging from 5 to 10 mono-
clusion was that hcp Fe in Re/Fe and Ru/Fe multilayers camyers(ML), depending on the Fe layer growth rate?
exist in a ferromagnetic state. The very recent study by Per- Magnetic measuremerit¥ detected the existence of two
jeru et al? has shown that Re/Fe multilayers with a constantnonmagnetic Fe layers at both Ru/Fe and Fe/Ru interfaces.
Fe layer thickness of 8 A and an increasing Re layer thickBeyond 4 ML each additional plane bears a magnetic mo-
ness undergo a phase transition from a coherent body cement of about 2.4z per Fe atom in a ferromagnetiEM)
tered tetragonabct) structure with(001) plane ordering to a alignment. Theoretical studies devoted to Ru/Fe multilayers
hcp structure at a Re layer thickness of 9 A. The transitiorassumed either a perfect hexagdhtor a hp structuré® It
has no effect on the Fe magnetic moment, which is roughlyvas concluded that while in the hcp lattice antiferromagnetic
2.2up in both the bet and hep phases. The atomic separation@®FM) or ferrimagnetic configurations are always preferred,
of hcp Re are expanded by about 3% with respect to hcp Ruhe hp lattice stabilizes a FM state in ff@; and RuFe;
A similar abrupt transition from a bct to a multidomain hcp multilayers. The calculations failed to confirm the existence
structure has been reported for Ru/Fe multilayers at a Raf magnetically dead Fe layers, which was explained by a
layer thickness of 3.5 A and a constant thickness of the Feveak hybridization between isoelectronic Ru and Fe ele-
layers of 7.5 A(Ref. 9. The structural transition is accom- ments.
panied by the disappearance of magnetization. Baudelet In response to these controversial facts we carried out a
et alX proposed a model of the structure that fits their dif-systematic theoretical investigation of thin free-standing hex-
fraction and x-ray-absorption results on Ru/Fe, in which in-agonal Ru and Fe films, elemental Ru and Fe metals and of a
stead of the regulakBAB hcp packing with the atoms of the RusFe; multilayer in hcp and hp geometries and in various
B plane occupying the threefold hollow positions above themagnetic states. As a further step toward a realistic modeling
Aplane, atAB’AB’ stacking with theB’ plane translated so of atomic structures an interlayer relaxation was performed
that the atoms in thB' plane take one of three bridge places either by calculation of interatomic forces or by minimiza-
above theA plane. This stacking leads to a face centeredion of total energies. Furthermore, the effects of interdiffu-
orthorhombic structure with the estimated lattice spacingsion and stacking faults, which may not be ruled out during
ape=2.73t0.03 A, cre/are=1.55, andbg=+3ar.. This  growth of Fe layers sandwiched by Ru layers, were explored.
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Il. METHODOLOGY -5.0 \D 3.0
Our calculations were performed using the Viemmini- § =
tio simulation packaggasp.'® vasp finds a variational solu- £ -so} 20 B
tion of the Kohn-Sham equations of density functional 5 -
theory in a projector augmented-wave representafidfis- = g
ing electron and spin densities based on all-electron orbitals, ?g 7or 10 2
via a band-by-band residuum-minimization method. The pro- © gﬁ
jector augmented-wave potentials were constructed usingg sol g
scalar-relativistic Kohn-Sham equations. Exchange and cor- ' r,.g;g;:;:::_,_,_, o U loo
relation effects were described by the functional due to Per- YT TR T T Y,
dew and Zunget® employing the spin-interpolation pro- , :
posed by Voskoet al2’ and adding generalized gradient @ lattice constant (A)
corrections due to Perdeet al?! The free-standing films 50 ' R ' '
were modeled by slabs consisting of one to four atomic lay- & —o— udud
ers. The periodically repeated slabs were separated (8y 9 § -6.0F —a—yudd .
vacuum layers for 12 and 4 ML films. Brillouin-zone in- s —v—uddu
tegrations were performed on a Monkhorst-Pack 16x 3 = 2ol |
grid, corresponding to 60 or 81 irreduciktepoints for one %" ‘
and two monolayer films, respectively, and on ax1i4ix 2 5
grid, corresponding to 64 irreduciblepoints for four mono-  E 80f ]
layer films. A modest Methfessel-Paxton smeatingf the 2 -
energy eigenvalues witlbr=0.2 eV was applied. Calcula- 9.0 - - - - - -
tions for RuFe; superlattices were run using the @0 22 24 26 28 30 32 34
x 2 grid leading to 28 or 62 irreduciblepoints for the hcp ~ ®) lattice constant (A)
and hp structures, respectively. A plane-wave energy cutoff 3.0 T T y y
of 300 eV was used leading to a basis set of about 150 plan¢ —O——=—uu
waves per atom. For the ground state solution a multilayer = :Z::“dgj
relaxation using a conjugate-gradient algorithm and the ana- § 20f _V_'_Egdu
lytical Hellmann-Feynman forces acting on the atoms was g
carried out. S
§ 10}
=0))
Ill. RESULTS g /
A. Magnetism of unsupported ruthenium films 00 #—a—8—4—a—a=t"e . .
2.6 2.8 3.0 3.2 3.4
Ruthenium is a good example of a nonmagnetic solid © lattice constant (A)

which, when grown on an appropriate substrate such as
Ag(001) or Au(001), is predicted to assume a quite large  FIG. 1. Calculated total energies and magnetic moments of hex-
magnetic moment of about Jug .>*~*However, no trace of agonal(a) 1 and 2 ML thick unsupported Ru film@otal energies:
magnetism for these systems has been detected in expesipen symbols, magnetic moments: full symbplb) total energies,
ments. The only magnetic Ru overlayer observed so far iand (c) magnetic momentgopen symbols: surface moments, full
formed on the(0001) surface of carbof® Because the over- symbols: interior momentsof a 4 ML Ru films as afunction of

lap of the Ru 4l bands with energy bands of substrates suchnteratomic spacing. The symbois and d in the graph legends

as Ag, Au, or C lying well below the Fermi level is rather stand for the up and down orientation of magnetic moments in a
weak, the magnetic state of a free-standing film is likely notayer.

to change dramatically from its magnetic state in a related

overlayer. The magnetic moment of a free-standing Rugrowth is met safely. This might be an important factor for
monolayer has been predicted to increase by 35% beyond ifgoducing high quality Ru/@001) samples in which Ru
value in Ru/Ag001).% In Fig. 1 the magnetic moments and magnetism was found, even though a small magnetic mo-
the total energies for all possible symmetric magnetic conment of Ru monolayerug,=0.28ug was calculated. In a
figurations of hexagonal 1, 2, and 4 ML Ru films are showndilated monolayer the magnetic moment reaches slowly a
against a wide range of interatomic spacing. In the presentalue of 0.73.g, which is considerably lower than the mag-
paper we assume always a parallel orientation of momentsetic moment of about 1x of Ru atoms arranged in a
within a layer. The local magnetic moments are evaluatedquare lattice with comparable interatomic distances. This
inside each muffin-tin sphere with the radius 1.3 A for Fecorroborates nicely the previous observations that, due to
and 1.4 A for Ru atoms. The calculated equilibrium bondlarger extent of the valencgwave functions, the magnetic
length in the Ru monolayerg,=2.55 A is only 3.2% state of Ru atoms is very sensitive to their local environment.
higher than the in-plane nearest neighbor distance in graphite this case an increase of the number of nearest neighbors
ac=2.47 A (Ref. 27, so the condition for an epitaxial from 4 to 6 reduces magnetic moment significantly.
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In thicker films with still larger coordination numbers the 5.0 | e —— T T 4.0
nonmagnetic solutions are the most stable. The same conclug B o e :T
sion was drawn for a bilayer Ru on A@01), in which the = \n —Aa—ud ____J:ﬂ;;!glzlilf. 30 =
magnetic moment disappears completél\Neglecting the > _/_/-/":—"‘}"‘ 5

. s . Lo . v ol - A =
possible interlayer relaxation, the calculated equilibrium dis- g a {00 2
tances are 2.64 and 2.66 A for the hcp 2 and 4 ML thin 8 A A ' 5
films, respectively. In the case of a bilayer a ferromagnetism % 7ﬂ~/|:|- y /f} 3
appears above 2.70 A, a less stable antiferromagnetic statg | a P 1'° §0
develops above 2.90 A. In 4 ML films the first magnetic & . o E
state is obtained for yet larger distances. Here, the FM con- peasanatlias '?M . L
figuration together with a bilayer AFM configuratidise- 18 2.0 2.2 2.4 2.6 2.8 3.0
quenceuudd u (d) stands for ugdown) direction of a mag- (@) lattice constant (A)
netic moment are the preferred solutions at very large 6.5 T
distances §r,>2.95 A), with magnetic moments reaching e —O—uuuu
2.6u5. We note also that the FM solution could be obtained g :Z:Eﬂ:g
only for expanded lattices beyorak,=3.24 A. In all con- = —o— uddu
figurations magnetism is strongly enhanced in the surface® 7or —o— uuuu (hp) ]
layers compared to the interior of the films, surface magne- Eﬁ
tism also develops at interatomic distances where inner Iay—%
ers are still nonmagnetic and the surface moments growg ;5| N i
faster. A striking result is that the magnetic energy differ- 2 N
ences of all investigated configurations are exceedingly small D Gas sl
of the order of 10 meV/atom. 2.0 2.2 24 26 2.8 3.0

{b) lattice constant (A)
B. Magnetism of unsupported iron films ~ 50 '

The same film thicknesses and magnetic configurations as ;3
for Ru films were considered also for Fe films. As could be §
expected, the solutions with spontaneous magnetization are % 20f
always preferred. Figure 2 presents the dependence of the E .
total energy and the magnetic moment of 1, 2, and 4 ML §, 1ok y o a—udud
unsupported Fe layers on the lattice constant. The calculatec s Y —a—— A yuad
lattice constant of 2.41 A and the magnetic momgnt = .,3:3/3 / —v——v—uddu
=2.62ug in Fe monolayer compare excellently with the val- 0.0 fieseuiicha  —o——uuuip
ues reported by Mororgt al?® obtained byvasp employing 2.0 22 24 26 2.8 3.0
ultrasoft pseudopotentials for describing valence states.(c) lattice constant (A)

Moreover, they found a FM coupling to be favored over an
in-plane AFM coupling. As far as the 2 ML film is con- FIG. 2. Calculated total energies and magnetic moments of hex-

cerned, the energy minimum is found for the antiparallelagonal close-packe@) 1, 2 and(b), (c) 4 ML thick unsupported Fe

coupling atare=2.41 A with the corresponding magnetic films. For symbols meaning see caption of Fig. 1. In pls (c)

moment of 1.525. The FM order induces an internal ten- addltlonal results for FM hexagonal packed geometry are included

sion in film with a tendency to a higher lattice constant of (diamond symbols

2.51 A. This value is just above a sharp transition from a

low-spin to a high-spin state. The energy of the high-spin=2.64ug, urd{S—1)=2.4%;] lies 5 meV/atom lower

solution lies 22 meV/atom above the energy of the AFMthan that of the ferrimagnetic state of hcp phase. If the inter-

ground state. The second, low-spin metastable FM solutioatomic distances are expanded any further, the moments

at ap=2.38 A is 49 meV/atom higher than that for the saturate to about 32; independent of film thickness and

AFM state. structure.
At intermediate distances in 4 ML Fe films neither a FM

nor a bilayer AFM configurations could be obtained. The

lowest energy solution was achieved for a ferrimagnetic state

with parallel inner moments of 0.4& coupled antiparallel In this section we wish to take a look at structural and

to the outer moments of 1.p6 at the equilibrium lattice magnetic properties of elemental Ru and Fe solids. The ex-

constant of 2.43 A. However, at elevated interatomic disfperimentally determined hexagonal Ru lattice parameters are

tances more than 2.59 A the FM configuration settles downag,=2.706 A, cg,=4.282 A?’ thus the axial ratioc/a

In relation to Ru/Fe multilayers we considered also a FM hp=1.582 is somewhat reduced from the ideal value of 1.633.

geometry as seen in Figgt, 2(c). Now magnetism appears The calculated lattice constaag, is 2.70 A (see Fig. 3 if

at much smaller lattice constants and the ground $iatg the c/a ratio is fixed to the ideal value. If the distortion is

=2.55 A, the surface and subsurface momentsg1£S) optimized as well we geaig,=2.73 A, c/a=1.58 in very

C. Pure hexagonal ruthenium and iron
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T T T T T — 3.0 6.0 . .

= 60 —O——=— yuuu —_ L — O &—uu

-6.0F ~
g —o——e—udud 3:: ,é\ —o——=e—udud £
= —A——a—qyudd s = 8 —a——a—uudd e

1 <
> 70 20 2 > p
o 7 g > 70} g
> g ~ =
&0 > =1
B 2 oo o
s 80f 410 © 9 =2
[ & g g
= =10}
g g E -8o0p &
= g0} o 8 =
S BESaSstssnsnssadennns 0.0 Ha-a-a-8-u—a—-a—a—a—a<l m— 40.0
e el el il e e e el B S Bl . . . . Il N Il N Il " 1
22 2.4 26 28 3.0 3.2 3.4 2.0 22 24 26 28 3.0
lattice constant (A) lattice constant (A)
FIG. 3. Calculated total energi€spen symbolsand magnetic FIG. 4. Calculated total energi¢spen symbolsand magnetic

moments(full symbolg of bulk hcp Ru against lattice constant. moments(full symbolg of hcp bulk Fe against lattice constant.

good agreement with experimental data. The smooth onset sented by the dashed line in Fig. 6, rather both contraction
magnetism begins at large interatomic distances 3.1 A andnd expansion along theaxis lead to increased equilibrium
the favored magnetic order is a bilayer AFM sequence. It isrolumes in order to eliminate the shortest interatomic bonds.
well known that the most favorable conditions for antiferro- For the FM phase with more complex topology of energy
magnetism are expected fod Zind 4d transition metals with  surface we found a secondary minimum, visible also in Fig.
nearly half-filledd bands. It turns out that, in contrast to thin 4, corresponding to a perfect hcp stacking with a total energy
films, the FM phase of a hcp Ru solid could not be found inhigher by 150 meV/atom with respect to the ground state.
our calculations for any lattice spacing up to 3.5 A. The main aim of this work concentrates on the structure
Because the structure of Fe as a part of Ru/Fe superlabf Fe part in Ru/Fe multilayers. To this end, it is useful to
tices is known to undergo significant deformations we perinvestigate also the magnetic properties of bulk hp Fe. A full
formed a structure optimization by varying bothand ¢ structural optimization of FM hp Fe predictsag,
lattice parameters. The calculated equilibrium valegs =2.562 A, cgre/ap=1.612, andur.=2.41ug, for a bilayer
=244 A, cre=3.90 A (cro/ar=1.60) which were ob- antiferromagnetic hp phase we fimg.=2.482 A, cro/ag.
tained for a nonmagnetic state, reproduce convincingly the=1.711, andures=2.02ug, and for a single layer AFM state
experimental data,are=2.46 A, cre=3.94 A (cro/are the equilibrium parameters ar@g=2.459 A, cro/ape
=1.60) of the hcpe phase?’ The calculated bulk modulus of =1.734, andur.=1.69u5. Thus, as iny-Fe, the FM phase
2.82 Mbar allows us to estimate the lattice compression ais connected with the largest atomic volume, but unlike to
130 kbar, the pressure upon which the experimental data wag-Fe with a bilayer AFM ground statéound in the collinear
obtained. The reduction of lattice constants lies below 1.5%setup, in the hp Fe the bilayer and single layer AFM solu-
From the Fig. 4, depicting a volume variation of the totaltions have a energy higher by 99 and 184 meV/atom with
energies and magnetic moments for FM, single AFM andespect to a FM ground state solution. From the comparison
bilayer AFM configurations at/a=1.633, it is obvious that of the results for hcgFig. 4 and hp(Fig. 7) stacking(both
the energy minimum is located exactly at the border ofcalculated at the ideat/a ratio) three obvious conjectures
nonmagnetic-antiferromagnetic transition. In this context wecan be made. Firstly, a smooth onset of magnetism in the hp
recall that disordered RuFe alloys with less than 30% Ruphase occurs at much smaller volumes than in the hcp phase.
which have an atomic volume expanded by about 5% witiSecondly, the energy of the nonmagnetic hcp structure with
respect to high-pressure hcp Fe, do exhibit
antiferromagnetism’ At the in-plane lattice spacing corre- - - -

! ' 3.0
sponding to that of Ru and generally for all in-plane dis- ~ 4| A’“‘""Eﬁ;‘;‘;".—l_ldi;! -
tances above 2.58 A, provideda=1.633, a FM order is % A ;‘:’.?" /o//“ 5“.’
stabilized. Of course, at enlarged in-plane distances the axie§ 120 E
ratio tends to decrease. Fig. 5 displays the dependence (o g
total energies and magnetic moments of hcp Fe orctae 2 g
ratio when its in-plane spacing is keptagt,=2.70 A. The ig 1o 3
axial ratio drops to 1.49, but it should be noticed that the © -7- % —o— i | 8
volume per atom is about 27% in excess of the calculatec§ _a,a-ﬁﬁﬁ'A’A:A —o—e—udud éo
equilibrium hcp Fe volume 10.1 & Complete contour plots = S-o-o—g-oF —A——a—uudd
of the total energy as a function afandc/a for FM, single BOR 09 ro 1 12 0
AFM and bilayer AFM ordering are given in Fig. 6. The cla/(cla).,

AFM configurations reveal a similar topology of the total

energy surface which can be characterized as slightly dis- FIG. 5. Dependence of total energi@pen symbolsand mag-
torted quadratic form. For varying/a, the energy at mini- netic momentgfull symbolg of hcp Fe with in-plane lattice con-
mum does not follow the path of constant volume repre-stant of Ru on the axial ratio/a.
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(b)

0.80 0.90 1.00 1.10 1.20  0.80 0.90 1.00 1.10 120 0.80 0.90 1.00 1.10 1.20

c/a/(c/a), c/a/ (c/a), c/a/(c/a),

FIG. 6. Contour plots of total enerdy(a,c/a) for (a) FM, (b), single layer AFM, andc) bilayer AFM hcp Fe. The contour interval is

40 meV(0.2 eV between bold lingsthe minimum in the total energy is marked by a full dot. The dashed curves denote the paths of constant
volume.

smaller volume is lower than that of the larger volume yes ofcg,/ag,=1.633(corresponding to the ideal hcp geom-
ground state of FM hp structureAE=39 meV/atom. etry) and 1.490(corresponding to the energy minimum of
Thirdly, if the lattice constant is increased over 2.53 A, thepyk hcp Fe strained to the in-plane lattice constant of. Ru
FM hp solution is more stable than the hcp solution and thgor the case of coherent hexagonal geometry./@g,

total energies of both ferromagnetic hcp and hp phases fol= 1 633y the calculations were carried out allowing for all
low nearly the same curve shifted by some 60 meV/atomy,qgipjlities leading to a symmetric alignment of Fe mo-

This indicates that if the in-plane Fe lattice constant isments around the central Fe layer. Because an AFM order
Strr;'gﬁg dt%\:gf tﬁg rllittlceegr(])qrs:ant, the hp geometry can b&ldudu configurationwas found to be energetically extraor-
P P9 Y. dinarily disadvantageous, it was excluded from further cal-
culations. The effect of a relaxation of the Fe interlayer dis-
D. Ru/Fe multilayers tances along thg¢001] direction, shown in Fig. 8, is to

In order to investigate a potential departure from ideal hetabilize @ FM hp structure withee/ag,=1.48. This value is
stacking in Fe layers sandwiched by Ru, a;Rey multilayer ~ In reasonable agreement with valuescaf/ag,=1.55 (Ref.
was chosen as a representative system. All in-plane lattict0) or 1.52(Ref. 11, estimated from x-ray diffraction ex-
spacings were fixed at the calculated valyg=2.70 A, a  periments. The most stable magnetic ordering in both phases
perfect hep structure of the Ru layer was assumed and the F& the FM order with average moments of about 2.4 ¥or
layers were built either as hopBABA succession of hex- the ideal cge/ag, ratio and 2.54&g in multilayers with
agonal planes or as B’ AB’A sequence with shifte@’ Cre/ag,=1.49. In Ru layers non-negligible moments were
planes. The interlayer distances in the Fe layer could varyobtained only in the interface layer, with a magnitude of
The Ru-Fe interlayer distances were taken as an average 0f18ug and an antiparallel orientation with respect to adja-
the distances in Ru and Fe layers. Table | lists the totatent Fe moments.
energy differences and layer magnetic moments for two val- In the next step we carried out a full structural relaxation
of interlayer distances in R&e; multilayer with the total
. volume as a free parameter. The relaxation yields the follow-
ing interlayer distances | ( stands for interface laygr
drurdl,1—1)=2.150 A, dg,rfl—11—2)=2.168 A, in
the Ru layer,dge e{l,1 —1)=1.974 A, deeefl —1]1-2)
=1.997 A, in the Fe layer andg, r{1,1)=2.086 A at the
interface. It can be concluded that the crystallographic struc-
ture in Ru and Fe layers is homogeneous with average axial
ratioscg./ag,=1.47 andcg,/agr,= 1.60.
o The physical origin of the preference for a hp geometry
~ ol J0.0 over a standard hcp one can be explained in terms of the
20 22 o1 Y >8 3.0 layer projected densities of states, which are presented in
lattice constant (A) Fig. 9. The majority densities of states of the hcp phase are
characterized by three pronounced peaks related to bonding,
FIG. 7. Calculated total energigéepen symbolsand magnetic nonbonding and antibonding states. These states are almost
moments(full symbols of hexagonal packed bulk Fe as a function completely filled and the states of inner layers are scarcely
of lattice constant. affected by interaction with electronic states of Ru. The mi-

-6.0

T T
—O0——=&—quuu

—O0——e—udud

—A——a—yudd

-7.0

-8.0

total energy (eV/atom)
magnetic moment ()
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TABLE I. Total energy differencedE and magnetic momentg, of interface (), second interface
(I-1), and middle [—2) Fe layers of the Rfre; multilayer with Fe part of multilayer forming a hcp or hp

lattice.
AE medl) medl—1) el —2)
(meV/atom (mg) (us) (mp)

Magn. conf. hcp hp hcp hp hcp hp hcp hp
CFe/CRu:1'633
uuuuu 0 0 2.59 2.60 2.75 2.73 2.75 2.71
udddu 22 50 2.39 242 —2.64 —-2.67 —-2.73 —-2.73
uuduu 24 52 2.62 2.65 2.66 2.70 —2.47 —-2.40
ududu 48 127 2.42 247 —2.54 —2.66 2.51 1.42
CFe/CRu:1-490
uuuuu 0 0 2.37 2.38 2.63 2.56 2.62 2.55
udddu 11 53 1.84 200 -—2.37 —2.45 —2.58 —2.58
uuduu 36 60 2.40 2.43 2.38 244 -—-1.91 —-2.05

nority densities of states have essentially the same charactsible lateral directions are not expected to provide any note-
with the nonbonding peak falling almost exactly at the Fermiworthy deviations. From the values in Table Il it is obvious
level. On the other hand, the electronic density of states ofhat the magnetic state is insensitive to structural misalign-
the hp phase shows a bimodal struct(gienilar to thatin bcc  ment, but not the energies. At the Ru/Fe interface an Fe
metalg with a wide bonding-antibonding pseudogap in theplane continues to grow in the standard hcp stacking but
central Fe layer, which disappears in the interface layer fofurther Fe layer prefers to adopt a shifted position. To put it
the majority states. In contrast, for the minority states theanother way, theAB’AB’ sequence is stable only ithe
pseudogap exists also in the interface layer. This large dignterior of Fe layer. Any deviation from this stacking costs
parity in the minority densities of states accounts for thean energy of at least 20 meV/atom. The least probable are
differences in total energies between the hcp and hp
geometries—the density of states at Fermi level is nearly
doubled in the hcp lattice, resulting in an increase of the 20¢
band energy. 10t
The next point to be discussed is how a misalignment in 0
the hexagonal stacking, which is conceivable to happen, de-
pending on preparation method and conditions, could influ- -10p
ence the structural and magnetic properties. Our results for 20l
several stacking faults, takingg./ag,=1.49, are summa-
rized in Table Il. The shifted planeA(,B’) were always
moved in the same direction. More complicated combina-
tions consisting of planes translated along any of three pos-

30

@

—
=
T

>

density of states (state/Ry/atom)
=

! T -10}
—_ —0— yuuuu (hep)
g 84l —o— yuduu (hep) i -20¢
= . —a—udddu (he
; - (hep) 20l
> uuuuu (hp)
~ —e—uyuduu (hp) 10+
Eﬁ —a— ydddu (hp) a 0
O 851 \ = . 10l
'§ ==f =20t
8 Y -30t
86 . ) \ ) . \ \ ) . 05 04 03 02 01 00 01 02
' 12 13 14 L5 16 E-E, (Ry)
T

FIG. 9. Layer resolved densities of states(@ interface,(b)
FIG. 8. Dependence of total energies insRe; multilayer on  second, andc) central Fe layers of Rires multilayer with c/a
axial distortion in Fe layer. The structure of Fe layer is liapen =1.49. The structure of Fe layers is h@glid lineg or hp (dashed
symbolg or hp (full symbols. lines).
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TABLE Il. Total energy differenceAE and magnetic moments have also examined aAB’ stacking(the hp structurg in
ure of the ferromagnetic RyFe; multilayer with axial ratio  which the atoms in th&' layer occupy bridge sites of th
Cre/Cry=1.49 for different stacking of hexagonal planes in the Felayers, leading to an overall orthorhombic symmetry. For

layer. bulk hcp Ru we find that magnetic ordering exists only at
AE wed) pedl-1)  pedl—2) zgongly eﬁpqndeﬂ Ir?tlticf par?jmeters, v_vithlalbilayir ,lAFM
Stacking (meViatom  (ug) (4a) (10) quence being slightly favored over a simple layer-by-layer
AFM state. A similar situation is found for hcp Fe, but here
AB'AB’A (hp) 0 2.38 2.56 2.55 a modest expansion is sufficient to stabilize FM ordering.
AB'ABA 23 2.39 2.57 2.61 The transition to a FM state is abrupt, whereas antiferromag-
ABABA (hcp 46 2.37 2.63 2.62 netic arrangements develop progressively with an increasing
A’BA'BA’ 82 2.42 2.55 2.57 volume. Similar to fcc iron, the potential energy surface of
ABA'BA 90 2.40 2.55 2.42 FM hcp Fe as a function of basal lattice constant and axial
A'BABA 104 2.43 2.60 2.64 ratio has a rather complex shape, as a consequence of the

existence of low- and high-spin states. In the hp phase of Fe,
_ _ ) _ ~a FM configuration is stable even under compression. Al-
stacking faults just at the Ru/Fe interface. Interestingly, iNthough FM hp Fe is less stable than the nonmagnetic hcp

these configurationsA’BA'BA’,A'BABA’) small Ru in-  shaqe at the equilibrium volume, the phase has lower energy
terface magnetic moments 0.09ug couple ferromagneti- ;, o expanded state.

cally to the adjacent Fe moments indicating that the contrac- Unsupported Ru films beyond a monolayer limit are mag-

tion of Ru-Fe distances modifies the Ru-Fe magnetl(‘hetically ordered only at considerably dilated lattice con-

Interaction from AFM to FM. . stants and even then the magnetic energy differences remain
Finally, we would like to comment on the existence of

two ML thick nonmagnetic region at interfaces as reportedlvery small. Fe films show a Very qompl_ex k_)ehawor. Mono-
from experimental observations. It has been suggéstad 2Yers are FM ordered at equilibrium, in bilayers an AFM
this effect comes from structural imperfections such as stackEonfiguration is energetically almost degenerate with a high-
ing faults, antistructure defects or lattice relaxation. We beSPIn FM phase with moderately larger equilibrium distances.
lieve, in the light of our results discussed above, which re!n @ 4 ML Fe films the hcp structure has a ferrimagnetic
veal only a modest sensitivity of the magnetism to structura@round state which is higher in energy than a FM hp con-
changes, that these conjectures are not justified. Anothdiguration at a bit larger volume.

plausible explanation at hand could be interdiffusion. To ex- These complexities are reflected in the structural and
plore this assumption we carried out a calculation for a FMmagnetic properties of Ru/Fe multilayers. Assuming an ideal
RusFe; multilayer with (2x1) cell and the axial ratio hcp geometry in the Ru part of Re; multilayers, we find
Cre/ar,=1.49, where the layers around each interface werg¢hat a FM configuration is favored over any possible AFM
occupied by a RysFe, s alloy. This is a simple way to model order in both hcp ABABA) and hp AB’AB’A) structures

a surface roughness or interfacial mixing. It turned out thabof the Feg layers, the hp structure being 46 meV/atom lower
the interface Fe magnetic moments kept a large magneti& energy compared to hcp structure. The stability of the hp
moment of about 2,2g, so that an interdiffusion limited to phase can be explained in terms of the Fe-minority densities
a very few interatomic layers around an interface cannot leagf states showing a minimum around the Fermi level. In the
to vanishing magnetic moments. As an eventual possibilitynyltilayers, the Fe moments are enhanced over their bulk
to explain the reported “lack” of interface magnetism could yjyes in the interior of the FM films and are bulklike at the
be a more intricate magnetic structure than that investigateg,/re interface. Any induced magnetic ordering at the Ru
by us. IQ this respect we recall the results of Wu andpart of the interface remains very small.

Freema’ who found a row-wise in-plane AFM ground state ™, exploration of plane stacking faults in Fe layers leads

of Fe overlayers on a hcp Ru surface. If this scenario Were, ~onclusion that a misalignment from hexagoA&’ AB’

acceptable in Ru/Fe ml_JItllayers, .'t remains to be Cla”f'edSuccession is likely to take place at higher deposition tem-
how an AFM configuration at an interface would transform : A .
peratures in the film interior rather than at Ru/Fe interfaces,

abruptly into detected FM order in the interior of an Fe layer. ) - .
Pty Y here it costs more misfit energy, and that the magnetic

Thus, observations of magnetic dead layers is a puzzling: | ind d ¢ thi : |
phenomenon deserving further theoretical and experiment&f0Ments are almost independent of this sort of structura

attention. defects. _ _ _
The presented results are in good agreement with experi-

ment concerning the structural features of the Ru/Fe multi-
layers reported by Baudelet all° However, our calcula-
We have presented detailexb initio local-spin-density tions do not support the conjecture of “magnetically dead”

calculations of the magnetic properties of the hexagonaFe layers at the interface. We have also probed a possibility
phases of bulk Ru and Fe metals, of free-standing Ru and Réat an interdiffusion could lead to a quenching of magne-
films with up to four monolayers and of Ru/Fe multilayers tism. Nevertheless, it turned up that at least a 50/50 mixing
represented by REe; system. In addition to the conven- in two monolayers at the interface leads only to a modest
tional hexagonalAB stacking of close-packed layers, we reduction of the Fe moments, so that substitutionally disor-

IV. CONCLUSIONS
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