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Spin-resolved appearance potential spectroscopy investigations on/Eei(001) overlayers
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The theoretical description of spin-resolved appearance potential spectr¢SEd#\PS developed recently
to deal with bulk transition-metal systems has been extended to free surfaces/Guf@01). Results of
previous experimental work on fcc-Fe on top of a(@l) substrate were interpreted to indicate the coexist-
ence of a few ferromagnetically coupled Fe layers on top of nonferromagnetic Fe lay@rs Id0 K. Recent
theoretical work, on the other hand, found for-2 that the ground-state of this system corresponds to
antiferromagnetically coupled Fe layers. In order to clarify this situation the SR-APS spectrg/Gfuf@01)
have been calculated assuming the metastable ferromagRbticas well as antiferromagnetidFM) con-
figuration. While for the FM configuration pronounced deviations from experiment were found, a nearly
perfect agreement was obtained for the AFM ground-state configuration. This means that the experimental
SR-APS spectra are not in conflict with the theoretical prediction but, on the contrary, they strongly support it.

[. INTRODUCTION ML'’s. For an increasing number of Fe layers it rotates into
the plane of the film, accompanied by the structural phase
Ultrathin films of iron grown epitaxially on a substrate transition. Temperature-dependent SR-APS measureients
with a fcc-like structure represent a unique and attractivecould establish that the critical temperatufesor which the
way to study the magnetism of the(fcc) phase of Fe. Due magnetization of the samples vanishes is strongly reduced as
to the small epitaxial misfit, a good layer-by-layer growth of compared to the bulk. Furthermore, after a maximum of
Fe on Cu@001) has been expected and—for room- 330 K, for 2.5 ML's, the transition temperatuife decreases
temperature grown samples—indeed found experimentallyith increasing film thickness and remains constant, at
by various authors. This way the fcc phase of Fe could baround 270 K, for coverages thicker than 5 ML's.
stabilized for up to about 10 monolayers while for thicker Fe  These findings have been discussed in the literature in a
films a martensiticlike transition into a bcc related phaserather controversial way. While thinner films of 2—3 ML'’s
occurs™? The rich magnetic properties of the correspondingbehave like typical two-dimensional anisotropic Heisenberg
sampled > depend strongly on the preparation conditions beferromagnets,for thicker ones different magnetic configura-
cause of the competition of three different magnetic phasesons have been proposed. In particular, it has been suggested
that are close in energy: a high-moment ferromagr@&i),  that the SR-APS results mentioned above indicate the pres-
a low-moment ferromagnetic and a low-moment antiferro-ence of an active ferromagnetic surface, of about 2 ML'’s
magnetic(AFM) phase. For this reason the properties docuthickness, on top of a paramagnetic or antiferromagnetic fcc-
mented in the literature for the system Fe(@l) seem to related Fe.
be partly contradictory. In spite of this situation there is a As for the experimental side, a lot of theoretical investi-
general consensus that the onset of magnetic ordering takgations have been devoted to the magnetic properties of fcc-
place & a 2 monolayer§ML'’s) coverage. Below this thick- like Fe®’ In particular, the system Fe/@01) has been ex-
ness, where the growth is dominated by island formation antéensively studied:® Using the so-called screened Korringa-
atomic interdiffusion, no long-range magnetic ordering couldkohn-RostokeKKR) method, falussyet al® investigated
be detected:? As determined by spin-resolved appearancethe ferromagnetically ordered phase of Fef@@i) in a fully
potential spectroscopy(SR-APS and also by magneto- relativistic way for up to 6 Fe ML's on top of a C{-00)
optical Kerr effect investigatiorfsthe total magnetization is substrate. This study was completed later by Szunyogh
strongly reduced for very thick Fe films. The orientation iset al® who dealt with the antiferromagnetic configurations
found to be along the surface normal up to about 10—12hat were found to be energetically more favorable than the
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ferromagnetic ones. For this reason it seemed to be interestharacter (' ¢’) at energyE’. This means that the APS sig-

ing to calculate SR-APS spectra starting from a given magnal is a cross-section-weighted self-convolution of the DOS
netic configuration and to compare these with the correfor the (unoccupied states above the Fermi enery . The
sponding experimental data. The theoretical framework foenergy integration range in Edl) is determined by the

this type of calculation will be sketched briefly in the next Fermi energy and by the binding energigsof the involved
section, followed by a presentation and discussion of resultsore states. For the present calculations the later ones are the
obtained for a varying number of Fe ML's and different Fe 2p states. Because their chemical shifts for the individual

magnetic configurations. Fe layers are very smallin the order of=0.4 eV) it is not
possible to resolve layerwise the spectra within a SR-APS
Il. THEORETICAL APPROACH experiment. For this reason a superposition of the individual

layer signalsP! (E) is recorded. Due to the finite mean free
The starting point of our investigations are the self-path of the incoming electron the various layers contribute
consistent(effective potentials for the fcc-related system yyith different weights to the total experimental signal. Fur-
Fe,/Cu(001) @=1,...,6) assuming a ferromagneticas  thermore, the attenuation of the electron beam has to be ac-

well as several antiferromagnetic configuratidriénese cal-  counted for when dealing with the theoretical total spectra.
culations have been performed within the framework of spin-Thjs |eads to the expression

density-functional theory using the spin-polarized version of
the screened KKR method of band-structure calculation. " , _
While this approach supplies a very reliable description of PRaE)= >, e (-1IAP!(E), 2
the electronic structure of layered systems and their magnetic =1
properties, it has to be emphasized here that the influence éfere the layer index starts at the topmost Fe layer, add
any possible lattice relaxation and imperfections at the intergives the thickness of the Fe layers. The electron mean free
face have been ignored in our calculations. path length\ depends on the enerdyof the incoming elec-
Appearance potential spectroscagyPS) is essentially an  tron that in turn is closely related to the binding enekgyof
inverse Auger electron spectroscopy. This means in particuthe core stategat the onset of the spectra one has the con-
lar that a sample is bombarded with electrons of well-definediition E— E-=E—E_). For the 2—core states of Fe to be
energy. At high enough energy, parts of these incoming elecconsidered here one ha¢E)~12 A!? This leads in Eq(2)
trons will excite core electrons into unoccupied band statego the weights of 1.00, 0.86, 0.74, 0.64, 0.55, 0.47 for
above the Fermi level in a radiationless process mediated biy=1, . . . ,6,respectively. Finally, it should be noted that Eq.
the Coulomb interaction. This APS process can be observed) has been derived originally by averaging the so-called
only indirectly by monitoring the fluorescence radiation Or site-diagonal scattering path operatdy,(E) with respect to
the Auger electrons, respectively, of the subsequent relaXis m gependencyfor further details see Ref. 10Using the
ation step. In practice, the use of fluorescence radiation i§ame approximation to calculate the CVV-Auger spectra it
seen to supply a more reliable mapping of the APS spectrumy o< found recently that, indeed, this leads for cubic systems
Within an APS process, only the energies of the incoming, negjigible deviations from the results obtained by full
and of the core electrons are fixed, while the energies of the; |- 1ations® This should essentially also hold for the sys-
two final states are restricted only by the energy conservagms investigated here, among others, because they have

tion. For this reason, the APS sigri(E) for a given energy  peen treated by making use of the atomic-sphere approxima-
E of the incoming electron is essentially given by a self-tiqn for the potential.

convolution of the density of stateg E) of the unoccupied For a direct comparison with the experimental SR-APS
states above the Fermi levidee below. Additional infor-  4ata mentioned above Eqgd) and (2) have to be used in
mation on thg magnetic properties of_the mvesﬂg_ated systeheir differential form to get ¢/dE)P(E) because the ex-
can be obtained using a spin-polarized incoming electropimental spectra have been recorded using a modulation
beam(SR-APS. A corresponding theoretical description de- tgchnique. In addition, the influence of various intrinsic and
rived recently was successfully applied to pure transitiomypparative broadening mechanisms have to be accounted for.
metals® and also to compounds.An extension of this ap- Comparison with experiment led to broadening parameters

proach to deal with surface layers systems can be done in@5; are more or less identical to those found appropriate for
straightforward way. Accordingly, the layer-resolved crossgg i FeNj.1!

sectionPia(E) is calculated in a first step using the expres-

sion lll. RESULTS AND DISCUSSION
PL(E)= JE+EC_EFdE, E n:,a(E,)n:"U,,(EH) The properties qf the _FM phase o_f Fe Iaye_rs on top of_
Er T Cu(001) have been investigated and discussed in great detall
i o among others by Jfalussy et al® The most prominent fea-
XWy,  ngr (BT E"), D ture of the corresponding magnetization profile is that the

. i . . spin-only magnetic moment of the topmost layer(Q) is
with E being the energy of the incoming electron. enhanced as compared to those belows{&n—1 for n
In Eq. (1) nj,(E’) is the layer {), angular momenturfl) -5 This enhancement, accompanied by a strong charge
and spin @) resolved density of statesDOS), and  gepletio is a common property of many ferromagnetic sur-
W, .,(E,E’) is the effective cross section connecting faces and is attributed to band narrowing at the surface. The
bandlike states of charactelro) at energyE with those of  same feature, although somehow reduced, can be noticed for
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FIG. 1. Spin-resolved APS spectra for Fe in the FM ordered FIG. 2. Spin-resolved APS spectra for Fe in the FM ordered
systems Fe/Cu(001). The top panels give the spin-resolved specSyStems Fg/Cu(001). The top panels give the total spectra for

tra for the topmost Fe layer, while the bottom panels give the cor’=1, - - - ,6 for the majority (left) and minority(right) channels. In
responding spectra for the Fe interface layerrferd, . . . ,6. addition to the theoretical spectra based on #g.corresponding
experimental data are given by open cirdBefs. 3,14. The lower

panels of the figure give a layer by layer decomposition of the

the interface Fe layeri €n) as well, probably due to the spectrum fom=6 with the weighting factors omittelee Eq(2)].
weak hybridization between Fe and the Cu substrate.

The APS spectra related to the FM ordered Fe surface
layer systems are presented in Fig. 1. Due to the electrogreases. For example, for=6 one findsA=45%. This
mean free path the signal stemming from the Fe topmos{eems to be much too high when compared with the corre-
layer is, of course, dominating in the total spectrum. Thesponding experimental spectrum that gives about 36&s.
upper panel of Fig. 1 shows the APS signal of this layerThe various experimental spectra shown in Fig. 2 have been
(majority channel on the left, the minority one on the right recorded at thé 5 edge of Fe using the fluorescence detec-
for different numbers of Fe layens on top of the surface. tion mode. For this reason they can be seen to give a rather
The corresponding spectra for the Fe interface layer ar@lirect and reliable representation of the APS intensity. In
given in the lower panel. It should be noted thatrier1 the  order to investigate the pronounced difference between the
interface and topmost layers are of course identical. For alkxperimental and theoretical asymmetry that can be seen in
the other calculated systems<2, . . . ,6) thetopmost layer  the top panel of Fig. 2, layer-resolved APS spectrarfer6
related spectra have a narrower shape than those of the othge presented in the lower panel of this figure. For a better
layers. Also the spin asymmet# defined as the difference comparison of their relative magnitude, the individual layer
of the minority- and majority-spin spectra, is higher for the spectra are plotted without any weighting factor. The main
topmost layer spectra, as a direct consequence of the corrgeak of the total signal near the energy zero is strongly
sponding stronger spin polarization. Here it seems approprbroadened because of the different position of this peak in
ate to point out that the terms majority- and minority-spineach individual layer spectrum. One sees that the spectra for
spectra only specify the spin orientation of the incomingthe inner layersi=2, . ..,5) exhibit essentially the same
electron with respect to the magnetization of the samplefeatures and clearly differ from those for the outer layérs (
Since the cross sectidN:m,,(r, in Eq. (1) allows spin cross =1,6), i.e., at the interface and at the surface. Compared to
terms to occur, these spectra are not exclusively linked to ththe latter ones, the bandwidths of the inner layers are larger
electronic structure of the majority- and minority-spin sys-and their spin polarization—reflected in the spin asymmetry
tems. For a more detailed discussion of this point see foof the spectra—is smaller. However, due to the slowly de-
example Ref. 10. creasing attenuation factor in EER), their contribution to

The total Fe-APS spectra computed according to (. the shape of the total signal is still important. In particular, it
for an increasing number of Fe layers are plotted in the uppeshould be noted that the partial spectra are very similar to
panel of Fig. 2. For both spin channels the main peak tendghose of a fcc systertsee, for example, Ref. 1And modu-
to become broader and the second positive peak moves ttate the total signal.
wards higher energies and gets smoottiEne connection of The theoretical spectra in Fig. 2 were scaled relative to
the prominent peaks with the underlying electronic structurghe main peak in the minority channel of their experimental
is discussed for example in Ref.)ltHHowever, forn=4 the  counterparts. Although the theoretical spectra reproduce cor-
changes are rather small, indicating a kind of saturation. Theectly the bandwidth and the relative peak positions of the
spin asymmetry decreases as the number of Fe layers iexperimental ones, it is obvious that the spin asymmatiy
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interface has been applied as for the FM case; i.e., the amplitude has

been adjusted to the same height in the most prominent
FIG. 3. Same as Fig. 2, but for tiistablg AFM configurations.  peaks of the minority-spin channel. As one can see in Fig. 3,
nearly perfect agreement is found now with experiment also
for the majority channel. In particular the asymmetry raio
overestimated by the calculations. Inspection of the layeris found in full accordance with experiment. Consequently,
resolved spectra in the lower panel of Fig. 2 clearly indicate®ne has to conclude that the ground state of thg €a(001)
that the main reason of this discrepancy is the assumed Flgystems investigated here has indeed an AFM configuration
configuration. At first sight this seems to support the suggesas predicted theoretically and confirmed by means of SR-
tion of the existence of a few active Fe layers on top ofAPS.
nonmagnetic Fe layesee above However, this suggestion It is obvious from the results shown in Figs. 2 and 3 that
is in conflict with the results of various theoretical the differences of the SR-APS spectra for the FM and AFM
investigations® In particular it has been found by Szunyogh configurations are pronounced enough to rule out unambigu-
et al?® that only the ground state of FACu(001) refers to a ously the FM configuration to correspond to the experimen-
FM spin configuration while the other multilayer systemstal situation. Because there are several other, slightly differ-
(n>2) have antiferromagneticallfAFM) ordered configu- ent, AFM configurations that compete with the ground state
rations. Completely in line with experiment a perpendicularAFM configuration it seems interesting to investigate
orientation of the easy axis has been found for these spiwhether those can be clearly distinguished by means of cor-
configurations, while the corresponding FM spin configura-responding SR-APS spectra. ForgFFeu(001) Fig. 4 shows
tions yielded an in-plane orientation of the easy axis. the spectra for the AFM ground-state configuration
The resulting spin and orbital magnetic moments for the(17//11) and the metastable configuratioh|[(f | T1). As
AFM configuration can be found in Ref. 9. Here it is inter- one can see, there is only a small energy shift of about 0.2
esting to recall that as for the FM phase and due to the san&V for the main peaks. Apart from this difference, there are
reasons, the topmost and the interface layer carry enhancéwrdly any other shifts noticeable. For this reason one has to
magnetic moments. Concerning the buried layers, reduceconclude that SR-APS is not able to distinguish between
absolute values compared to those with FM coupling weréhese very similar and energetically close AFM configura-
found. An extremely interesting feature, common to all AFM tions.
stable films, is that the=1 andi=2 layers always couple
ferromagr_letmasll%, as it was anticipated by experimental V. SUMMARY
investigations->
Calculating the SR-APS spectra for the AFM configura- The theoretical description of SR-APS in bulk materials
tions one finds that the general features of these do not diffedeveloped recently has been extended to allow a treatment of
much from those for the FM configuration. As can be seen idayered systems. In the latter case the major modifications
the lower panel of Fig. 3, where the total and layer-resolvedare the requirement that one has to calculate the partial spec-
spectra for the AFM ground state of H€u(001) are trum for each layer individually. In setting up the total spec-
shown, the layer-related signals maintain their structure agum the mean free path length of the incoming electron has
compared to the corresponding spectra in Fig. 2. The majaio be accounted for.
difference is that, as expected, the majority channel is now Application to Fe in the system FACu(001) with ferro-
dominating for layers =3 andi=4. Similar changes were as well as antiferromagnetically ordered configurations re-
found also for the other systema<6) with an AFM con-  vealed that the various partial spectra are quite different, re-
figuration. flecting thus the local electronic structure in a spin-resolved
To compare the resulting theoretical spectra for the AFMway. Comparison with corresponding experimental data
configurations with experiment the same scaling procedurelearly shows that there are pronounced deviations from ex-
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