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Structural and magnetic properties of ultrathin fcc Fe films on Cu(001):
Full-potential LAPW studies
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Full-potential linearized-augmented-plane-wave calculations using both local-spin-d&Sg) and gen-
eralized gradient Perdew-Burke-ErnzerfiBBE) functionals are performed to investigate structural and mag-
netic properties of G@01)-Fe film systems with up to three Fe layers. In the calculations full interlayer
distance optimizations of the surface systems are carried out allowing both Fe and Cu surface layers to relax.
The LSDA calculations yield Fe-Fe and Fe-Cu interlayer spacings which are always smaller compared to Cu
bulk, while the PBE results show expanded interlayer distances in agreement with experiment. The supported
Fe films are found to be ferromagnetic in the ground state, where the layer-resolved magnetic moments are
increased with respect to bulk Fe values. The increase is always largest for the topmost layer and becomes
smaller for the sublayers, which is consistent with previous theoretical studies on unrelaf@@il) e
systems. In addition, geometry optimizations of(@l)-Fe with different spin orientation between the Fe
layers show that parallel spin directions of neighboring layers lead to an expanded interlayer distance, whereas
antiparallel spin results in contracted interlayer spacing. The geometric effect of interlayer relaxation is found
to be significant for the Q001)-Fe systems, while magnetic properties of the Fe overlayers are affected less
by relaxation.
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I. INTRODUCTION augmented-plane-wavéP-LAPW) method with the local-

spin-density approximatiolLSDA) functional. For a FM

Studies of structural and magnetic properties of iron overmonolayer Fe film on top of Q001), their calculations
layers on copper substrate have been an attractive subjetielded an Fe-Cu interlayer distance which is reduced by
and substantial wofk”in this field has been carried out in about 3% compared to that of fcc Cu. This is also found for

recent years. Experimental studies of Fe film growth onthe FM double-layer Fe film on @001) where the magnetic
Cu(001) using thermal deposition identify three distinct moment of the topmost Fe layer is larger than that of the

growth regions by low-energy electron-diffractishEED) sublayer. Fernando and coworker¥ calculated structural

I-V and low-energy ion scatteririgln the first region, for and electronic properties of an epitaxial monolayer Fe film

coverages ranging from 1 to 4 ML, a complex structure of Fe&2" top of C001) using the film-linearized mulffin tin orbital

islands with tetragonal geometry is formed where the IaterarlnethOd' They found that the density of sta(B0S) of_the
interatomic Fe-Fe distances are those of thé00D) sub-  >YStem remains almost unchanged when the Fe-Cu interlayer
strate (1.81 A whereas the Fe-Fe interlayer distance is in__spacmg 's increased by 2% with respect to the Cu-Cu spac-
creased compared to the Cu substrate (1.8&s%evidenced Kraft and co-workers-'? examined the geometric and

by LEED mvesnganoﬁ. At a coverage of 4 ML Fe forms & 5qnetic structures of thin fcc Fe films of up to 11 layers on
complete overlayer film which is ferromagneti®M) with  cy001) using the full-potential linearized-muffin-tin-orbital
perpendicular magnetic anisotropy. In the second region, method within the LSDA scheme. In their geometry calcula-
between 5 and 10 ML, the Fe overlayers adopt a fcc structurons based on total-energy minimization with respect to in-
where, according to LEED-V results the topmost two in-  terlayer distances of the three topmost Fe layers, they found
terlayer distances are increasetj£=1.84 A andd,;=1.80 that the surface and first subsurface layers couple ferromag-
A) with respect to those of the film interior (1.77.An the  netically, whereas magnetic coupling is of antiferromagnetic
third growth region, above 10 ML, the Fe film structure con- (AFM) nature between deeper lying layers. The calculations
verts gradually to bulk bcc. yield a 3.9% expansion of the first interlayer spacing, and a
Very recently, the pulsed-laser-depositigRLD) tech- 1% contraction of the second. Further, the magnetic structure
nique was successfully applied to prepare ultrathin Fe filmsnd anisotropy of fcc Fe overlayers and interlayers at the
on Cu substrat® This technique provides a layer-by-layer Cu(001) surface have been studied in fully relativistic spin-
growth mode generating complete Fe overlayer films eveipolarized Korringa-Kohn-Rostoker calculations within the
for coverages below 2 ML. The PLD films are FM, and theLSDA  framework together with the  muffin-tin
topmost layers are found to be expanded with respect to thepproximation:>*#In these studies no geometric layer relax-
average interlayer distance of the Cu substrate. ation has been taken into account. The authors find that for
Extensive theoretical studies have been performed on thEe overlayers, independent of the layer thicknags to 5
Cu(001)-Fe system. Freeman and co-worKérstudied elec- ML), the orientation of the magnetization is always in-plane,
tronic and magnetic properties of thin fcc(B81) films with  while for Fe films capped by Cu layers a perpendicular mag-
1 and 2 ML on Cg001) using the full-potential linearized- netization is predicted. They also point out that formation of
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an AFM fcc Fe ground state is highly sensitive to the atomicfilms on both sides of the Gsubstrate slab was found to be
volume. Asada and Byel ** investigated fcc Fe films of up negligible, as confrmed by comparison of results for
to 6 ML on CY001) using the FP-LAPW methottogether  Fe, CusFe, with those of FeCu;Fe; and FeCu,Fe; slab sys-
with the LSDA schemg In these calculations, they fixed all tems. In the present work it is assumed that iron forms closed
interlayer distances afj=dc,.cy, and considered various epitaxial X1 films on top of the C(001) substrate as sug-
combinations of spin orientation for the different Fe layers.gested from the PLD growth experimefitThis excludes
Their study shows that supported Fe films with up to 3 ML possible surface alloying and Cu capping of the Fe films, as
are FM in the ground state whereas thicker films may exhibifound in both experimental and theoretical studies on the
both ferromagnetic and AFM coupling. initial growth of Co on C001).1%2°However, earlier quan-
Despite the abundance of theoretical work on thetitative LEED_ analysed gave strong indicz;tions that neither
Cu(001)-Fe systent*”8 1 1% evious studies did not include Surface alloying nor capping will occur in the @01)-Fe
a full optimization of all interlayer spacings of the spin- SyStem. _
polarized Fe films and the Cu substrate. Further, in all cases | "€ Slab studies on the 01)-Fe surface system are
electron exchange and correlation was treated at the LSDACMPIemented by calculations on pure Cu slabs, ,Cu
level only. In the present study, we re-examine the electroni¢ 1u3re fcc 1Flé asfgggelﬁs f%r:thle C;(r?é)g S;gfarﬁ?);eslswgy 3%
and magnetic structure of Fe films with up to 3 ML on u%sﬂ orted Fe films, Ineall slab calcul,ations the Fe-Fe, Fe-
Cu(001), where we use the FP-LAPW method together with PP : '

. X : Cu, and Cu-Cu interlayer distances are determined by mini-
both LSDA and general|zed gradie(GGA) fun.ct|onals to mization of total energies and forces on the atoms to obtain
evaluate total energies as well as the electronic and magne

uilibrium values. In contrast, the lateral lattice constants of

structures. The geometric structure of the systems is obtaingfle sjaps are kept fixed at the experimental bulk value, which
from total-energy optimizations, where all Fe-Fe, Fe-Cu, angg suggested from LEED studiés.

Cu-Cu interlayer spacings are taken into account. Therefore, Total energies of the Fe, Cu, and Fe/Cu systems as well as
the present work can help to elucidate the interrelation beelectronic, magnetic, and geometric equilibrium parameters,
tween geometric layer relaxation and surface magnetic maare determined using the FP-LAPW metfod*in repeated
ments in the Fe/Cu system. Further, a comparison of thelab geometry. Electron exchange and correlation in the spin-
LSDA results with those using the GGA scheme for electrorpolarized systems is accounted for by the LSDA using the
exchange and correlation can give information about the imCeperley-Alde?® functional as well as by the GGA imple-
portance of using different functionals for the present surfacenented in the Perdew-Burke-Ernzerh&BE)?® functional.
systems. The latter includes an accurate description of linear response
Section |l describes computational methods, while Secof the uniform electron gas, correct behavior under uniform
lll presents the results and discussion. Here the calculatesraling, and a smoother potentidll.in the FP-LAPW
structural and magnetic properties of Fe thin films onmethod, electron wave functions, densities, and potentials
Cu(001) with and without interlayer relaxation are reviewed. are expanded in spherical harmonics inside muffindT)
Further, the correlation between interlayer spacings angpPheres about the atoms while for the_lnterstltlal region be-
magnetism of the films is discussed in detail. Finally, Sec. [VWeen the spheres plane-wave expansions are used. The MT
gives a summary and conclusions. sphere radii are chosen to lg,;=1.16 A for all atoms
considered in the present work. For the wave-function repre-
sentation spherical harmonics with angular momenta up to
II. COMPUTATIONAL METHODS lmax = 10 and plane waves up to an energy cutoff of

_ |Kmat?=17 Ry are employed. For electron densities and po-
In the present work the Q001)-Fe surface system is tentials we usé, =6 and|G.d2=144 Ry. All core elec-

modeled in repeated slab geometry where the Cu substrate @hng are accounted for by a fully relativistic treatment, while
the (001) surface is described by five layers in fcc geometry, ajence states are described scalar relativistically.

with a lateral lattice constant equal to that of the experimen-  paciricted geometry optimizations of the slab systems, de-
tal value (at 18°C), 2.556 A,(Ref. 18; see below. The gqrined above, are based on analytical forces and total ener-
approximation of the semi-infinite Cu bulk substrate by agies where 4% points in the irreducible part of the Brillouin

substrate slab of five layers, denoteds@uthe following, i 75ne are used in the calculations. The reliability of the ge-

tested in calculations on Gun=13,...,11slab systems, ,metry optimization was confirmed by separate calculations
where Cy was found to be a very good compromise be-gn ground-state properties of bulk Cu, and of bulk Fe with
tween (_:omputatlonal effort and numerical accuracy. Ep'taxbcc, fce, and hep structures. As an example we mention bulk
ial Fe films of one to three layers are added at both sides qfy, ' \where the optimized lattice constant, determined with
the Cy substrate slab with their starting geometry beingnymerical parameters identical to those of the slab systems,

equal to that of the fcc Cu substrate. The resulting slabsyas found to differ from the experimental value, 3.61%%A,
denoted FgCusFe,, n=1, 2, and 3, in the following, have py only 0.29%.

an inversion symmetry which is made use of in the calcula-

tions. The thickness of the vacuum region between adjacent I1l. RESULTS AND DISCUSSION

slabs was chosen such that electronic coupling between the

slabs could be excluded. Here a value of 8.5 A proved to be A. Clean Cu(001) and Fe(001) slabs

sufficient, as confirmed by test calculations with different As a starting point in the analysis of the Fe/Cu systems,
vacuum separations. The electronic coupling between the Rge study the separate components—the cleaf®@ii sub-

115417-2



STRUCTURAL AND MAGNETIC PROPERTIES ©. .. PHYSICAL REVIEW B 63 115417

TABLE |. Percentage deviation of interlayer distances of fcc

Cu(001) slabs with different thicknesses. The values calculated with o topmost layer
the PBE functional use a Cu bulk interlayer distance of 1.81 A as a 3 M/A/\[L
reference, and are given in a sequence from the topmost Fe layer 0 ' ' ‘ ‘
(left column to the central Cu layefright column. Experimental 6 sublayer
values for the C(001) surface are included for comparison. = 3t M
g 9 ' ' :
dgllu)-Cu dE:ZU)—Cu dEZSU)-Cu d(c4u)-c:u dE:Su)—CU E 2 I central layer
2 3|
Cuy, -2.2 0.6 0.6 0.0 0.0 2, M
Cuy -2.2 0.6 0.0 0.0 - % -8 -6 -4 -2 0 2 4
Cu, -2.2 1.1 0.6 - - Py
Cus —22 11 - - - Q .l ik
Cuyg -17 - - - - 3l
expt.(Ref. 29  —-28 1.1 0.0 - - 0 . A
-8 -6 -4 -2 0g 2 4

F

Energy (eV)

strate and corresponding unsupported Fe films—by calcula-
tions of geometric and electronic properties. Table | lists th%
percentage deviation of interlayer distances of the fcci. | h for the th ivalent | t sub-
Cu(001) slabs with different thickness, where the Cu bulk lonal, are shown for the three nonequivalent layéopmost, su

. . Ai layer, and central At the bottom, the computed DOS of fcc Cu
interlayer distance of 1.81 A is taken as a reference. The daﬁllk is given for comparison. All DOS curves have been smoothed

show that in all cases the topmost layers contract inwargly, Gaussian broadening with a width of 0.10 &ull width at half
(toward the substratavith respect to their experimental bulk maximun.

position, where the contraction converges t®.2% for

slabs with five or more layers. In contrast, the first sublayergy 5 av/ |n a first approximation, the elementary cell of g Cu
of each slab are expanded by 0.6% to 1.1%, while deepe&ljay can be considered as containing two “surface” atoms
lying sublayers are almost unrelaxed. This is in excellengwhich experience an incomplete nearest-neighbor saet

agreement with experimental LEED data for the(@UD  _5 «pyk” atoms. Accordingly, the total energy of the cell
surface?” which yield —2.8% (contraction for the topmost may be described approximately by

surface layer, 1.1%expansion for the first sublayers and

0% for the second sublayer. _ . Etscl,?b: 2Esurit (N—2)Epuik (1)
Figure 1 shows the total energies per alﬁﬂ,f /n of the )

clean C(001) slabs with up to 11 layers as a function of slab WhereEsys andEy, are total energies of the surface and

thickness given by the numberof Cu(001) layers. The en- bulk atoms, respectively. These energies can tf)e obtained

ergies are taken with respect to the computed valudom a fitting procedure based on the calculakf® data.

(~3310.064159 Ryof Cu fcc bulk(obtained with numerical - The fit yields error bars for the two energies of only 0.01 eV,

parameters identical to those of the Cu sjalhich is indi- which indicates that the above linear reIauonshmEfQﬁ is

cated by a dashed line. Obvious@ts’(l)?b/n converges toward very accurate. This is confirmed by the result that the fitted

the bulk result with increasing slab thickness where for slab®ulk energyEp, differs from the value computed for the

with more than five layers the energy differences are belovhree-dimensional fcc Cu bulk by only 0.007 eV. The com-
puted energy differencEg,, +-Ep,x @amounts to 0.6 eV. The

1.4 difference between surface and bulk atoms in the slabs also

FIG. 2. Layer-projected DOS'’s for the €slab representing the
u(001) surface. The DOS's, from calculations using the PBE func-

12 becomes evident in the results of the electronic structure. As
an illustration, Fig. 2 shows layer-projected DOS's for the
€ 10 Cus slab (where atomic muffin tin regions of the FP-LAPW
o 08 calculations were used for the projectioithe DOS curves,
8 6 from calculations with the PBE functional, are shown for the
E 0.4 three nonequivalent layefsopmost, sublayer, and central
c At the bottom, the computed DOS of fcc Cu bulk is given for
2% 02 comparison. The overall shape of the DOS referring to the
AT 0.0 frommmmmmmmm oo topmost layer(consisting of surface atomss clearly differ-
02 ‘ s ent from those of the two deeper lying layé®nsisting of
3 5 n7 s M bulk atom$ whereas the sublayer and central layer DOS's

differ by less and are reasonably similar to the Cu bulk DOS.
FIG. 1. Total energy per atofE2%n of Cuy, slabs,n=1-11, Altogether, the Cy slab results suggest that this system is a

as a function of slab thickness given by the numbef Cu001)  good compromise between computational effort and desired

monolayers. The data refer to calculations using the PBE funcaccuracy in representing the extended @) surface.

tional. The energy zero, shown by a dashed line, refers to the com- Table Il lists layer-resolved magnetic moments of the Fe

puted fcc bulk value of Cu. monolayer (Fg) and the Fgslab with three layers where the
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TABLE Il. Layer-resolved magnetic moment® bohr magne-  tions. The optimized interlayer distance computed within the
ton per atomug) of the Fe monolayer (R and the Fgslab with | SDA scheme amounts to 1.55 A, while the PBE value is
optimized inter-layer distances using the PBE and LS¥square 1,86 A. The origin of this difference is not fully understood,
bracket$ functionals. The data are given in a sequence from theggng requires more detailed investigations.
topmost Fe laye(left column to the central Fe layefright col- The magnetic moment of bcc bulk determined with the
umn). The values are compared with previous results on FM fcc anggE functional (2.35g; see Table | is larger than the

be Fe bulk. experimental value of 2.22;.%8 This can reflect the inaccu-

2t @ racy of the functional but may also be due to numerical in-

K - - fluences. As an example, we mention the dependence of the
Fe 3.06[3.01 - - magnetic moment on the actual calculation of the Fermi en-
Fey 2.85[2.66] 2.62[1.91] ) ergy. Using the tetrahedron method results in a numerical
Fe atom . . 4.00 moment value (2.24g) very close to experiment, while the
Fe bulk (bco) . B 2.35(2.22) (Ref. 29 value of Table Il is calculated using a Fermi-level broaden-
Fe bulk (fcc) ) : 2.54(2.47) (Ref. 29 ing method which is adopted in the present study in order to
achieve better numerical stability for the slab systems.

interlayer distances have been optimized, while the lateral B. Cu(00)-Fe surface systems

layer geometry is fixed at that of the @@1) surface. The
calculations using the PBE functional show that the magnetic
moment of the topmost layer of the §slab is larger than Table Il lists the percentage deviation of interlayer dis-
that of the central layer by 9%, but is smaller than that of theances of the C@01)-Fe systems. The Cu bulk interlayer
Fe monolayer by 7%. All moments of the slabs are largedistance of 1.81 A is taken as a reference, where all values
than respective bulk values, also included in Table II, but ardor the FgCuFe, slabs are obtained from spin-polarized cal-
considerably smaller than the free-atom value ofu4.0  culations using PBE and LSDA functiondlbe latter values
This is consistent with the general notion that the magnetién parenthesgsIn all cases, the Fe-Fe and Fe-Cu interlayer
moment of an Fe atom is reduced by bond formation with Fealistances are found to be expanded, up to 2.4%, with respect
neighbors where the reduction scales with the number ofo the Cu bulk value when the PBE functional is used in the
neighbors. Table Il also includes magnetic moment resultsalculations. In contrast, the LSDA results show consider-
from calculations using the LSDA functiondlvalues in  able contraction, up te-11.6%, in all cases, with contrac-
square brackets for the layer systembhe PBE data show tions being largest for the topmost Fe layer. Further, in the
gualitatively the same results, with magnetic moments beind. SDA calculations the contraction continues well inside the
overall smaller in the LSDA approach. The latter differenceCu substrate slab with Cu-Cu interlayer distances decreased
is found for all systems of the present study, and cannot bby —2.2 to —5.5% whereas the PBE data show a rapid
explained by simple physical reasoning. In addition, the mo-damping of layer relaxation inside the Cu substrate.

ment decrease between the topmost and central layer in the The present LSDA results are in good agreement with
Fe, slab is much more pronounced in the LSDA results com-other theoretical studi€s® A previous LSDA study on the
pared to the PBE results. This is parallel with the muchFe,CusFe, slab systenf, based on a fully relativistic core
stronger interlayer relaxation found in the LSDA calcula- and semirelativistic valence electron treatment together with

1. Interlayer relaxation

TABLE Ill. Percentage deviation of interlayer distances of th€Da)-Fe systems. All values for the
Fe,CuFe, slabs use a Cu bulk interlayer distance of 1.81 A as a reference, and are obtained from spin-
polarized calculations with PBE and LSDA functiondtie latter values in parenthege3he table also
includes corresponding values for the pure Gubstrate slab and for the fe&usFe; slab from spin-averaged
(nonmagnetigcalculations as well as LEED results of the(Q0)-4-ML-Fe film system. The data are given
in a sequence from the central Cu laykft column) to the topmost Fe layedrright column).

dgizu)—Cu dgjlu)—Cu dFe-Cu dl(::}a)-Fe dg:Ze)-Fe
Fe;CusFey —-0.6(—-2.2 0.0(—1.7) 1.7(-0.6 4.4 (-5.0 2.2(-11.9
Fe,CusFe, -1.1(-3.3  0.0(-33 33(-28 22(-3.3 -
Fe,CusFe 0.0(-5.5 1.1(-5.5 0.6(—6.1) - -
Fe,CusFe - 1.1(-55  2.2(-6.0) - -
Fe,CuFe - - 2.2(-5.5 - -
Cus 1.1(-5.5 -2.2(-9.9 - - -
Fe,CusFe 2 1.1 1.7 -2.8 - -
Fe,/Cu(001) (Ref. 5 - -1.7 2.2 5.0 2.8

8Results from spin-averaggdonmagnetit calculations.
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TABLE IV. Layer-resolved magnetic momen(i® bohr magnetongg) of the atoms in the Q001)-Fe surface systems represented by
geometry relaxed and unrelaxéd parentheses-¢,Cu,Fe, slabs using the PBE functional. The atomic moments are given in a sequence
from the central Cu layefleft column) to the topmost Fe laydright column. The three bottom lines list results from previous calculations
(Refs. 8 and 1B

wE) u€) ubl) e uf2 uf)
Fe;CusFe, 0.00(0.00 —0.01(—0.01) 0.06(0.07 2.63(2.57 2.64(2.58 2.85(2.86
Fe,CusFe, 0.00(0.00 —0.01(—0.01) 0.06(0.07 2.68(2.61) 2.86(2.89 -
Fe,CusFe 0.00(0.00 —-0.02(-0.01) 0.05(0.095 2.84(2.83 - -
Fe,CusFe - —0.02(-0.02 0.05(0.06 2.87(2.83 - -

Fe,Cu Fe - - 0.10(0.10 2.88(2.89 - -
Fe;CusFe, - - - — (2.56 (Ref. 13 — (2.49 (Ref. 13 — (2.82 (Ref. 13
Fe,CusFe, (Ref. 8 - - - 2.60(2.59 (Ref. 13) 2.85(2.79 (Ref. 13) -

Fe CusFe, (Ref. 8 - - - 2.85(2.78 (Ref. 13) - —

the muffin-tin approximation, yielded & 3% contraction of of the topmost Fe layer amount to 285 which is very

the Fe-Cu interlayer distance compared to the Cu bulk valueslose to the experimental value of 2.8 for Cu(001)-Fe film

Our calculations(which do not resort to a muffin tin ap- systems with up to four Fe layetShe magnetic moments of
proach) give —6% contraction; see Table Ill. The difference the topmost Fe atoms are always larger than those of the Fe
is clearly due to the different valence electron descriptionsyblayers where the absolute values of all Fe layers are in-
due to the muffin tin approach in Ref. 8. _ creased with respect to those of the FM bcc Fe bulk,

~ The importance of magnetistntroduced by spin polar- 2 35, The latter is also found for the magnetic moments
ization in the qalculauor)sfor the film geometry is evident ;. he Fe monolayers on @01, slabs FeCu,Fe, in Table

from a comparison of the PBE results of tha €esFe, slab "\ hich are almost identical to the topmost layer moments
system in its magneti¢spin-polarizedi ground state with ¢4 yhicker Fe films. Further, the computed PBE moments

those where magnetism is artificially quenched by spin aver-
. of the topmost two Fe layers of the f&&sFe; slab are ver
aging. The total energy of the elementary cell of the nonmag lose topcorresponding )(/jata of the isoI:'fed three—laygr Fe

netic state is 1.68 eV above that of the magnetic groung

state. Further, the distance of the topmost Fe layer from its'lm; see the Fgresults in Table Il. This suggests that the

: . : nhancement of the magnetic moments found in the Fe films
nearest Cu sublayer is larger by 0.06 A in the magnetic stat§ . .
compared to the nonmagnetic o(see Table Ill, while the Gn CL(001) as compared 1o bulk Fe is mainly due to elec-

distances of the lower-lyingnonmagnetig Cu sublayers dif- t(;%nlsiggtjrgltlg%;v:rgg ttgebgln(;n: r\1,1vi?:l>er t|rr]r(1§ 'grtgr?gg%gr"mg tr?]i\ i
fer by less than 0.01 A. P 9

LEED experiments on Fe films on @01 show netic Fe film properties. The largest effect is found for the

that all Fe-Fe interlayer distances are expanded with respe§ rg?;;fguigsﬂﬁgOr:flger:se,ti\:;vﬁ(r)?ntgﬁtsroei‘stehrécgtgl;qtgEi}nctﬁeSl::tg
to the Cu bulk distancésee the bottom line of Table )il 9

while the internal Cu substrate layers remain almost unrel—ayer from 3.0z (unsupported film; see Table)llto

laxed. These findings are in clear disagreement with preser%r84’“3' This reduction is mainly due to electronic coupling

and previous LSDA results. In contrast, our PBE calculation%ﬁg'::(lag (tar;esilr:]?:er?ﬁg?ﬁgi:]::sdcfpfhgrétuusnL?t?srtI?/;rtlg S(f:bséjct))(;s
on the FgCusFe; slab system confirm the experimentally y

found Fe interlayer expansions rather nicely, even with goo gtniiimgoé?ﬂ_?ﬁgcg tth? d@gg{:ﬁﬁfgﬂgﬁg ?’cggfestl;‘pep&%?d
guantitative agreement, as is obvious from Table Ill. This yer. '

suggests that the use of gradient corrected exchang@1ents of the Fe layer for the Feu,Fe, m=1, 3, and 5,

correlation functionals, such as the PBE functional is esserfilatl’s vary c:jnly betwe”en 2.%t_and 28&? : _Trt1re] ng:agnegct t
tial in the theoretical treatment of the @01)-Fe system, € layers induce small magnetic moments in the L.u substrate

and can overcome total energy related deficiencies of th yers as a result of weak electronic hybridization. This can
LSDA functional3* e seen from Table IV where moments of 0.05 to g @re

found for the topmost Cu layer with very rapidly decreasing
moments for the underlying sublayers. This is to be expected
due to the incompletd-band filling of the Cu substrate.
Table IV lists layer-resolved magnetic moments in the A comparison of the layer-resolved magnetic moments
Cu(001-Fe surface systems represented by geometry optisbtained in calculations using the PBE functio(iEdble V),
mized and unrelaxedin parenthesgsperiodic FgCu,Fe,  with those based on the LSDA scheme, shows qualitative
slabs using the PBE functional. The PBE results of thesimilarities but detailed quantitative differences. In all cases,
Fe;CusFe; and FeCusFe, slabs(Table 1V), reveal Fe films the LSDA values of the magnetic moments are smaller than
with FM coupling between the layers in the energeticallytheir PBE counterparts. Further, the decay of the layer mo-
lowest state. The calculated magnetic moments of the atonmaents toward the substrate is found to be more rapid in the

2,5,6,10

2. Magnetic properties
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LSDA approach compared to the PBE approach. These dis
crepancies, due to the use of different approximations in the
electron exchange/correlation treatment, can be described b 3.1 }
two interrelated contributions. First, the electronic structure _
calculation for a given film geometry must result in magnetic = 30
moments which depend on the exchange/correlation func-g 59 |
tional. Second, the equilibrium geometries of the film sys- €
tems differ somewhat between the PBE and LSDA optimi- £ 28 |
zations; see Sec. IlIB 1 and Table Ill. An analysis of the two .2 ,, |
contributions becomes possible by calculations using identi-&
cal geometries and different functionals or identical function- c;v’ 26 |
als and different geometries, as will be discussed below.

The present LSDA results of layeresolved magnetic
moments of the EEL€u;Fe, and FgCusFe; slabs are in good 24
agreement with other theoretical studiésThese studies
yield moments which are larger than those of the present

calculations b_y only 0.10g t,o 0.13«5 where the differences FIG. 3. Layer-resolved magnetic moments of the two Fe layers

may be explaln.ed by th_e dlfferen't valence electron treatmeny; e FeCuFe, slab as a function of the FeFe interlayer dis-

in the two studies as discussed in Sec. Il1B 1. _ tance when the topmost Fe layer is removed from the slab. Here
Table IV lists computed layefresolved magnetic mo- (2 js the moment of the topmost Fe layer, anéP that of the

ments of unrelaxed FE€u,Fe, slabs, where the interlayer second Fe layer. The dashed horizontal line denotes the magnetic

distances between Cu layers are fixed at the Cu bulk valugoment of the Fe layer in the FeusFe; slab, while the dotted line

and those between Fe layers as well as the@e interlayer  gives the magnetic moment of an unsupported Fe monolayer. The

distance are frozen at the bulk value of fcc Fe. The data aréata refer to calculations using the PBE functional. The distance

obtained from calculations using the PBE functional. A de-d, defines the optimized geometry of the,EesFe, slab.

tailed comparison of the magnetic moment results between

the optimized and unrelaxed geometries gives a clear pictufgciuded in the present calculationsf the top Fe layer of
of the influence of interlayer displacements on thegnly 0.126u5.%° Thus we estimate that the present magnetic

layer—resolved magnetic moments. The PBE derived Momoment values have to be corrected by less thapQib
ments differ between the optimized and unrelaxed geomgger to account for spinorbit coupling effects.

etries for all systems of this study by only 0&4 to
0.07ug . This suggests that for interlayer distance variation
which are typical for surface relaxation, layeesolved
magnetic moments experience only small changes. Clearly,
these changes become larger for larger interlayer distance It was mentioned above that the energetically lowest
variations. This was studied in test calculations on thestates of the twe and three-layer Fe films on C(001),
Fe,CusFe, slab system where, starting from the equilibrium represented by E€usFe, and FgCusFe; slabs, yield FM
interlayer geometry, the topmost Fe layer is varied in itscoupling(parallel sping between the Fe layers which is con-
position with the other layers kept fixed. Figure 3 shows thesistent with experimert®*°|t is also interesting to examine
layer—resolved magnetic moments of the two Fe layers as &xcited states of these films where both FM and AFM cou-
function of the Fe-Fe interlayer distance. The moment of pling between the layers can appear and is combined with
the topmost Fe layer converges toward the value of the urdifferent equilibrium interlayer distances.

supported Fe monolayer, 3,0, for distances beyond 1 A Table V, part(a), collects optimized interlayer distances
above the equilibrium distance. At the same time, the magdﬁ)_B and total energies of the FeusFe, and FgCusFe;
netic moment of the second Fe layer assumes the value of tlab systems for different states of magnetic ordering. In ad-
Fe layer in the FgCusFe, slab, 2.84.5. Both limits are dition, Table V, part(b), lists layer-resolved magnetic mo-
reasonable, and reflect the situation of an isolated Fe monarents from the spirpolarized calculations using the PBE
layer on top of an Fe&CusFe, slab. At Fe-Fe separations functional. Here the different states are described by the rela-
smaller than 0.2 A below the equilibrium distance, the mag+ive spin orientation of their Fe layersi(up; d, down). An
netic moments of both Fe layers are quenched substantialipspection of the total energies of the twlayer Fe film
with large moment variations. However, there is a distancesystems confirms that the FM ordery) refers to the ener-
region of+0.1 A about the equilibrium distance in which the getically lowest state while AFM orderingu€l) requires an
magnetic moments vary by 0.05 at most. This distance excitation energy of 0.5 eV with respect to the ground state.
range corresponds to typical values for surface relaxation. Iifhis is consistent with previous wotié!® based on the
the present calculations, contributions to the magnetic moLSDA functional. As an example, we mention previous
ment due to spirorbit coupling are not included. Previous studie§ which yielded an excitation energy of 0.2 eV. The
fully relativistic studies on the R€usFe, system vyielded three-layer Fe film systems allow four different spin orien-
spin and orbital moment contributiorfaccounting for both tations of their layersuuu, uud, udd, andudu, where the
spin—orbit coupling and spin polarization, where the latter iscomplete FM orderiuu) represents the energetically lowest

3.2

Fe,

Fe,Cu.Fe

13 15 17 19 21 23 25 27
de._r, (Angstrom)

S& Fe films of different magnetic ordering on Cu(001), geometric
consequences

115417-6



STRUCTURAL AND MAGNETIC PROPERTIES ©. .. PHYSICAL REVIEW B 63 115417

TABLE V. Percentage deviation of interlayer distances with respect to the Cu bulk interlayer distance of
1.81 A (a) and layer-resolved magnetic momentin bohr magnetonsug) (b) of the FeCuFe, and
Fe;CusFe; slab systems for different states of magnetic ordering. The states are characterized by the relative
spin orientation of their Fe layersi{up;d, down). All values are obtained from spirpolarized calculations
using the PBE functional. The sequence of the values is from the central Cu(leftecolumn to the
topmost Fe laye(right columr). The last column ofa) lists total energie€,,; (in eV per unit cell, with
respect to the ground statef the different states and compares with previous w@fs. 3 and 8 Spin—up
moments are given by positive values, while spdown moments refer to negative valu@s. also contains
numerical results from previous LSDA calculations onEeFe, slabs(Ref. 8.

(a) Optimized interlayer distances

dE:2u)7Cu dgilu)fCu dCufFe dg;Fe dg;Fe Etot (e\/)
Fe,CusFe,
uu -11 0.0 3.3 2.2 - 0.00 / 0.0(Ref. 8
ud 0.0 0.0 2.2 -5.0 - 0.52 / 0.21(Ref. 8
Fe;CusFey
uuu -0.6 0.0 1.7 4.4 2.2 0.00 / 0.0Ref. 3
uud -0.6 0.0 1.7 -2.8 11 0.07 / 0.11Ref. 3
udd -11 0.0 11 3.3 —-4.4 0.33 / 0.64Ref. 3
udu 0.0 1.1 2.2 -5.0 -6.6 0.38 / 0.88Ref. 3

(b) Layer—resolved magnetic moments
) uf ug) uf2 w2 uf?

Fe,CusFe,
uu 0.00 -0.01 0.06 2.682.60(Ref. 8)  2.86(2.85(Ref. 8) -
ud 0.00 0.01 —0.06 —2.20(—2.22(Ref. 8) 2.40(2.38(Ref. 8) -
Fe;CusFe,
uuu 0.00 -0.01 0.06 2.63 2.64 2.85
uud 0.00 0.01 -0.06 —-2.21 2.35 2.86
udd 0.00 0.00 -0.07 —2.64 —-2.27 2.42
udu 0.00 -0.01 0.06 2.24 -0.99 2.49

state. The lowest excited state, at only 0.07 eV above thkayer coupling results in interlayer expansion while AFM
ground state, is described by a spin flip in the third Fe layercoupling yields interlayer compression—can be found in all
of the film which is closest to the Cu substrate. This is ac-Cu(001)—Fe layer systems considered in this study. It can
companied by a reduction of the absolute magnetic momentlso be observed in the results of previous LSDA studies on
of the second and third Fe layers as seen from Table V, pathicker Fe films>**!12and seems to be of general validity.
(b). The second excited stateidd), at 0.3 eV above the The present correlation between spatial geometry and mag-
ground state, is characterized by AFM coupling between thaetic ordering may be connected with the magnetic pressure
first and second Fe layers, and FM coupling between theffect, which was discussed in connection with the thermal
second and third layers. Finally, the third excited stateexpansion behavior of invar materidls*?> However, more
(udu), at 0.4 eV, reveals AFM coupling between all adja- detailed studies are required to explain the present correla-
cent Fe layers. The energetic order of the four different magtion in detail.
netic states is identical to that obtained in a previous study
where, however, excitation energies were found to be larger
than the present valu¢see Table V, parta)], which is ex-
plained by the use of both the LSDA functional and unre- The present FPLAPW calculations give valuable insight
laxed layer geometries in the previous study. into magnetic and structural properties of the present
A comparison of the equilibrium FeFe interlayer dis- Cu(001)—Fe film systems with up to three Fe layers. In this
tances for the different magnetic order states, given in Tablstudy full interlayer distance optimizations of the surface
V, part(a), reveals an interesting correlation between spatiabystems are carried out, allowing both Fe and Cu surface
geometry and magnetic ordering. As an example, théayers to relax freelyto our knowledge this was ignored or
Fe,CusFe, slab system yields in its ground stateu), where  included only in an approximate fashion in previous
the two Fe layers couple ferromagnetically, optimizedstudies*”®1-1. This can give an unbiased estimate of the
Fe—Fe interlayer distances which are expanded with respednhterplay between geometric structure and magnetic proper-
to the Cu bulk interlayer distance. In contrast, in the excitedies in the C@001)—Fe film systems. Further, in the present
state (d) with AFM Fe—Fe layer coupling the interlayer study the electronic structure is determined by-ERPW
distance is reduced. This qualitative finding—that FM inter-slab calculations, using both the LSDA functional for ex-

IV. CONCLUSIONS
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change and correlatiotapplied exclusively in all previous for the sublayers, which is consistent with previous LSDA
studies and the more recent gradient corrected PBE funcstudies on unrelaxed @@01)—Fe system$® The enhance-
tional. The comparison of the LSDA and PBE results canment of the magnetic moments is considered to be due
give insight into the importance of the use of different func-mainly to electronic coupling within the films, while the in-
tionals for the geometric structure and magnetic properties iteraction with the Cu substrate seems to be of minor impor-
Cu(001) —Fe film systems. tance.

The optimization of interlayer distances in the Calculations on excited magnetic states of the
Cu(001)—Fe film systems using the PBE functional resultsCu(001)—Fe film systems where both ferromagnetieM)
in layer—spacing expansions which are even quantitativelyand antiferromagneti(AFM) coupling between the layers is
very similar to measured relaxationsn contrast, the LSDA  allowed, show an interesting correlation between spatial ge-
data lead to contraction of all Fe layers. This suggests thaimetry and magnetic ordering. FM coupling between adja-
the use of gradientcorrected exchangecorrelation func- cent layers results in interlayer expansion, while AFM cou-
tionals, such as PBE functionals, is essential in the theoretpling yields interlayer compression. This correlation was
cal treatment of the G001)—Fe system, and can overcome observed in all C(001)—Fe layer systems of the present
total energy related deficiencies of the LSDA functiohdl.  study, and seems to be of general validity. It may be con-

A comparison of the magnetic moment results obtainechected with the magnetic pressure effect, discussed for invar
from calculations using the PBE functional with those usingmaterials>:*? However, more detailed studies are required to
the LSDA functional yields qualitative agreement where, inexplain this interesting finding. Calculations along these
all cases, the LSDA values for the topmost Fe layers ardéines are presently under way.
smaller than their PBE counterparts by QuHE0to 0.15u5.
This is important for a comparison with experiménthere
the PBE results agree better when spambit coupling con-
tributions are ignored. Both functionals always yield FM  We would like to thank M. Scheffler and XG. Wang
ground states where the layaresolved magnetic moments for valuable discussions and advice. This work was sup-
per atom are increased with respect to those of bulk Fe. Thported by the DFG through SFB 290, “Metallic Thin Films:
increase is largest for the topmost layer, and becomes small&tructure, Magnetism, and Electronic Properties.”
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